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1 | INTRODUCTION

Nonthermal plasmas (NTP) are, by definition, ionised
gases far from thermodynamic equilibrium, whose pro-
cesses, applications and products are in continuous
growth in several scientific and technological fields.!"!
Surface modification processes for biomaterials have
been the most popular outcomes of NTP in the biome-
dical area for about 50 years.'*! In the last one-two
decades, though, NTP are being continuously proposed
for newer uses in Life Sciences, namely, for the decon-
tamination of wounds,w for cancer tlreatments,ls’61 and
for activating water and seeds to improve germination
and harvest.”! The NTP processes investigated in this
direction are ignited at atmospheric pressure (AP), gen-
erally in air or other gases including inert ones, in close
proximity to living matter or water-based liquids. Direct
NTP treatments of cells and tissues, as well as the
synthesis of plasma-treated water solutions (PTWS),
namely aqueous media enriched with reactive oxygen
and nitrogen species (RONS) upon exposure to NTP,
recently gained attention as novel promising treatments
capable to target specific redox-controlled biological
pathways for therapeutic purposes.!*’

PTWS can be easily generated through the ex-
posure of liquids to atmospheric pressure nonthermal
plasmas (AP-NTP), namely to electrons, ions, radicals
and neutral atomic/molecular fragments in different
states, in presence of electric field and UV photons.
When O, and N, mixtures are used to feed the pro-
cesses, gaseous blends of (primary) RONS are gener-
ated in the plasma,!”! which can dissolve in the
treated liquid. Cross reactions of primary RONS
among them or with other components in the liquid
generally extinguish transient reactive RONS in fa-
vour of most stable (secondary) RONS, such as hy-
drogen peroxide (H,0,), nitrate (NO;~) and nitrite
(NO,") ions, usually found in PTWS.'"!

Thanks to the possibility to control the chemical
composition of the plasma and to treat any liquid, in-
cluding those used in biology and medicine,"'! PTWS are
widely tuneable RONS-releasing vectors available for
biomedical applications, from stimulation of wound
healing,[4] to pathogen decontamination/sterilisa-
tion,'>1*! till cancer treatment."*'°! In these applica-
tions, PTWS are often produced by AP-NTP treatment of
cell culture media (i.e., complex liquid media containing
carbohydrates, vitamins, growth factors, amino acids and
inorganic salts) that can further be used for biological
experiments.""’” 'l Even though promising results at-
tested the clinical efficacy of PTWS, however, it quickly
emerged that a careful control of the dose and the type of
the RONS generated is a fundamental requirement to

balance beneficial and deleterious effects of PTWS on
malignant and healthy cells.**!

The main limitation to achieve a fine dose control of
RONS is currently due to their complicated detection in
matrices like PTWS, challenged by potential inaccuracies
and artefacts.!””! PTWS usually contain many RONS at
the same time, which also react among each other and
with components of the liquid. These reactions could also
persist after the plasma treatment, leading to ageing
processes that are still the object of investigation.[zsl Most
transient RONS generally recombine and react once
diffused from the plasma into the liquid, but they can
also be formed again from cross reactions among stable
RONS, above all when in contact with cells.”>?°! As
these reactions occur in the liquid, its chemical compo-
sition, altered with the plasma exposure, is decisive in
this contest. To the complex panorama of chemical re-
actions in the plasma phase, in fact, it must be added the
complexity of synergistic plasma-liquid chemistry, which
is not simply the transfer of gas-phase species to the
exposed liquids. The aftermath of such balance between
RONS diffusion and reactivity in the liquid is a dynamic
and complicated chemical composition that can drama-
tically change depending on the liquid treated. In the
case of non-buffered liquids, for example, exposure to
plasma is known to cause the acidification of the treated
solution, further complicating the detection.””! In the
many different cell culture media available, RONS cross
reactions occur in presence of usually more than 30
compounds in high concentrations among amino acids,
vitamins, carbohydrates and inorganic salts. Massive
differences among different cell culture media deal, for
example, with the concentration of antioxidants spe-
cies,”°! which are clearly involved, by definition, in the
scavenging of oxidant species, including plasma-
generated RONS. As a result, the RONS enrichment of
each medium can significantly vary from one liquid to
another, along with the oxidation of organic molecules
present in the medium.*"!

The complex chemical composition in PT-cell culture
media increases very much the difficulty of un-
ambiguously identifying the RONS possibly responsible
for effects on cells or tissues. In addition, the lack of
absolute standardisation of commercial and home-made
plasma sources, along with the operational conditions,
makes it hard also to standardise the treatments used to
generate PTWS.1>°! Correspondingly, in absence of ac-
curate chemical characterisation of the liquid composi-
tion, there is hardly a way to compare results obtained
with PT-cell culture media for fully understanding the
mechanisms at the base of their biological efficacy.

In our previous works we observed that the selective
anticancer effects of PT-Dulbecco's Modified Eagle's
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Medium (DMEM) on osteosarcoma cancer cells, with
respect to endothelial ones, were strongly related to
precise proportions between the concentration of H,0,
and NO,™ ions in the treated media with a synergistic
effect.l*"!

It is, therefore, quite clear that the correct identifi-
cation of the bioactive chemistry of these liquids should
run in parallel with the availability of robust analytical
techniques able to grant accurate and fast results even in
such complex environments. So far, this correspondence
is not fully reached and part of Plasma Medicine research
is currently focused on the improvement of detection
techniques currently available for RONS to avoid
artefacts.

Selectivity is one of the main concerns, for example,
due to the simultaneous presence of many RONS in
PTWS originated in cell culture and other media.l**! The
high concentrations of inorganic ions to grant cyto-
compatible isotonic conditions and of many organic
compounds in cell culture media, make inapplicable
powerful techniques such as ion chromatography, elec-
trochemical analysis or mass spectrometry, where the
discrimination of signals generated from single mole-
cules would be very complex. Moreover, the wide com-
positional range of PTWS impairs the possibility to
standardise and optimise an univocal protocol of analysis
to be extended to the detection of RONS in all possible
environments.

Many efforts have been, therefore, spent in develop-
ing, adapting and optimising analytical methods to the
complexity of such liquids. The list of the methods
available for measurement of RONS in liquids has been
reviewed by Bruggeman et al,*!) whereas Khlyustova
et al.**! more specifically listed those used up to now in
Plasma Medicine. Direct measurement of RONS in PTWS
is achieved in water or simple water solutions (i.e.,
phosphate buffer, NaCl) by means of electrochemical,**!
chromatographicl**! or UV absorption methods.*> "]
The most common approach, however, is the indirect
detection through the use of chemicals sensitive to spe-
cific RONS, such as spin traps,***! fluorimetric,[****!
chemiluminescent,!**! electrochemical!*> and colori-
metric probes.!'”*°***I In consideration of ease and high
robustness towards drastic variations in the environment
in which they are performed, colorimetric and fluori-
metric assays are widely established as the most common
method to detect H,0,, NO,” and NO, .['7#7481 A
multitude of colorimetric reactions are known to date.
Table 1 summarises the most popular assays for the
colorimetric/fluorimetric detection of H,O,, NO,  and
NO;™, along with the well-known detection drawbacks in
different liquids.
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Concerning H,0,, most commercially available as-
says are based on oxidation reactions between a sensitive
probe and H,O,. These reactions generally are not spe-
cific, so many oxidants could compete; thus, the main
drawback reported for colorimetric detection of H,0, in
PTWS (i.e., Amplex Red®, titanyl sulphate assays and
others) is the poor specificity. In spite of this, the Amplex
Red®!**°7>% method remains the most popular probe to
detect H,O, in PTWS generated from water, PBS and cell
culture media, even if its specificity is challenged by
peroxynitrite ONOO™ anions, possibly present in those
PT liquids.>”!

