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Introduction

On a heavy path — determining cold plasma-
derived short-lived species chemistry using
isotopic labellingf

Kristian Wende, @ *2 Giuliana Bruno,® Michael Lalk,” Klaus-Dieter Weltmann,©
Thomas von Woedtke, &2 <¢ Sander Bekeschus® and Jan-Wilm Lackmann?

Cold atmospheric plasmas (CAPs) are promising medical tools and are currently applied in dermatology and
epithelial cancers. While understanding of the biomedical effects is already substantial, knowledge on the
contribution of individual ROS and RNS and the mode of activation of biochemical pathways is
insufficient. Especially the formation and transport of short-lived reactive species in liquids remain
elusive, a situation shared with other approaches involving redox processes such as photodynamic
therapy. Here, the contribution of plasma-generated reactive oxygen species (ROS) in plasma liquid
chemistry was determined by labeling these via admixing heavy oxygen 20, to the feed gas or by using
heavy water H,'80 as a solvent for the bait molecule. The inclusion of heavy or light oxygen atoms by
the labeled ROS into the different cysteine products was determined by mass spectrometry. While
products like cysteine sulfonic acid incorporated nearly exclusively gas phase-derived oxygen species
(atomic oxygen and/or singlet oxygen), a significant contribution of liquid phase-derived species (OH
radicals) was observed for cysteine-S-sulfonate. The role, origin, and reaction mechanisms of short-lived
species, namely hydroxyl radicals, singlet oxygen, and atomic oxygen, are discussed. Interactions of
these species both with the target cysteine molecule as well as the interphase and the liquid bulk are
taken into consideration to shed light onto several reaction pathways resulting in observed isotopic
oxygen incorporation. These studies give valuable insight into underlying plasma-liquid interaction
processes and are a first step to understand these interaction processes between the gas and liquid
phase on a molecular level.

cell fate, leading to immunomodulation, angiogenesis, tissue
proliferation, or migration.'*" High intensity treatment results

Cold atmospheric pressure plasmas (CAPs) have recently tran-
sitioned from laboratories to clinics, offering a safe and effec-
tive application directly to the patient's body.'* Major
applications of medical plasmas are wounds, skin-derived
diseases and, as off-label use, palliation in cancer patients.***
CAPs offer a well-documented efficacy in inactivating bacteria®
that may contribute to the stimulation of wound healing
processes.'** Plasma treatment influences cell or tissue physi-
ology at various levels, including metabolism, signaling, and
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in the shutdown of cellular processes and cell death by
apoptosis or necrosis-like processes.>*** These effects, especially
in combination with immune cell modulation, are currently
investigated for cancer treatment.>>*

Medical plasmas are multicomponent systems containing
electrons, ions, electric fields, and a multiplicity of reactive
oxygen and nitrogen species (ROS/RNS). Depending on plasma
source, feed gas composition, and distance to the target, ROS/
RNS generation varies.”**° A major role of these plasma-
derived ROS/RNS is assumed,*** but incongruity regarding
the mode of action exists. It was argued that cell membrane-
associated proteins pick up and translate the induced
signals* or that species can cross the cell membrane using
specific pore proteins* and trigger intracellular responses via
cytosolic sensor proteins® or the mitochondria.*® With regard to
the lifetime of most reactive species described for CAPs, it must
be acquiesced that only a small fraction can indeed diffuse into
a cell or the cell's vicinity, leaving the question of the ultimate
mechanism still open.*”** With the controllability of plasma
treatments in biomedical applications becoming increasingly
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relevant to improve safety and efficacy,® knowledge of the
relevant players in plasma-target interaction, their respective
trajectories and - most importantly - their (bio) chemistry is
mandatory. It can be concluded that another route of interplay
between the plasma-derived species and the biological system is
the covalent modification of biomolecules and the subsequent
change of their activity or biological value. It has been shown
that plasma-derived ROS/RNS are capable of oxidizing amino
acids,* proteins,*** or lipids.***” Thiol groups are one of the
major targets for plasma-generated species.***° Hence, CAP
impact can yield to (non-enzymatic) post-translational modifi-
cations (PTMs), with some of which transport significant
influence in cellular signaling.**** However, so far no specific
member of the various ROS or RNS could be attributed to be the
major driver of these reactions. One of the reasons is the limited
knowledge that is present on plasma-derived liquid chemistry.
Hydrogen peroxide is a frequently reported product of the
plasma liquid interaction, yet its reactivity is too low to oxidize
biomolecules significantly (Eo = 1.35 V, H,0, + 2H' + 2¢” =
2H,0).>>*® The presence of other species, such as hydroxyl
radicals, superoxide anion radicals, or nitric oxide can be shown
in liquids by electron paramagnetic resonance,” assumed from
gas phase distributions,””*** or from the detection of modified
organic or inorganic targets by the plasma treatment.**° Given
their high reactivity, the contribution of short lived ROS and
RNS to the modification of biomolecules is assumingly
significant.