A method quite unexplored to detect H,O, in PTWS
is the colorimetric copper-phenanthroline assay, where
H,0,, in presence of the phenanthroline derivative 2,9-
dimethyl-1,10-phenanthroline (DMP), reduces copper(II)
ions to a yellow-orange copper(I) complex with DMP,
which is determined photometrically.'*”~”"! An important
advantage of this assay for PTWS is that it is based on
H,0, behaving as a reducer rather than an oxidant,[n] in
a system where the oxidant species usually formed can
interfere. DMP is a commercially available reagent, so-
luble in water and the assay is a rapid one-step process
that does not require particular conditions (i.e., low pH,
controlled temperature, specific solvents, addition of
other RONS scavengers) which are required, instead, in
other tests.””?! When H,0, is formed in excess, however,
it may decompose the yellow copper(I) complex.l”* This
limitation can be easily bypassed by properly diluting the
sample before the analysis. Despite these advantages, the
DMP assay has been rarely used to detect H,O, in
PTWS,!"“?*] and its reliability and specificity still need to
be fully validated.

The colorimetric detection of NO,  anions is less
problematic. The reaction used almost exclusively in
most aqueous media is the well-known Griess assay, in
which NO,™ anions react with sulphanilic acid to form a
red-violet di-azo compound coupled with
1-naphthylamine.’*”>*" The reaction has been suc-
cessfully used to detect NO,” in PTWS of different
compositions.[**?*4%47] The accuracy of the method
proved to be comparable with ion chromatography for
NO,™ in PTWS generated from double-distilled (dd)
water.!”*! However, a careful validation in PTWS gener-
ated from cell culture media is still lacking.

The colorimetric detection of NO5;~ in most media
generally relies on their previous reduction to the more
reactive NO,~ ions; the Griess reaction is, thus, the most
used assay also for nitrates in water media, including
PTWS. A wide variety of reducing agents is used to
achieve NO; -to-NO,~ conversion even in the case of
PTWS.*! It must be stated, though, that this indirect



VERONICO ET AL.

PLASMA PROCESSES
AND POLYMERS

4 0f 18

WNIPAW 3)NYNSU] [ELIOWIIA JTed [[oMSoy ‘TINJY ‘Seroads uagoniu pue usSAxo 9AndBaI ‘SNOY ‘Uonnjos aejoe| s,1a8ury
Ty ‘uonnjos o13o1o1sAyd ‘sAyq ‘uonnjos aures parogng-aeydsoyd ‘Sgd ‘uonnjos parspng-sjeydsoyd ‘gd ‘ourorygiueuayd-o1 T-IAYPIOWIP-6° ‘dINC SWNIPAW S,3[Seq PIYIPOW §,0009q[nd ‘INHINC :SUONBIAIQQY

9s0on[3 pue SIPLIOYD JO

[€8-8L°CLsL 8% L+ LT] @ouaIopIalul 9[qIssod ‘suonipuod dIproe 3uols armbay

[LL-SL6t°TT]

[9L-¥LT9T SV LY OV YT T TT V]

[cL-L9'87]

[99-+9]

[c9-Ls ot 0T]

[9s-8t*LT]

SIURIJIY

uagde Suronpaz

Y} YIM SNOY I9y30 JO souardpIojul a[qissod

©0IX0) A1k A pue pD ‘Summey) pue Suizeaij jo

SO1040 0) 9ANISUSS SI PUE I3PNQ YIIM UOHN)TISUOII
I9)Je 9[qeISuN SI 95BIONPAI d)eNTU ‘ssad01d dojs-a[qnoq

(SMId ut

juasaid A[orer) HIAQVN UIIM S9OUSISJIdIUL

J1qissod ‘(Arenuenbas syjusuodwod omy a3 Surppe
£q pesrwrurur) AU 10§ 3jadurod sjuaear ssar1n

xo1dwod (1)roddoo
MO[[OA 9} JO UONINIISAP 0) Ped] Aew CQTH JO SSAIX

(SM.Id ur juasaxd

A1qissod) (HOO-) soprxo1ad-o1pAy o1uedio 19y3o

Kuew 0) AIANISULS {(JoUBYIS pUR SLLL, ‘Ob-dN ‘SAS

‘OSINA ‘urreday ‘v1ad ‘proe 21qiodse) uoneredad
ordures ur pasn S[EIIWOYD WO} SIOUILINUT

anuixorad £q

OS[e pay ,Xo[dury Jo UOIIBPIXO ) 9sA[eIed Ued pue
14311 03 2AT)ISUSS ST aseprxorad fsseooxd days ajqnoq

uonIpuod poe ul _‘ON

£q uonsodwodsp ¢QH proae 0} paimnbair st opize

WNIPOS JO UONIPPE (I9Nq W 0Z<) SUonnjos
pazeynq ur juadear ojeydins 17, Jo uonedoaig

syrwar] Aesse pajroday

JOUS[AX-9‘Z-0MTU-

QAN ym pafdnod
punodwod ozy

AN yim pa[dnod
punodwod ozy

LLdNa@ND 98urip

[OUR[AX , 2 d8ueIQ

UJNIOSaY

reydins
JAuBINIX0I9d MOT[OX

jonpoadq

sjuanyze
o8emas ‘1ojem

JLIJOUILIO[0D-TOUIAX-9°7 IOATI ‘I9JBp\

INdY ‘WHNA
‘Td
‘Sdd ‘sAyqd ‘1erem

OLIJAWILIO[09-S)Uuageal
SSOLID pue _tON 0} _£QN Qonpar
0} A 10 PD JI[[E}OUW IO 3SBIONPAY LN

INdY ‘WHENA
‘Td
‘Sdd ‘sAyq ‘rerem

JLI}OWILIO[0D
- (@AN) surwerp-aud[Ayle-jAydeu
pue oprureiueyd[ns :s)uageal SSILID

JLI}WILIO[0d-(JINQ) duljoiyueuayd

0T T-[AyIdWIp-6C pue ,.no NHINA “TIeM
OLIISWLION[-[OUAX 8, INHINA ‘Sdd
INdY ‘WANA
e

ojowLIonyy-aseprxorad pue ,par xo[dwy  ‘Sqd ‘SAUJ ‘T

ommowio[od-aeydins [Aueil], Sdd ‘SAUd ‘1orem

poylou-aqoxd

_*ON

_“ON

‘0'H

pmbry SNOY

SIWI] IIOY) YIIM ‘SPINDI] JUAISHIP Ul _SON Pue _ON ‘COFH 10J pasn SAesse JOLJOWILION[J pue JLI}OWIIO0d UTeW 9y} JO ISIT [ A T1dV.L



VERONICO ET AL.

approach is not very accurate in PTWS, since a sys-
tematic underestimation of the amount of nitrates can
occur due to interferences in the reduction.!’*7%77!

An alternative method to directly detect NO5™ in li-
quids is a colorimetric reaction based on the nitration of
2-6-xylenol to 4-nitro-2,6-xylenol, to be determined pho-
tometrically.!”**?! The method requires strong acid con-
ditions (large excess of a sulphuric/phosphoric acid
mixture) to promote the conversion of NO;~ in ni-
tronium ion NO,", which is believed to be the main ni-
trating species.””*?! The assay consists of a one-step
process of 7-10 min per sample and has been successfully
used for detecting nitrates in river water, estuary water
and sewage.**! In the case of PTWS, however, the
method has been used rarely,!””*°! and the Griess assay
after NO;~ reduction to NO,~ remains the most popular
approach.

Following the considerations expressed above, it is
our opinion that some of the presented colorimetric
methods are of potential interest for detecting long-lived
RONS, such as H,0,, NO,~ and NO;~ in PTWS gener-
ated from different liquids, including cell culture media.
The research here presented, therefore, tests the

@)

2 Cut + HsC

(b)

OH

FIGURE 1 Chemical reactions at the base
of colorimetric assays used for the detection of
H,0,, NO,™ and NO5~ in water and in DMEM.
(a) DMP (2,9-dimethyl-1,10-phenanthroline)
assay to detect H,0,, (b) Griess assay to detect
NO, ™ and (c) 2,6-xylenol assay to detect NO3™~

HsC
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reliability of such colorimetric assays in PTWS of com-
plex composition, like those generated in cell culture
media, where the detection of RONS is generally difficult
due to the several organic/inorganic compounds present.
Among all possible cell culture media, DMEM was cho-
sen because it is one of the most used liquid to generate
PTWS for biological applications and because its con-
centration of additives is one of the highest, compared to
other cell culture media, representing one of the most
tricky matrices for RONS detection.

In this research, we have used the DMP assay
(scheme in Figure 1a) for the detection of H,0,, as an
alternative to the widely diffused Amplex Red assay,
whose limitations have been previously discussed. The
efficacy of the Griess assay for NO,™ detection (scheme
in Figure 1b) was then validated in DMEM. Finally, the
2,6-xylenol nitration (scheme in Figure 1c) was exploited
to detect NO5~ ions as an alternative to the nitrate/nitrite
Griess assay, reported to be quite inaccurate in nitrate
detection, as previously discussed.

All the assays investigated were chosen because they
consist of one simple and fast step, reactions (less than
10min) that can be set with ready-to-use commercially

) H,0,
z | — +2H* + 0,
Ny
CHs
A 454 nm
HaN A~
NH

N

"

i e

NO» © Ns.  A525nm
_— N
0=§=O
NH,
0:$:O
NH»
OH
CHs NO; HsC CHs
R
NO>
A 340 nm
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available assay kits operating at room temperature, in a wide
pH range. Each reaction, moreover, can be easily started
directly in cuvettes, with a conventional spectrophotometer,
and there is no need for sophisticated equipment. Robust-
ness, linearity, accuracy and specificity of each reaction have
been analysed in water and in DMEM with standard solu-
tions of each RONS, whereas the effective possibility to use
proposed reactions even in PTWS has been demonstrated for
RONS plasma-generated in DMEM. The results reported
here highlight the importance to validate the assays in each
liquid tested. Moreover it is also important to check the
whole visible spectrum (400-800nm range) while using
ready-to-use colorimetric assays. Manufacturers propose to
acquire single absorbance reads at the suggested wavelength.
In this way, it is possible to search for potential anomalies in
the spectrum due to additional by-products formed by the
reaction of reagent kits with other components in the media,
and from changes in the shape/position of the analytical
peak. The best way to operate would consist of testing the
specificity of each method towards all possible RONS in
PTWS, including transient ones. Nonetheless, owing to the
nature of species like O;, ONOO™ and OH, this can be hard
to perform. In addition, due to their short lifetime and to
their great reactivity, the concentration of transient RONS in
PTWS may be very low if compared to the concentration of
stable RONS like H,0,, NO,™ or NO;™ (ranging from puM to
mM). For these reasons, we focused our attention only on
long-lived species (i.e., chlorides), which can be copresent
with analysed RONS and interfere with their detection.

2 | EXPERIMENTAL SECTION
2.1 | Colorimetric assays for the
detection of H,0,, NO,™ and NO;™

The detection of H,O,, NO,  and NO;~ RONS was carried
out by using the commercial reagents listed in Table 2.
Spectroquant® test kits (Merck) for spectrophotometric ana-
lysis are ready-to-use kits optimised for easy handling in
routine and special analyses in water, food and environ-
mental analytics.

The reliability of each colorimetric reaction was as-
sessed in RONS standard solutions prepared in dd water

or in DMEM (cat. N. D1145; Sigma-Aldrich) without
phenol red, supplemented with 10% v/v fetal bovine
serum (cat. N. F7524; Sigma-Aldrich), 2 mM r-glutamine
(cat. N. G7513; Sigma-Aldrich), penicillin/streptomycin
solution (20 units m1~/20 mg ml™!, cat. N. T4049; Sigma-
Aldrich). UV-Vis absorbance measurements were
performed with a Cary 60 UV-Vis (Agilent) spectro-
photometer in the 200-800 nm range, with a scan re-
solution of 1 nm. Disposable plastic cuvettes (cat. N. 223-
9955; Bio-Rad) with a semimicro volume of 1ml and
10 mm optical length were used for the spectro-
photometric readings. The manufacturers recommend
filtering turbid samples before the tests for H,O, and
NO, ", since these kits are thought to be used for waste-
water analysis. No turbid samples, though, were formed
in our research. In all experiments, the samples were
analysed immediately at the end of the reaction time. For
all measurements, the blank was prepared using dd wa-
ter instead of the sample, according to the manufacturer's
protocols. Samples with analyte concentrations exceed-
ing the detection range were diluted with dd water before
the measurements. In the same way, the sample was
properly diluted so as to confine the absorbance intensity
within 1 and grant the validity of Lambert-Beer law.

2.1.1 | Detection of H,O,

Hydrogen peroxide was detected by using the copper-
phenanthroline assay (see Table 2). The commercial
test kit consists of two numbered reagent bottles,
whose composition is not exactly defined by the
manufacturers, stored at +15/+25°C. Reagents are to
be added to the sample starting from bottle 1. The
manufacturer recommends adjusting the pH of the
samples in the 4-10 range. Sixtyfive microliters each
of reagents 1 and 2 were added to 1 ml of the sample
directly in a 1 ml cuvette and left for 10 min (reaction
time). Afterwards, the colour of the resulting solution
to be analysed remained stable for 20 min. Standard
solutions of H,0O, in the range 0-300 uM were pre-
pared in dd water and in DMEM from a 30% w/w
standard H,O, water solution (cat. N. 95321; Sigma-
Aldrich).