It is a major challenge in plasma chemistry that has so far
not been fully met: to determine the short lived species reac-
tivity and to distinguish between species stemming from
primary reactions in the gas phase and species created in
secondary or tertiary reactions at or in the target - a liquid, a gel,
or a tissue.”® Gorbanev et al.,** and Benedikt et al.®* presented
first indications by showing the activity of gas phase-derived
species in aqueous model systems.

In this work, the stable oxygen isotope '®0 was used in the
gas (*®0,) and liquid phase (H,'®0) to shed light onto the
behavior and reactivity of reactive oxygen species (ROS)
following CAP treatment. Predominantly, the argon-driven
atmospheric-pressure plasma jet kINPen with shielding gas®
was utilized to treat cysteine as a chemical probe while selected
experiments included the use of the helium-driven COST
microplasma jet as a reference source.* The chemical impact
on cysteine was assessed using high-resolution mass spec-
trometry with a special focus on isotope distribution patterns.
These results allow insight into the trajectories of plasma-
generated ROS hitting a liquid surface and their reaction with
organic tracer molecules, indicating that both gas phase-
derived species and liquid phase-derived species have
a biochemical potential.

Experimental
Short-lived species generation (plasma sources)

The argon-driven atmospheric-pressure plasma jet kKINPen 09
(neoplas)®® was used together with a curtain gas device® to
provide defined atmospheric conditions for the experiments.
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The kinpen was powered by 1.1 W at a frequency of 1 MHz. Gas
flux was kept constant for all conditions at 3 standard liter per
minutes (slm) of pure, dry argon (5.0, Air Liquide) with the
curtain gas set to 5 slm of nitrogen (5.0, Air Liquide). Besides
pure argon, 1% oxygen (purity 4.8, Air Liquide, Ar/O,) was used
for the experiments as these conditions offered promising
oxidative thiol modification potential.®® The COST-jet** was
powered by constant 300 mW at a frequency of 13.56 MHz. Total
gas flux was kept constant at 1 slm of pure dry helium (5.0, Air
Liquide) with 1% oxygen admixture (purity .8, Air Liquide, He/
O,). For the experiments with the kINPen, either light oxygen or
heavy isotope oxygen (purity 99%, '°0,, Sigma-Aldrich) was
used. Due to costs, only light oxygen was used for the control
experiments with the COST-jet. All connections were flushed
with nitrogen prior to switching from one oxygen variant to the
other.

Sample preparation and treatment

Cysteine (r-cysteine, Sigma-Aldrich) was dissolved in double-
distilled water (MilliQ) or water with isotopically labelled
oxygen (H,'®0, 97% purity, Eurisotop) to a final concentration
of 300 uM. Simultaneous treatments with 30 labeled water and
80 labeled gas were not performed. Treatments of the cysteine
solutions were performed with the different gas compositions
in 24-well plates using 750 pl of solution per sample and
a distance between jet nozzle and liquid surface of 9 mm. All
treatments were performed for 60 s and resulting samples were
stored on ice and directly measured.

High-resolution mass spectrometry

Analysis. Mass spectrometry was carried out on a TripleTOF
5600 system (Sciex). Samples were diluted 1: 1 with alkaline
buffer (0.3% ammonium hydroxide in methanol) and directly
infused using an electronically controlled syringe pump. Each
sample was acquired for 1 min using identical system settings
for all samples (capillary temperature 150 °C, curtain gas: 35 psi
N,, ion source gas 1 : 20 psi N, ion source gas 2: 25 psi N,, ion
spray voltage: —4 kV). To identify the structures of all observed
masses, each peak of interest was isolated, fragmented, and
resulting fragment masses acquired (MS/MS, collision energy
—24 eV, declustering potential —10 kV) and annotated. To allow
a relative quantification of observed signals, an internal stan-
dard (IS) was mixed into the sample directly in front of the mass
spectrometer emitter using a mixing tee connector. Here, the
amino acid valine (1-valine, Sigma-Aldrich) was used due to its
mass difference to other expected signals and little interference
with the rest of the spectrum. All measurements were per-
formed in triplicates.

Data analysis and branching calculation. After acquisition,
samples were processed using the Analyst software (Analyst TF
1.7, Sciex). First, background noise was determined and 300
counts subtracted from the full spectrum (15 times back-
ground) to increase signal-to-noise quality. Afterwards, mole-
cule structures were identified using the acquired MS/MS data
and the “Formula Finder” as well as “Mass Calculator” func-
tions of the PeakView software (PeakView 1.2.0.3, Sciex). The
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areas of all isotope peaks were calculated and normalized on the
internal standard area to allow quantitative comparison
between measuring runs or each identified structure, the
theoretical isotope pattern was calculated. Intensities for all
observed peaks were adjusted to remove naturally occurring *C
isotope intensities to prevent interference with isotope signals
stemming from integrated *®0. Further isotope traces identified
for each compound in treatments with pure argon in unlabeled
water were considered as controls for impurities. Therefore, the
values of isotopic masses identified in treatments with argon-
only were subtracted from each corresponding isotopic mass
identified in experiments with labeled oxygen. The error esti-
mation was done by considering biological triplicates for each
condition and technical duplicates for each sample, for six
measurements total. Other several potential systematic errors
were considered in the presented analyses. First, both isotopic
labeled gas and water were not of 100% purity. Therefore, an
additional error of 1% had been taken into account for all
quantifications using "®0, as well as 3% using H,'?0. Further-
more, evaporation had to be considered when working with
isotopically labeled water. After treatment of 60 s, 20 pl of the
750 pl were evaporated. Evaporated heavy water might be
dissociated in the discharge, thereby becoming a primary
species while erroneous considered as a tertiary species.
Therefore, an additional systematic error of 4% has to be
considered. In total, expected systematic error were 1% for
treatments with %0, and 7% for treatments with H,'®0.
However, errors regarding '®0, are underestimated due to
imperfection of the shield gas device (see Results and discus-
sion). The corresponding values were incorporated into all
acquired standard deviations. To allow a quick overview about
differences in data sets, principal component analysis (PCA)
was performed with the normalized spectra using Perseus.*

Results and discussion
Cysteine as model compound

Cysteine and derivatives have been suggested as model systems
to estimate the liquid phase chemistry of plasma sources, to
compare the impact of discharge parameter variations such as
working gas composition, and to facilitate the standardization
of treatment procedure of plasma discharges for biomedical
applications.”®* The products resulting from the reaction
between the CAP-derived species and cysteine were analyzed by
mass spectrometry (Fig. 1). As reported previously, covalent
changes to the cysteine (structure 1) by the plasma-derived
species were observed, with cystine (RSSR, structure 2),
cysteine sulfinic acid (RSO,H, structure 3), cysteine sulfonic
acid (RSO;H, structure 4), and cysteine-S-sulfonate (RSSO;H,
structure 5) and the sulfite (S05>7) and sulfate (SO,>7) ions as
dominant products. These compounds were chosen for their
relevance in the transformation pathway of cysteine under
certain redox conditions. The presence of RSO;H or S0,>~
indicates a strongly oxidizing environment (oxygen in the feed
gas, long treatments), whereas the presence of RSSR, RSO,H, or
RSSO;H reveals weakly oxidizing conditions (short treatments,
nitrogen shielded feed gas).”® Here, this model was used to
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Fig.1 Major products after direct CAP treatment of cysteine solutions.
Cysteine (1, m = 121.0197u, RSH), cystine (2, m = 240.0238u, RSSR),
cysteine sulfinic acid (3, m = 153.0096u, RSO,H) and cysteine sulfonic
acid (4, m = 169.0045u, RSOzH) as well as cysteine-S-sulfonate (5, m
= 200.9766u, RSSOzH).

investigate transport processes at the interface between the gas
phase (the effluent) and the target (cysteine solutions). To
monitor such reactions, the chosen cysteine model with its
multiple oxidation states of the thiol moiety seemed to be
superior to the phenol model.

Gas phase and liquid phase-derived species contribute to
plasma liquid chemistry

To trace the reactive species, the ®0 oxygen isotope (u =
17.9992), either located in the feed gas (**0,) or in the solvent
(H,'%0), was used during different plasma treatments. In
comparison, the normal oxygen isotope '°0 has a mass of u =
15.9949, generating a mass shift of 2.0043 m/z for each included
80 atom that could easily be followed by mass spectrometry
(examples in Fig. 2). Hence, a differentiation between gas phase
and liquid phase-derived reactive species could be made.
Indeed, the transfer of gas phase *®0 species into the liquid was
observed for a number of products (e.g. RSO,H and RSO;H).
These observations were in agreement with data published by
Benedikt et al. for a phenol model investigating a micro atmo-
spheric plasma jet (APPJ).** Additionally, a strong role of the
plasma treated target (cysteine solution in water) as an addi-
tional source of reactive species was identified. The compound
cysteine-S-sulfonate (RSSO3;H) almost exclusively contained
liquid phase-derived oxygen. Most other products did not show
such a clear-cut oxygen incorporation, indicating a mixed attack
of gas and liquid phase derived species.