TABLE 2 Commercial reagent test kits used for colorimetric detection of H,0,, NO,™ and NO;~

RONS Commercial test kit Principle Amax (nm) Range Indication
H,0, Spectroquant® 1.18789.001, Merck Copper-DMP assay 454 8-175uM Water
NO,~ Spectroquant® 1.14776.001, Merck Griess assay 525 1.5-70 uM Water
NO;~ Spectroquant® 1.09713.002, Merck 2,6-xylenol assay 340 0.1-1.8 mM Water

Abbreviations: DMP, 2,9-dimethyl-1,10-phenanthroline; RONS, reactive oxygen and nitrogen species.
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2.1.2 | Detection of NO,~

Nitrite ions were detected with the Griess assay (see
Table 2). The commercial test kit consists of one reagent
vial stored at +15/+25°C containing the undefined
mixture reagents in powder. The manufacturers re-
commend to adjust the pH of the sample within the
range of 2-10. The assay was performed as follows: 13 mg
of the reagent mixture were added to 1 ml of the sample
directly in a 1 ml volume cuvette; the mixture was then
vigorously pipetted till the complete dissolution of the
reagent powder and left to react for 10 min (reaction
time). The colour of the measurement solution remained
stable for 60 min. Standard solutions of nitrites were
prepared in dd water and in DMEM from NaNO, (cat. N.
S2252, purity >99.0%; Sigma-Aldrich). Nearly 0.050 g of
NaNO, were dissolved in 500 ml of dd water to prepare a
2 mM mother solution, to be diluted in water or in
DMEM for preparing solutions in the 0-220 uM range.

2.1.3 | Detection of NO5~

Nitrate ions were detected by using the 2,6-xylenol assay
(see Table 2). The commercial test kit consists of two
reagent bottles stored at 15-25°C, the first containing a
solution of sulphuric and phosphoric acid, the second
with the nitrate-sensitive probe. The assay was per-
formed as follows: 2ml of the sulphuric/phosphoric so-
lution were transferred in a test tube; 250 ul of the
sample were added without mixing, then 250 ul of re-
agent from bottle 2 were added to the mixture. The so-
lution was vigorously shaken, then it became heated for
the reaction. The system was then left reacting for 10 min
(reaction time) without any cooling and analysed soon

HV electrode Gas in \ |

Dielectric (glass)

Plasma

Ground grid

Petri dish \

FIGURE 2 Schematic representation of
DBD plasma source used to generate PTWS.
Abbreviations: DBD, dielectric barrier discharge;
HV, high-voltage; PTWS, plasma-treated water
solution
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after. The colour of the measurement solutions remained
stable for 30 min after the reaction. Standard nitrates
solutions in the 0 to 1.6mM range were prepared in dd
water and in DMEM by proper dilutions of a 16 mM
standard nitrate solution for ion chromatography (cat. N.
74246; Honeywell Fluka).

2.2 | PTWS generation

PTWS were generated with a Dielectric Barrier Discharge
(DBD) PetriPlas™ plasma source, built by the Leibniz
Institute for Plasma Science and Technologies (INP,
Greifswald) and properly modified by coauthors of this
paper. A scheme of the experimental apparatus is re-
ported in Figure 2. The source is made of a Plexiglas flow
unit set with gas connections and of a discharge unit.
This latter consists of a stainless steel grounded mesh
4mm far from a disc-shaped high-voltage copper elec-
trode (3 cm diameter) covered with a dielectric glass disc
(1 mm thick). A detailed description of the apparatus was
published in our previous papers.l'***! An electric field
at 6 kHz frequency and 13.5 kV peak-to-peak voltage was
applied to ignite the discharges, modulated in all ex-
periments at a 25% duty cycle, 25 ms plasma on (%,,) over
a period (t = t,, + tofr) of 100 ms.

Liquids were plasma-treated in 2 ml aliquots con-
tained in a commercial TPP® Petri dish (57 mm diameter;
Sigma-Aldrich) located below the discharge unit, 3 mm
far from the discharge. During the treatments the Petri
dish is sealed to the discharge unit, so the gap between
the liquid and the discharge is not exposed to the at-
mosphere. Purging the gap with the gas feed before ig-
niting the plasma allows to carefully control the chemical
composition of the discharge. Pure O, or synthetic air,

HV probe

~

Aluminum case

Gas out

| |
| |
07 ONOO- & \

NO2 NO,-
OH 202 NO - Measure
capacitor
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both at 0.5 slm flow rate, were used to purge the chamber
and feed the plasma during the treatments. In this way,
the formation of nitrites could be promoted (in air-DBD),
or excluded (in O,-DBD) in PTWS. In each feed, the
DBDs were ignited at different treatment times, from 60
to 300s, for dosing the amount of RONS in the PTWS.
The concentrations of NO,~, NO;~ and H,O, in the li-
quid were then evaluated by means of the colorimetric
reactions investigated. None of the reagents of the col-
orimetric assays was added before treating liquids, to
avoid potential modifications of the sensitive probes due
to the plasma. If needed, PTWS were diluted with dd
water before adding the reagents, to confine RONS con-
centration within the detection limits of each assay. Di-
lution was performed with dd water instead of untreated
medium to avoid potential scavenging of the plasma-
produced RONS. During the experiments, the pH of
PTWS was measured after plasma treatment and before
carrying on the colorimetric analyses.

2.3 | Data processing and statistical
analysis

Baseline correction from acquired spectra was per-
formed, when needed, with the Origin statistical software
version Pro8. In the case of H,0O, detection in DMEM, as
the analytical peak was generated also in H,O,-free
DMEM, the signal of untreated DMEM was subtracted,
after baseline correction, as it will be discussed. Accu-
racy, precision, limit of detection (LOD), linearity and
specificity of each assay have been evaluated. Con-
centration/response relationships were evaluated by
analysing a minimum of eight concentrations per assay.
In the case of a linear relationship, a regression line was
calculated with the least squares method to determine
correlation coefficient (R?), y-intercept and slope of re-
gression (S). The calculated R* from the regression ana-
lysis was used as a mathematical estimator of linearity.
LODs have been calculated from calibration curves, ac-
cording to Equation (1), where SD, is the y-intercept
standard deviation and S is the slope of the regres-
sion line.

SD,

Control samples with a known concentration of each
RONS in dd water and in DMEM were used to evaluate
the precision and accuracy of the methods with at least
five replicates. Precision, which is a degree of scatter
between a series of measurements, was calculated as the
percent relative standard deviation of each data set; ac-
curacy, which expresses the closeness of agreement of

measured values with the true values, was calculated as
percent recovery of experimental concentration back-
calculated from each calibration curve with respect to the
known concentration. A qualitative evaluation of the
specificity of each method was ultimately performed by
analysing the response obtained in water and in DMEM
solutions simultaneously containing the ROS or RNS of
interest in presence of other RONS. Statistical significant
differences between concentrations among samples were
computed using the statistical software GraphPad Prism
version 6.1. A one-way analysis of variance was per-
formed with a subsequent Turkey's multiple comparisons
test by assuming the normal distribution of the data.
Statistic results of specificity tests were shown as histo-
grams of the mean =+ SD. All p<.01 were considered
statistically significant.

3 | RESULTS AND DISCUSSION
Table 3 summarises the results obtained for the valida-
tion of the assays in dd water and in DMEM solutions of
each RONS. Each case is discussed in the next para-
graphs. The wavelength of absorption maxima (Apax)
registered in both liquids after each reaction in presence
of the RONS of interest is reported to highlight the
changes of 1,,,x in DMEM with respect to water. Slope,
intercept, R and LOD calculated from calibration curves
for each RONS are shown, as well as accuracy and pre-
cision evaluated for the detection of each RONS in con-
trol solutions of known concentration.

The detection of each RONS in water and/or DMEM
after plasma exposure will be shown in the following
paragraphs. During the experiments, the pH of the li-
quids was measured after plasma treatment, before per-
forming the colorimetric analyses. In the case of DMEM,
due to the presence of a sodium bicarbonate buffer sys-
tem (3.4 g/L), the pH of the medium is not altered after
exposure to plasma and remains constant at 7.4. Con-
cerning water, acidification of the liquid was found im-
mediately after the end of the plasma treatment (pH 3.5).
This acidification, however, should not interfere with the
conditions to perform the colorimetric assays under an
investigation. In fact, the 2,6-xylenol assay and Griess
assay for the detection of NO;~ and NO, ™ operate in acid
condition once reagent mixtures are added to the sam-
ples (pH range within 2.0-2.5 for Griess assay and within
1.0-3.0 for 2,6-xylenol assay). In the case of H,0, de-
tection, then, the DMP assay is quite robust towards wide
changes in the pH. Even if manufacturers indicate that
the pH of the samples must be within 4-10 interval, from
previous experiments, we confirmed that the DMP assay
tolerates pH lower than 4. We treated water solutions of
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TABLE 3 Results of statistical calculations after calibration of NO,~, NO;— and H,O, solutions in double-distilled (dd) water and

Dulbecco's modifies Eagle's medium (DMEM)

dd Water DMEM

NO,~ NO;~ H,O0, NO,~ NO;3™ H,O0,
Amax (NM) 525 340 455 525 505 455
Slope + SD 0.0293 + 0.0005 0.75 +0.03 0.0188 + 0.0007 0.0287 + 0.0005 0.71 £ 0.05 0.0085 + 0.0002
Intercept + SD —0.07 £ 0.05 0.04 +0.02 —0.24+0.12 —0.09 +0.05 0.08 +0.04 —0.01+0.04
R? 0.9973 0.9910 0.9888 0.9967 0.9652 0.9932
Limit of detection 6 uM 0.1 mM 22 uM 6 UM 0.2 mM 14 uM
Accuracy (%) 95 99 97 95 - 97
Precision (%) 4 4 4 6 - 14

organic molecules that required acid conditions to dis-
solve in water and we successfully used the DMP assay to
detect H,O, in these water solutions.

31 | H,0, detection

In the presence of H,O, the DMP assay leads to the
formation of a red-orange complex Cu(DMP),* with a
characteristic absorption peak at 455nm. The peak is
similar in shape and position for dd water (Figure 3a)
and DMEM (Figure 3b), with absorption intensities
proportional to the concentration of H,0, in both liquids.
In the case of DMEM, differently from dd water, the
characteristic absorption peak is revealed even with no
H,0, added (black track in Figure 3b), probably gener-
ated by weak interferences of medium components with
the reagents of the kit. To avoid that this initial con-
tribution leads to an overestimation of H,O, that would
affect the accuracy of the test, the spectral contribution of
DMEM (with the kit reagents added) was subtracted
from the spectra of the H,0,-containing samples. After
this subtraction, indeed, a linear trend of the signal at
455nm is obtained as a function of the H,O, con-
centration in DMEM (Figure 3d, red line) as well as in dd
water (Figure 3d, black line). Correlation coefficients,
slope and intercept of the regression curves for both li-
quids are shown in Table 3. An LOD of 22uM in dd
water and of 15uM in DMEM was calculated. The
greater sensitivity of the test in DMEM rather than in
water is generated as a consequence of the higher stan-
dard deviation calculated for the intercept of the cali-
bration curve in water (SD = 0.12, Table 3) rather than in
DMEM (SD = 0.04, Table 3), in spite of an opposite trend
in case of the slopes of the curves, found higher in water
than in DMEM (see Table 3). A part from calculations,
however, we do not believe that DMEM may possess

some chemical characteristic that could increase the
sensitivity of the method.

H,0, solutions with a known concentration (100 uM)
in dd water and in DMEM were used as quality controls,
for the calculation of accuracy and precision (Table 3). In
both liquids a percent accuracy higher than 95% was
calculated; in DMEM the test proved to be less precise
with higher error bars than the ones found in the water
series.

The specificity of the test for H,O, was evaluated
by comparing the spectroscopic signals generated in
solutions of H,O, (300 uM), NO,~ (200 uM) and NO3~
(0.8 mM), alone and mixed among each other, to si-
mulate PTWS of different compositions. The results of
the specificity test, presented in Figure 3e, show that
the spectroscopic signal of H,0, at the calculated
concentration appears only when H,O, is actually
present in the liquids. Solutions of NO,™ or NO;~
alone do not produce any signal after the addition of
the reagents kit, confirming that the DMP assay is
selective for H,0, in dd water (Figure 3e, grey bars) as
well as in DMEM (Figure 3e, red bars). In addition,
NO,™ and NO;™ (alone or in a mixture) do not seem to
interfere with the detection of H,O, present in the
solution at the same time, as the signal appears nei-
ther amplified nor depressed and the calculated con-
centrations of H,0, alone or in presence of the other
RONS are not statistically different.

No particular interfering species is mentioned in
the literature for this assay. Manufacturers report,
however, that many molecules could alter H,O, de-
tection, such as ascorbate, citrate, peracetic acid and
chlorides (>0.1% w/w), among others. Of these in-
terfering species, indeed, only chlorides are present in
DMEM in high concentrations (6.4 g/L, about 0.7% w/
w); the interference that could develop in presence of
a high amount of chlorides is not described by the
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FIGURE 3 Spectroscopic signals after the copper-DMP assay in H,0, solutions at different concentrations (a) in dd water and (b) in

DMEM. (c) spectroscopic signals after the DMP assay in H,O, (100 uM) solutions in dd water and in PBS; (d) scatter plot of the signal as a

function of H,0, concentration in water and in DMEM with calculated regression lines; (e) H,O, concentration values elaborated from

signals detected in solutions of different RONS in dd water and in DMEM,; (f) H,O, concentration values elaborated from signals detected in
PBS as it and in H,0, (100 uM) solutions in dd water, in PBS and in DMEM,; signals detected after the DMP assay in PT-DMEM treated with
(g) air- and (h) O,-fed DBD as a function of the treatment time (60-300 s); (i) calculated H,O, concentrations in PT-DMEM after O,- and air-
fed DBD as a function of treatment time. One-way ANOVA + Tukey's post test: °p <.01 versus ‘H,0,’ in DMEM series (red bars) and