Using principal component analysis (Fig. 3), general differ-
ences in product formation and oxygen incorporation due to the
various treatment conditions were easily observable in the two
principal components explaining the largest differences
between samples (39.6% and 34.9%, respectively). Ar/O,
(kINPen) and He/O, (COST-jet) treatment were found in close
proximity to each other, indicating similar products and isotope
distributions after treatment, which was in good agreement
with previous works. The loadings of the principal components
(Fig. 3b) indicated a significant impact due to the presence or
absence of incorporated *°0.

The products cysteine sulfinic and sulfonic acid. Both
molecules are created by CAP treatment due to the stepwise
oxidation of the thiol moiety,*>** and were observed for all direct
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Fig. 2 Raw mass spectra showing the inclusion of **0 or *¥0 oxygen
atoms under different labeling strategies into cysteine after kINPen
treatment. RSH = cysteine, RSSR = cystine, RSO,H = cysteine sulfinic
acid, RSOzH = cysteine sulfonic acid, RSSOzH = cysteine-S-sulfonate,
IS = internal standard (valine), SO4>~ = sulfate ion. "b"-labeled signals
in Ar-only samples are stemming from *C isotopes and their
normalized intensities were subtracted from corresponding signals in
oxygen-containing conditions to handle isotope shadowing effects,
see Experimental section for details.

plasma treatment conditions. Without molecular oxygen,
admixture (KINPen Ar-only) small yields of sulfonic acid indi-
cate the strong role of gas phase-derived oxygen species for its
formation (Fig. 4). Additionally, a limited incorporation of
liquid phase species was observed that might stem from the
initiation of the oxidative chain:

HQISO(aq) + hvle” /Ar* — 'ISOH +'H (1)
HZISO(aq) + 160(3P)(aq, from gas phase) - .180H(aq) + 'I()OH(aq),(Z)

(*®*0 water used as solvent, '°0O molecular oxygen in the gas
phase).

Here, water is cleaved either by the impact of electrons, UV
photons, or energy-rich (metastable) noble gas species (reaction
(1)). Atomic oxygen (O(*P)) has been suggested as another
potential reactant for water cleavage (reaction (2)),*>*” however
in conditions with the highest levels of O(*P) present (COST jet
He/0,),*® the lowest overall inclusion of aqueous ®0 species
into RSO,H and RSO;H was found (Fig. 4 and Table 1). With
that, reaction (2) is not a major pathway in the existing condi-
tions and O(*P) predominantly reacts directly with the present
organic molecules without a detour via liquid phase derived OH
radicals. A similar formation rate of cysteine sulfinic acid was
observed for the kKINPen Ar only in comparison to Ar/O,, while
RSO;H yields were only 25% of that of Ar/O,. Either this suggest
a low conversion rate of RSO,H into RSO;H in Ar-only treat-
ment, or that the formation of RSOzH follows a different

RSC Adv.

View Article Online

Paper
~
§_ (T:n Ar
8 ?g' He/O,
H,'®0;
2 A0 —
N8 Ar/O, H,'*0
8" (*°0,)
c
; @,
<
% Ar
=3 (H,'¢0)
€81 @
&%
Untreated
(=3 /
g
T T T T T T
-1000 -500 0 500 1000 1500
Principal Component 1 (39.6 %)
@RssR
o
RSO,H
0x 0
.
~
€
2
s RSO,H
g 0x '®0 5
SO,
o 4
EN— 0x %0
S o RSO,H
E 1x "0
»‘ P o
o SO"' 3x %0
4
RsH@ 2x 180
T T T T T T
-4 -2 0 2 4 6

Principal Component 1 [1e-1]

Fig. 3 Mapping of inclusion of gas phase and liquid phase-derived
species in major cysteine derivatives. PCA analysis (a) and corre-
sponding loadings ((b), loadings in relation to isotope incorporations
are marked) indicate general differences in species distribution.
Samples were treated with the kINPen (circles, colors indicate treat-
ment conditions) or as control experiments with the COST-jet (trian-
gles, He/O, mixture in H,'80) or left untreated (squares). *20, enriched
feed gas or H,'0 as solvent was used to determine species origin.
RSO,H = cysteine sulfinic acid, RSOsH = cysteine sulfonic acid,
RSSOsH = cysteine-S-sulfonate SO42~ = sulfate. All treatments (rep-
resented by different symbols/colors) were performed in triplicates
and plotted individually to check for reproducibility.