*p < .01 versus ‘H,0,’ in water series (grey bars) in the graph (e); “p < .01 versus ‘PBS/H,0,,” *p < .01 versus ‘WATER/H,0,’ and **p < .01
versus ‘DMEM/H,0,’ in the graph (f). Abbreviations: ANOVA, analysis of variance; DBD, dielectric barrier discharge; DMEM, Dulbecco's
modified Eagle's medium; DMP, 2,9-dimethyl-1,10-phenanthroline; dd, double-distilled; PBS, phosphate-buffered saline solution; PT,
plasma-treated; RONS, reactive oxygen and nitrogen species
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FIGURE 4 Spectroscopic signals after the Griess assay in NO,™ solutions (a) in dd water and (b) in DMEM. (c) Scatter plot of the signal
as a function of NO,™ concentration in dd water and in DMEM with calculated regression lines; (d) NO,™ concentration values elaborated
from signals detected in RONS solutions in dd water and in DMEM,; signals detected after the Griess assay in PT-DMEM with (e) air- and
with (f) O,-fed DBD as a function of the treatment time (60-300 s); (g) NO,~ concentrations calculated in PTWS generated in DMEM after
O,- and air-fed DBDs as a function of treatment time. One-way analysis of variance + Tukey's post test: °p <.01 versus ‘NO,’ in DMEM

series (red bars) and *p < .01 versus ‘NO,™’

in water series (grey bars) in the graph (d). Abbreviations: DBD, Dielectric Barrier Discharge;

DMEM, Dulbecco's modified Eagle's medium; dd, double-distilled; PT, plasma-treated; RONS, reactive oxygen and nitrogen species

manufacturers.

For these reasons,

we have

in-

detected even in absence of H,O,, as the addition of

vestigated the detection of H,0O, with DMP also in
PBS, a buffered solution containing 8.20 g/L (about
0.82% w/w) of chlorides. As reported in Figure 3c, the
spectroscopic signals acquired in dd water (red spec-
tra) and in PBS (grey spectra) containing the same
amount of H,0, (100 uM) overlap perfectly. No in-
teractions of DMP reagents with chlorides were

DMP reagent in PBS alone did not result in any peak
(Figure 3c, PBS, violet track). The concentrations for
H,0, in PBS (yellow bar, Figure 3f), in dd water (or-
ange bar, Figure 3f) and in DMEM (orange bar,
Figure 3f), resulted not significantly different. Under
these conditions, thus, it is possible to conclude that
no interference due to chlorides should result in H,O,
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detection for media with chlorides up to 0.8% w/w,
as DMEM.

With the precautions reported above, the DMP assay
can be successfully adapted to the detection of H,O, in a
liquid with a complex composition, such as DMEM,
where the test maintains its linearity, accuracy and se-
lectivity and confirms to be a simple, fast and robust
method. The DMP assay was also tested in PT-DMEM,
where the presence of stable and transient RONS con-
tinuously produced in the medium and of plasma-
modified organic components, is an additional degree of
complexity.

PTWS have been generated in 2ml of DMEM with
air- and O,-fed DBD at increasing treatment times, from
60 to 300 s. Due to the presence of a buffering system in
DMEM, the pH of the medium was not altered after
plasma exposure. The spectroscopic signals revealed
by the DMP assay after each treatment (within 10 min
after the treatment) are shown in Figure 3g for
PT-DMEM treated in air-fed DBDs and in Figure 3h for
PT-DMEM treated in O,-fed DBDs. No difference in
terms of peak shape and position was found in compar-
ison with the signals generated in untreated solutions of
H,0, in DMEM (Figure 3b). H,O, concentration was
thus back-calculated through regression lines obtained
by H,0, calibration in DMEM (Figure 3d, red line). The
calculated concentrations of H,O, in PT-DMEM are re-
ported in Figure 3i. As expected, the H,O, concentration
was found higher in O,-treated with respect to air-treated
PTWS, where oxygenated species in the plasma phase are
reasonably also involved in the oxidation of nitrogen
species to produce transient and stable RNS, as it will be
discussed in Section 3.2. Moreover, the calculated con-
centration of H,O, in PTWS was found increasing, as a
function of treatment time, in both O,- and air-treated
DMEM, as expected. The concentrations of H,0, in
PT-DMEM measured with the DMP assay are, therefore,
quite in accordance with those expected according to
plasma conditions used to generate the tested PTWS.

3.2 | NO,  detection

The spectra acquired in NO,~ standard solutions in dd
water and in DMEM after the Griess assay are reported in
Figure 4a,b. The reaction in the presence of NO,~ forms
a red-violet azo dye with a characteristic absorption peak
at 525nm, similar in shape and position in dd water
(Figure 4a) and in DMEM (Figure 4b). In both cases, the
intensity of the peak increases with the concentration of
NO,". In the case of nitrite-free DMEM (grey line in
Figure 4b) no absorption peak is revealed, attesting the
lack of potential interferences by medium components. It

is, therefore, possible to observe a linear trend of the
signal at 525nm with the concentration of NO,™ in
DMEM (Figure 4c, red data points) as well as in water
(Figure 4c, black data points). The regression analysis
confirms the linearity of the trends in DMEM (Figure 4c,
red line) and in water (Figure 4c, black line). Correlation
coefficients, slope and intercept of the regression lines
calculated for both liquids are shown in Table 3. The
experimental LOD calculated in water and in DMEM in
our experimental conditions is about 6 uM.

Nitrite solutions with a known concentration
(100 uM) in water and DMEM were used as control
samples to calculate the accuracy and precision of the
test (Table 2). In both liquids, the test showed similar
percent accuracy, higher than 95% and similar precision,
4% and 6% in water and in DMEM, respectively. As for
the case of H,O, presented previously, also the specificity
of the Griess assay for nitrite ions was evaluated by
comparing the spectroscopic signals generated in solu-
tions of H,0, (300 uM), NO,~ (200uM) and NO;~
(0.8 mM), alone or in the mixture. The results of the
specificity test are shown in Figure 4d. No NO,™ signal
could be revealed in solutions of H,O, or NO;~ alone,
confirming the selectivity of the Griess assay for NO,™ in
water (Figure 4d, grey bars) as well as in DMEM
(Figure 4d, red bars). In addition, the detection of NO,™
resulted not influenced by the simultaneous presence of
H,O, and/or NO;~ (alone or in mixture) in solution,
since the NO,~ signal was neither amplified nor de-
pressed in water and in DMEM in presence of the other
RONS. Likely this occurs because, at such low con-
centrations, the reaction of NO,~ with H,0, is much
slower compared to the one obtained with the colori-
metric reagents, which are added in large excess.!"

Following these considerations, we can state that also
the Griess assay successfully adapts to the detection of
NO,™ in a liquid with a complex composition, such as
DMEM, since the test maintains its linearity, accuracy
and selectivity in the medium. The assay was thus tested
in PTWS DBD-generated in DMEM, to assess whether
the presence of transient RONS in the medium and/or of
plasma-modified organic compounds may challenge the
reliability of the detection.