reaction path than RSO,H. The incorporation of "*Ofyater) Was
increased in the argon-only case, indicating that a proportional
larger number of "*OH radicals from the solvent were created
when limited amounts of gas phase ROS (O(°P), O,(*A,)) were
available. Hence, the lysis of water is achieved according to
reaction (1) by electrons (in the case of the kINPen), Ar or He
higher energy states (discussed in ref. 26), and (V)UV photons
which are highest if no molecular gas admixture is made.*

Taken together, a mixture of gas phase-derived and liquid
phase secondary species attacks cysteine. Concordantly, reac-
tive molecular dynamics simulations indicate that a proton
abstraction from the thiol moiety by one hydroxyl radical fol-
lowed by addition of another hydroxyl radical yielding cysteine
sulfenic acid paved the way for all further modifications.** A
liquid phase-localized hydroxyl radical seems to perform this
initial attack predominantly:

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Isotopic distribution of oxygen in sulfinic (a) and sulfonic (b)

acid after CAP treatment areas for each signal were normalized on
total intensities of each species (including all isotope variations).
Isotope distributions were observed with labeled oxygen presentin the
feed gas (red) or in the target liquid (blue). Cysteine was treated by the
kINPen using Ar-only (Ar) plasma or Ar with 1% O, admixture (Ar/O5).
Alternatively, treatment was performed using the COST-jet running
with a He plasma with 1% O, admixture (He/O,).

R-SH + 'OH — R-S" + H,0 (3)
R-S" + ‘OH — R-S-OH (4)

(R = C3HNO,).

Further reaction to sulfonic acid seem to be dominated by
gas phase-derived oxygen species. For the kINPen, argon-only
treatment of cysteine in H,'®0, the *°0/*®0 ratio of 2 : 1 indi-
cated that precisely one oxygen atom out of the three included
in the RSO;H stems from the liquid as suggested by the reac-
tions (3) and (4). In contrast, the ratios for KINPen Ar/O, and
COST He/O, (*°0/*®0 4 : 1) showed that on average less than one
atom derived from the water lysis, fostering the relevance of gas
phase-derived species for the production of the products and
provide evidence that O(*P) plays an important role in intro-
ducing observed modifications. O(*P) interacts with a rate
constant of about k = 1 x 10> cm?® mol™" s with free
thiols,” indicating high modification efficacies. It is capable of
oxidizing a thiol moiety directly to sulfenic acid.” Especially the
final oxidation step from sulfinic to sulfonic acid requires a gas
phase-derived oxygen species, with O(’P) and O,('A,) as
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potential candidates as shown from gas phase measurements
and 0D/2D model simulation (reactions (5)-(9)).>”7>"*

R-S' + O(P) - R-S-O° (5)

R-S' + 05('A,) — R-SO-O (6a)

R-SH + 0('Ay) —» R-SO-O™ + H" (6b)
R-S-00°/ R-S-O" + H,O0 — R-S-OH + 'OH )

R-S-OH + [OCP), Oy('A,), OH] — R-SO-OH, R-SO,-OH (8)
R-SO-OH + [0, 0('Ap)] — R-SO,-O~ + H* (9)

(R = C3HgNO,).

Treatment with the COST-jet, known for high fluxes of
O(’P),*® resulted in the largest proportion of gas phase-derived
oxygen in RSO,H/RSO3H (*°Ogas/**Oliquia 5 : 1 for RSOzH). This
further emphasized the transport of gas phase O(°P) into the
interphase region, and presumably, the upper layers of the bulk
liquid and its direct chemical reactivity with thiols and oxidized
thiol moieties. Omlid et al. showed that O(*P) can migrate to
a limited extent in an aqueous system.” Besides O(*P), O,('A,)
is the other species of interest, since it is capable of producing
many of the observed products on its own (reactions (6)-(9)).””"
While it reacts with a rate constant of k = 8.3 x 10° M ' s~ " with
free thiols, it can penetrate significantly further into the liquid
bulk due to its much longer half-life” as compared to O(’P),
thereby offsetting its lower reaction rate. In the light of its
biological impact in cell models and therapy, both O(*P)*** and
0,(*A,)** must receive a significant attention when interpreting
CAP affect in biomedical research or (re)design plasma sources
for the application.