PTWS were generated in 2-ml samples of DMEM
with air- and O,-fed DBDs at increasing treatment times,
from 60 to 300s. Due to the presence of a buffering
system in DMEM, the pH of the medium was not altered
after plasma exposure. The spectroscopic signals gener-
ated after the Griess assay in PT-DMEM are shown in
Figure 4e,f. As for the previous case of H,0,, no differ-
ence in terms of peak shape and position was found
in comparison with the signals generated in untreated
solutions of NO,” in DMEM (Figure 4b). The
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NO,™ concentration was thus back-calculated by using
the regression lines obtained in DMEM (Figure 4c, red
line). As expected, the NO,™ concentration was found
very high (up to 500 uM) in air-treated DMEM, where
both oxygen and nitrogen precursors, required for the
formation of NO,™ ions, are present in the plasma,
whereas nitrites were almost zero in O,-treated PTWS
because of the lack of nitrogen precursors in the plasma
when only O, is fed. The calculated concentrations of
NO,™ increase as a function of treatment time in air-
treated DMEM, as expected. The concentrations of NO, ™~
in PT-DMEM measured with the Griess assay were,
therefore, found quite in accordance with those expected.

3.3 | NO; detection

The UV-VIS spectra acquired in NO3™~ standard solutions
in dd water and in DMEM after the 2,6-xylenol assay are
reported in Figures 5a and 5b, respectively. The forma-
tion of 4-nitro-2,6-xylenol due to NO;™ reacting with 2,6-
xylenol in dd water was confirmed by the characteristic
absorption track, with a primary peak at 340nm and a
weak secondary peak at about 500 nm (Figure 5a). The
absorption intensity of the 340 nm peak was found to
increase with the concentration of NO;~ in water; a
linear intensity trend of the signal was observed in water
(Figure 5d, black data point) as a function of the NO5™
concentration, confirmed by regression analysis
(Figure 5d, black line), whose correlation coefficient,
slope and intercept are listed in Table 3.

The LOD calculated (0.1 mM) was found in agree-
ment with the one indicated by the manufacturers,
0.1mM and the analysis of control samples (0.8 mM
NO;™ in water) has demonstrated high accuracy (99%)
and precision (4%) for the test in water. The specificity of
the test for nitrates in water was evaluated by comparing
the spectroscopic signal at 340 nm generated in solutions
of H,0, (300 uM), NO,~ (200 uM) and NO5;~ (0.8 mM),
alone and mixed, to simulate PTWS of different compo-
sitions. The results of the specificity test (Figure 5¢) show
that the spectroscopic signal was found absent after the
colorimetric assay in nitrate-free H,0, and NO,™ water
solutions, whereas it was strong in solutions where the
NO;~ ions were present. Moreover, the detection of
NO;™ resulted not influenced by the simultaneous pre-
sence of H,0, and/or NO,™ in the solution, thus attesting
the absence of cross interferences of the other RONS in
NO;~ detection by 2,6-xylenol assay.

Data obtained in DMEM analyses were quite different
from the ones obtained in water. An absorption peak was
generated also in DMEM after the assay in NO5;~ solu-
tions, whose intensity increased with the concentration

AND POLYMERS

of NO;~ (Figure 5b). A linear trend was registered be-
tween absorption intensities and nitrate concentration
(Figure 5d, red data point), confirmed also by regression
analysis performed on calibration data (Figure 5d, red
line). The correlation coefficient, slope and intercept of
the calibration curve calculated for the test in DMEM are
listed in Table 3. In addition to these finding, however,
the position of the absorption peak was found different
from the one found in water experiments because it was
found shifted from 340 to 500 nm (Figure 5b). The shift
in the absorption peak is also confirmed by visual in-
spection of the samples (Figure 5f,g): the DMP reaction
performed in water leads to a colourless solution,
whereas in DMEM, a red-purple colour is observed, with
intensity depending on the concentration of nitrates.

Concerning potential interfering compounds, manu-
facturers report that several metal ions, chlorides (>0.1%
w/w) and organic compounds like p-glucose (>0.5g/L)
could alter the detection. Among the compounds listed,
high concentrations of chlorides (6.4 g/L, about 0.7% w/
w) and of p-glucose (4.5g/L) in DMEM could be re-
sponsible for the observed red shift in the track. To test
this hypothesis, nitrates were analysed with the 2,6-
xylenol assay also in PBS, where the amount of chlorides
is 0.82% w/w and in a water solution of p-glucose with
the same concentration reported in DMEM (4.5g/L),
with and without the addition of NO;~ to a final con-
centration of 0.8 mM. Indeed, the shift of the absorption
peak from 340 nm (NO;™ in water, Figure 5c, black track)
to 500 nm was observed also in PBS (Figure 5c, NO3™ in
PBS red track). By comparing this spectrum with that
recorded in PBS alone (Figure 5c, blue track), it is clear
that the red shift is observed only when also NO;™ is
present in PBS, whereas no peak is detected in PBS alone.
It is, therefore, reasonable to assume that chlorides may
interfere in reactions with the nitrate ions or with the
4-nitro-xylenol product.

It is reported that, under the acid conditions of the
assay, chlorides could reduce NO;~ ions to nitrosyl
chloride, which, in turn, would react with 2,6-xylenol to
form 4-nitroso-2,6-xylenol. This reaction may lead, in-
deed, to the loss of the peak observed at 340 nm.!*7%"]
In the case of the formation of 4-nitroso-2,6-xylenol,
however, a shift in peak position towards shorter wave-
lengths is reported,’*7*" in contrast with the bath-
ochromic shift of the peak registered, instead, in our
experiments.

In alkaline conditions, the observed red shift could be
ascribed to the formation of phenolate anions,®*! but this
is quite unlikely since the 2,6-xylenol assay is performed
in very strong acid conditions. In fact, although PBS and
DMEM are solutions buffered at slightly basic pH, the
sulphuric/phosphoric acid solution included in the
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FIGURE 5 Spectroscopic signals after the 2,6-xylenol assay in NO5™ in solutions (a) in water, (b) in DMEM. (c) signals after 2,6-xylenol
assay in NO;™ solutions prepared in dd water, in a water solution of p-glucose (4.5 g/L) and in PBS; (d) Scatter plot of the signal as a function
of NO;~ concentration in water and in DMEM with calculated regression lines; () NO;~ concentration values elaborated from signals
detected in RONS solutions in water; (f) photo of standard solutions of NO;™ in water after performing the 2,6-xylenol assay (almost
colourless); (g) photo of standard solutions of NO5;~ in DMEM after performing the 2,6-xylenol assay (red-purple colour with intensity
depending on the NO;™ concentration); (h) spectroscopic signals after the 2,6-xylenol assay in PT-dd water after air-DBD ignited for
different treatment times (60-300s); (i) NO;~ concentration values calculated in PT-dd water as a function of treatment time in air-DBDs;
One-way analysis of variance + Tukey's post test: *p <.001 versus ‘NO; ™ in (e). Abbreviations: DBD, dielectric barrier discharge; DMEM,
Dulbecco's modified Eagle's medium; dd, double-distilled; PBS, phosphate-buffered saline solution; PT, plasma-treated; RONS, reactive

oxygen and nitrogen species
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2,6-xylenol assay is added in strong excess (2 ml) in
comparison with the amount of DMEM or PBS sample
(250 pl). 1t is therefore quite unlikely that buffer systems
in PBS or DMEM can compensate the high excess of the
acid mixture of the Kkit.

The presence of p-glucose in the assay formed a weak
signal at 500nm (Figure 5c, purple track), which re-
mained even in absence of NO;~ (Figure 5c, green-track),
where no absorption at 340 nm was present. When NO3;™
ions were added, however, the signal at 340 nm remained
still present with no shift, together with a weak signal at
500 nm, similar to the one detected in the nitrate-free
glucose solution. Other than contributing to the absorp-
tion peak registered at 500 nm, the presence of p-glucose
in the medium can be assumed not to be involved in the
shift.

We could, thus, not identify the actual reason for the
observed red shift of the 340 nm peak in DMEM; we
believe, though, that it could be somehow related to the
presence of chlorides. Although the linearity of the peak
intensity with the concentration of nitrates was retained
in spite of the shift of the peak to 500 nm, the stability of
its colour was found lower than that of the peak at
340 nm. In the case of DMEM, an increase in the colour
intensity after 2,6-xylenol assay was observed beyond the
reaction time, whereas, in the case of water, the colour of
the solutions remained stable up to 60 min, according to
the indication of the manufacturers. As long as the
samples are analysed immediately after the reaction
time, in effect, the increase in signal intensity in the
medium can be avoided, even if it must be representative
of time-dependent reactions between assay products or
reagents and components of DMEM that could also in-
terfere in the NO;3~ detection.

Following these considerations, we can state that the
2,6-xylenol assay can be successfully used for the detec-
tion of NO;~ in dd water simultaneously containing
other RONS, with high accuracy and specificity for ni-
trates. On the contrary, in the case of cell culture media
like DMEM, the reliability of the test is uncertain since
the reaction product of nitrates with 2,6-xylenol is af-
fected by some components of the medium, such as
chlorides and glucose. It is, therefore, our opinion that
further studies should be run to better understand the
nature and the stability of the assay products over time in
the case of DMEM, to ultimately validate the 2,6-xylenol
method for nitrates also in PT-DMEM, where the de-
tection could be affected by artefacts more than in un-
treated medium.

For these reasons, the 2,6-xylenol assay was not tested
to quantify NOs™ ions in PT-DMEM, as it was shown in
the case of H,O0, and NO,™ analysis; whereas it was
tested in PT-dd water, where transient RONS, different
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from NO,~ or H,0,, could anyway interfere in the de-
tection. For this purpose, 2 ml of dd water were treated
with air- DBDs ignited for different times, from 60 to
300s. The spectroscopic signals generated by the 2,6-
xylenol assay in PT-dd water are shown in Figure 5h. No
difference in terms of peak shape and position was found
in comparison with the signals generated in the
untreated water solutions of NO;~ (Figure 5a). The
concentration of NO;~ in PT-dd water was, thus,
back-calculated by using the calibration curves for
nitrates elaborated for water (Figure 5d, black line). As
expected, the NO;~ concentration was found very high
(in mM range) in air-treated dd water, as both oxygen
and nitrogen precursors required for forming the NO5;™
ions are present in the plasma, as for nitrites. The cal-
culated concentrations of NO;~ (Figure 5i) increase as a
function of treatment time in air-treated dd water as well,
as expected. According to the evidence, we can confirm
the validity of the 2,6-xylenol to quantify NO;™ ions in
PT-dd water.

4 | CONCLUSION

The detection of RONS in untreated and plasma-treated
cell culture media is challenged by the presence at the
same time of several different compounds, organic and
inorganic; on the other side, however, a careful balance
of their chemical properties is required to targeting bio-
logical effects for clinical applications. For current and
future research in the biomedical fields, it is therefore
fundamental to count on accurate and reliable RONS
detection methods also for complex biological matrices.
Colorimetric assays offer simple and ready-to-use meth-
ods but also need to be accurately validated for the spe-
cific case to avoid artefacts and inaccuracy.

Here, the reliability of simple and fast colorimetric
assays for the most common RONS, H,0,, NO,™ and
NO;™, found in PTWS of typical composition was in-
vestigated. The validity of each method was assessed
for the first time in a complex biological liquid such as
DMEM, a cell culture medium frequently used in
Plasma Medicine to generate PTWS for in vitro cell
growth and other biological experiments. The analy-
tical studies performed proved the robustness and the
accuracy of the DMP and of the Griess colorimetric
assays in the detection, respectively, of H,0, and
NO,™ in water as well as in DMEM. Such reactions
proved to be selective for each specific RONS in water
and in DMEM and, therefore, of potential interest
for PTWS.

Indeed, the DMP assay for H,O, and the Griess assay
for NO,~ were confirmed valid without modifications
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also in the case of PT-DMEM generated in DBDs fed with
O, or air. The amounts of NO,~ and H,O, found in PT-
DMEM were in accordance with the plasma conditions
used. It is, therefore, our opinion that the DMP assay and
the Griess assay should be, respectively, used in the de-
tection of H,0, and NO,™ in PTWS generated in liquids
like PT-DMEM, for their valuable tolerance to high
concentrations of inorganic and organic compounds.

The 2,6-xylenol assay successfully adapted to the de-
tection of NO;™ in dd water even in presence of other
potentially competing RONS with high accuracy and
specificity. This assay was confirmed valid also in PT-dd
water generated after treatment with air-DBDs. The test
allowed the quantification of high amounts of nitrates, in
the mM range, increasing in the liquid as the DBD
treatment time. In the case of DMEM, however, the 2,6-
xylenol assay was affected by interferences causing a red
shift in the absorption peak, whose nature could not be
fully explained. We, thus, suggest that the 2,6-xylenol
assay should be avoided for the detection of NO5™ ions in
PT-DMEM, until further studies are performed to iden-
tify the nature of the interferences, probably due to high
amounts of chlorides and glucose in the medium.

It is very important to develop accurate and reliable
detection methods that match the need for rapid accurate
results also in complex biological liquids, through which
redox drugs and RONS could be administrated to living
tissues. The results reported here highlight the im-
portance to thoroughly check the reliability of RONS
detection methods and, when possible, to improve them,
for all liquid vectors of RONS of potential interest in the
biomedical field, including plasma-treated media. By
following the approach described in this paper, for ex-
ample, we could measure precisely the concentration of
H,0, and NO,~ species in PT-DMEM generated in dif-
ferent plasma conditions and highlight, consequently,
that precise proportions in H,O, and NO,™~ are involved
in increasing the selectivity of anticancer effects of PT-
DMEM,; indeed, a synergistic effect of NO,™ in selectively
decreasing the cytotoxic threshold of H,O, on osteo-
sarcoma cancer cells was found, whereas the same con-
centration of RONS was ineffective on endothelial
nonmalignant cells.*)
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