The products S-sulfonate and sulfate. RSSO;H and SO,>~
were produced in significant amounts, with the COST-jet being
more effective than the kINPen (Fig. 5). Different pathways may
generate RSSOz;H: the photolytic or radical driven cleavage of
a C-S bond of the intermittently formed cystine (RSSR) and
subsequent oxidation of the outer sulfur moiety, the oxidative

Table 1 Distribution of oxygen isotopes °0O and 0 in major products after plasma treatment of cysteine in labeled double-distilled water

(H,*®0). Atom%, mean of 3 experiments

RSO,H (cysteine sulfinic acid)

RSO;H (cysteine sulfonic acid)

RSSO;H (cysteine-S-sulfonate)

H,'®0 label Ar Ar/O, COST He/O, Ar Ar/O, COST He/O, Ar Ar/O, COST He/O,
1%0/% 65.6 69.4 79.0 65.0 78.5 83.8 11.9 9.7 8.9

80/% 34.4 30.6 21.0 34.9 21.7 16.2 87.9 90.3 91.1

SO, (sulfite)” S0,>” (sulfate)”

H,'®0 label Ar Ar/O, COST He/O, Ar Ar/O, COST He/O,
1%0/% 15.0 50.2 49.2 45.9 54.9 60.7

80/% 85.0 49.8 50.8 54.1 45.1 39.3

¢ Detected as singly charged bisulfite/bisulfate ion.

This journal is © The Royal Society of Chemistry 2020 RSC Adv.
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Fig. 5 Isotopic distribution of oxygen in cysteine S-sulfonate (a),

sulfate (b) and sulfide (c) after CAP treatment. Areas for each signal
were normalized on total intensities of each species (including all
isotope variations). Isotope distributions were observed with labeled
oxygen present in the feed gas (red) or in the target liquid (blue).
Cysteine was treated by the kINPen using Ar-only (Ar) plasma or Ar
with 1% O, admixture (Ar/O5). Alternatively, treatment was performed
using the COST-jet running with a He plasma with 1% O, admixture
(He/O,). Sulfite (b) and sulfate (c) were detected as bisulfite/bisulfate.

cleavage of oxidized cystine derivatives, or RSSOz;H is formed
from the attack of a "SH-derived species, e.g. sulfite (SO;>7) on
cysteine, cystine, or the thiyl radical R-S".***® While a single
reaction pathway cannot be determined with the current data,
and several reactions ultimately yield the same product, the
following proposed reactions will contribute to the formation of
RSSO;H. Further oxidation leads to the destruction of the S-S
bond of RSSO;H, yielding SO, again:*"-*

R-SH — R’ + 'SH or R-S" + "H and R-S-S-R —

R-S-S" + 'R (10)

‘SH + 0, — SO,”~ + H* (11)

SO, "+ 0, = SO, + 0, (12)

SO, + H,0 — HSO;™ + H* (13)
R-S-S-R + HSO;~ — R-S-SO;~ + R-SH (14a)
R-SH + HSO;~ — R-S-SO3;™ + H,» (14b)
2HSO;™ + 0, — 280,* + 2H* (15)
R-S 4 SO,—R—-S-SO; (16)

R-S-SO, + 2OH—R-S-SO; + H* (17)
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R-S-SO;™ + 2'0OH — R-S-OH + SO~ + H* (18)
(R = C3HgNO,).

While the cleavage of disulfides by sulfite ions is well-
described,®*° its contribution must be debated. In contrast to
RSO,H and RSO;H, between 80% and 90% of oxygen added to
RSSO;H stemmed from liquid phase species (Fig. 5 and Table
1). The gas phase-derived ROS are not directly involved in its
formation, precluding the formation of sulfite ions from SH
radicals via reactions (11) and (12), or from the cleavage of a C-S
bond in cysteine sulfinic or sulfonic acid (R-SO-O"/R-SO,-0",
reactions (5)-(9)). However, sulfite ions found after the plasma
treatment contain a 50% mix of gas and liquid derived oxygen,
indicating that also reactions precluding gas phase-derived
oxygen lead to its formation. While no information is avail-
able on the reaction mechanisms of hydroxyl radicals with
sulfhydryl radicals in liquids, their impact is the key to the
observed isotope pattern of RSSO;H. Following reaction (1), the
photolysis of H,'®0 yields '®*0OH. However, RSSO;H yields are
highest when oxygen is present in the gas phase (Ar/O,, He/O,
conditions). Due to the absorption of molecular O, below
180 nm this leads to an attenuation of the VUV, and such
photolysis.”* Additionally, the COST jet emits negligible VUV
radiation,* yet yielded the highest levels of RSSO;H. In contrast,
when water photolysis is strongest (KINPen Ar plasma) by far the
lowest amounts of RSSOz;H were detected (Fig. 5a).** This
suggests, that (a) the local production of OH radicals from
photolysis in the interface zone does not favour the production
of RSSO;H or (b), that RSSO;H generated in the interfacial zone
is immediately decayed again. With that, it must be assumed
that RSSO;H is produced in the bulk by the action of OH radi-
cals generated from the liquid. The question is; how do they get
there - given their short live time they cannot penetrate that far.
Interestingly, it is the O(*P) atom that may act as an interme-
diate carrier of chemical energy: according to recent experi-
ments, the atom can penetrate a measurable distance in
aqueous solutions,” and following reaction (2) can lead to the
formation of OH radicals distant from the interface region.”
Such, the number of accessible precursors increases while the
local OH radical density is comparably low, reducing the decay
of RSSO;H once it formed via reaction (18) and other short lived
gas phase species. However, the cleavage of water according to
(2) yields a 1 : 1 mixture of **OH and "*OH. That is clearly not
reflected in the product (>90% *®0). Beside a potential isotope
effect, the “migration” of O-H single bonds between a '°OH
radical and a neighbouring H,'®0 water molecule results in
a switch from a '°OH to an "®0OH.” Given the magnitudes higher
density of water compared with the plasma generated '*O(*P)
atoms, most '®OH radicals are lost resulting in the observed
dominance of ®0H. This is an interesting result indicating that
the impact of highly reactive species is not confined to the
interface layer but can extent into the liquid bulk, and corrob-
orates computational work done by Yusupov et al.*®

Compared to the transient RSSO3H, the stable sulfate ion
SO, is the final product of thiol moiety oxidation:

This journal is © The Royal Society of Chemistry 2020
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R-SO;~ +2'0OH — R-OH + SO,* + H* (19)
R-SO;~ + O(’P) — R-0-SO;~ (20)
R-0-SO;~ + H,O — R-OH + SO,*” + H* (21)
R-SO;™ + Oy('A,) — [R-0-0-SO; ] —
R-OH + SO~ + H* (22)

(R = C3HNO,).

It can be formed from numerous precursors by breaking the
C-S bond both before and after oxidation events (reactions (19)-
(22)). Beside the chemical breakage, VUV radiation may
contribute as the binding energy of C-S bonds (272 kJ mol *,
2.8 eV) lies well within the range of the emitted photons.** In
addition, a chemical cleavage via three or four-atom transition
states is possible, potentially with the contribution of radical
species.” It was observed that all cysteine products decay with
further treatment, with RSOz;H as a final product.*” Ultimately,
its accumulation also stops, indicating that consumption
processes leading to the formation of SO,>~ counteract further
build-up. The sulfate ion SO,>~ showed a very heterogeneous
origin of its oxygen atoms, confirming the end product char-
acter (Table 1). In contrast to the kKINPen, the SO,>~ ion’s oxygen
isotopes for COST jet treatment showed a significant larger
proportion of gas phase-derived species that can be attributed
to the higher density of O(°P) generated. Besides SO,>~, small
amounts of SO;>~ were observed. Interestingly, the '°0/*®0
composition indicated a higher contribution of the liquid phase
species than seen for SO,>”, implying bulk generated ‘OH
radical oxidation of "SH as major chemical route to its forma-
tion. The ion plays a contributing role in the formation of
RSSO;H (see Tables 1 and 2).

Origin of oxygen in oxidized cysteine derivatives: gas phase
versus liquid phase species. Using the measured abundances of
each product and its respective isotope pattern, the distribution
of '®0 and '°0 in all major cysteine oxidation products were
determined. Adding the areas of all variants (e.g. RS'®O3H,
RS'°0,'®0H, RS'®0'®0,H and RS'O;H) the fraction of each
single variant was then used to calculate the atomic fraction the
two oxygen isotopes (see Tables 1 and 2). The overall pattern
indicated that there is no 100% contribution of either gas-
phase-derived species or liquid-phase derived species.
However, there a clear indications for diametric origins of the
incorporated oxygen atoms in some products. The extremes
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were RSO;H, that incorporated a majority of gas phase-derived
oxygen (up to 83.8%), and RSSOzH, that predominantly
included liquid phase-derived oxygen (maximum 91.1%). The
other products showed a more equally shared origin of the
oxygen atoms from gas-phase and liquid-phase, especially the
sulfite SO;>~ ion with almost 50 : 50 distribution in all experi-
ments. The assumed oxidation end product SO,*~ also shows
a commensurate isotope distribution, but with a significant tilt
towards gas-phase derived oxygen.

KINPen versus COST-jet — atomic vs. singlet oxygen? KINPen
(Ar/O,) and COST-jet (He/O,) yielded similar amounts of the
major products that also share a similar oxygen isotope distri-
bution. However, the COST-jet featured slightly higher oxygen
incorporation from the gas phase compared to that of the
KkINPen. In addition to ubiquitous hydroxyl radicals produced
by both sources under all conditions,***” other components of
a discharge might affect radical formation in the liquid.
Currently, electrons influencing the liquid surface are discussed
as initiators for various liquid chemistry processes.’® However,
electrons play a minor role for the two sources used here. The
COST-jet features an electric field perpendicular to the gas
flux,** thereby preventing electrons from leaving the electrode
area. While the kINPen is ignited using a linear electric field, the
discharge is relatively remote from the treatment zone (12 mm
in total taking into account liquid displacement due to the gas
flux). A known difference between both plasma sources is
generation of O(°P) and O,('A,) and the observed isotope
pattern differences seem to be related to these species. The
COST+jet produces high amounts of O(*P)** with about 8 x 10'*
cm ™ atoms at the working distance of 4 mm.”” In comparison,
calculated O(*P) densities for the KINPen reach a similar level (5
x 10" cm™?).® However, TALIF spectroscopy measurements
indicate a highly dynamic density of O(*P) in the kINPen's
effluent. Starting as high as 3.5 x 10"> cm ™, densities quickly
decrease with a rate of 0.5 x 10"> cm™ mm ™" along the z-axis of
the effluent resulting in lower O(’P) levels at the gas-liquid
interphase in normal conditions (9 mm nozzle - liquid). In
contrast to O(’P), O,('A,) densities in the effluent of both
sources are comparable, with a tendency to higher production
rates in the COST jet (1 x 10" cm™* in normal conditions, up to
6 x 10" cm? at high power settings®®) than in the kKINPen (8 x
10" em™? at standard conditions®). O,('A) has a significantly
longer half-life. For the kINPen, O,('A,) was still measured at
192 mm away from the nozzle. However, the loss starting from

Table 2 Distribution of oxygen isotopes 160 and 20 in major products after gas-phase labeled plasma treatment of cysteine in normal double-
distilled water (H,'%0). Working gas Ar/0.5% 20,, atom%, mean of 3 experiments

Ar/*®0, (KINPen)

RSO,H
(cysteine sulfinic acid)

Gaseous **0, label S0,>"“ (sulfite) S0,>"* (sulfate)

RSO,H
(cysteine sulfonic acid)

RSSO;H
(cysteine-S-sulfonate)

°0/%
0/%

50.4
49.6

54.9
45.1

43.6
56.4

“ Detected as singly charged bisulfite/bisulfate ion.

This journal is © The Royal Society of Chemistry 2020

35.6
64.4

80.4
19.6
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100 mm was significant (2/3 of the initial value). Both jets
produce ozone, especially at high oxygen admixtures and long
distances from the nozzle. Due to limitations in solubility and
negligible effects in control experiments using an ozonizer (data
not shown), a limited role in respect to liquid chemistry can be
assumed. Taken together, the higher inclusion of gas phase
species in COST-jet treated cysteine might be due to higher
levels of O(’P) interacting either directly with the cysteine
molecule or with the liquid, yielding OH radicals.

Summary and conclusions

Heavy oxygen (‘®0,) was used to track the fate of plasma-
generated ROS in a cysteine model using mass spectrometry.
Furthermore, H,"®0 was used in a reverse experiment to observe
the role of liquid-derived reactive species under the same
conditions. It became apparent that gas and liquid phase
species play different roles: while some products are mostly
driven by gas phase species, others require the presence of
liquid phase species derived from the solvent system (Fig. 6).
The observed isotope distribution pattern allows the assump-
tions that, (a) gas-phase derived short-lived reactive species are
active in the gas-liquid interphase, (b) short-lived reactive
species are generated in the liquid phase especially from gas-
phase derived ROS (e.g. atomic oxygen), and (c) the formation
of liquid phase species occurs in the interface and in deeper
layers. The dominant gas phase-derived species was found to be
O(*P) and OH radicals in the liquid phase.

Concerning the application of CAP in the clinics, these
results suggest a significant role of the target onto the treatment
efficacy: in a humid environment such as the mucosa or during
surgery, target derived species as OH radicals intensify the

kINPen
Cys. derived intermediates co ST»je t
9 from H,'*O (in target) ;
% from 130, (in feed gas)
RSH
RS RSO, RSOH
37|63
21|79
RSSR RSO,H
x
% RSO, RSOH
&| Rrs, so#
29(71
85115 16|84
919
RSSO.H  RSO;H
50 (50 50|50
51|49 39|61
2- 2-
SO, SO,

Fig. 6 Labeled oxygen branching ratios for monitored species.
Branching ratios are indicated for the kINPen (bold) and COST-jet
(italic). Oxygen can either stem from the water in the treated target
(blue, left side of arrows) or from the plasma (red, right side of arrows).
For clarity, the actual protonation/deprotonation is not reflected.
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oxidative impact of the CAP. When treating dry tissue such as
intact skin, gas phase derived species dominate and an overall
milder impact of the CAP results. Recent data on the oxidation
of complex lipids by CAP corroborate these conclusions.*
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