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ARTICLE INFO ABSTRACT

Purpose: Intra- and intercellular redox-signaling processes where found responsible in various physiological and
pathological processes with cellular thiol groups as important signal transducers. Using cold atmospheric plasma
(CAP), a similar oxidation pattern of thiol groups can be achieved. Hence, it must be clarified which role ex-
tracellular thiol groups play in mediating CAP effects and whether or not the effects of short-lived reactive
species can be preserved in a molecule like cysteine.

Methods: Physiological buffer solutions containing the amino acid cysteine were treated by an MHz argon
plasma jet with molecular gas admixtures (kINPen) and transferred to cultured human keratinocytes. Cell
proliferation, migratory activity, and metabolism were investigated. High-resolution mass spectrometry was
used to estimate the impact of plasma generated species on thiol groups.

Results: While treated physiologic cysteine concentrations showed no impact on cell behavior, artificially high
concentrations decreased proliferation, migration and lactate secretion. GSH levels inside cells were stabilized.
Conclusion: Extracellular thiol groups scavenge plasma-generated species and form a multitude of covalent
modifications. Unexpectedly, human keratinocytes show only small functional consequences for treated phy-
siologic cysteine concentrations. Results for high concentrated cysteine solutions indicate an improved cyto-
static/cytotoxic impact by plasma treatment suggesting a potential application as a “preserving agent” of the

Keywords:

Redox signaling
Thiol switch
Wound healing
Cysteine oxidation
Plasma medicine

chemical energy of plasma-derived species.

1. Introduction

Cold atmospheric pressure plasma (CAP) shows promising results in
different medical applications, e.g. the promotion of acute and chronic
wound healing, or in the treatment of malignant diseases [1,2]. At-
mospheric cold plasma used in clinical approaches, e.g. KINPen MED,
comprise of a mix of potentially bioactive entities: electrical fields, ul-
traviolet radiation, and reactive oxygen and nitrogen species (ROS/
RNS). Besides the direct application of plasmas, numerous reports have
been published describing the significant impact of plasma treated li-
quids, indicating that radiation and electrical fields are not (solely)
responsible for some plasma effects [3,4]. Recently, the injection of
plasma treated medium showed promising effects in a peritoneal car-
cinomatosis model in mice inducing apoptosis in cancer cells, reducing
tumor size and leading to prolonged survival [5]. These in vitro and in
vivo results strongly indicate that plasma generated ROS and RNS
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deposited in the liquid environment play a major role, presumably via
interfering with the cellular and intercellular redox signaling processes
[6-8]. Among ROS, the comparably stable hydrogen peroxide is one of
the dominant compounds observed, along with the medium lived su-
peroxide anion radical and the short-lived hydroxyl radical. In respect
to RNS, peroxynitrite and nitric oxide are under debate [9-14]. An
influence of nitrate or nitrite which are frequently detected in plasma
treated liquids within a wide concentration range of a few ymol L™ to
a few mmolL™! on cell viability of mammalian cell lines remains un-
settled. Published data indicate that the chemical environment strongly
modulates their role [15-17]. It has been suggested, that aquaporins
facilitate the entrance of plasma-derived ROS/RNS into the cytosol,
especially for hydrogen peroxide [18-20]. In contrast, many plasma-
derived species are highly reactive and very short lived with free mi-
gration radiuses in the low pum-range [21], precluding an unaltered
entrance via pore proteins in many treatment setups. Such, the
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ultimately responsible ROS and/or RNS are not fully identified yet.

Biological systems are complex, with a number of potential reaction
partners such as sugars, lipids, or proteins and their respective mono-
mers present [22]. Accordingly, it may be hypothesized that cold
plasma exerts its activity in part via the chemical interaction with or-
ganic molecules, leading to the generation of (stable) mediators of the
plasma-derived chemical potential. Proteins and numerous amino acids
are assumed to be susceptible to plasma-derived reactive oxygen or
nitrogen species [23-25]. Especially sulfur groups are excellent targets
and may undergo a number of oxidative and nitrosative modifications
with potential bioactivity (reactive sulfur species, RSS) [26]. Many RSS
are able to modify redox-sensitive proteins to trigger a biological re-
sponse [27]. They can derive from cysteine, or are plant metabolites,
e.g. sulforaphane and allicin [28].

To investigate the role of RSS and other thiol derivatives as potential
transducers of plasma-derived liquid chemistry, the ubiquitously in
mammalian tissue present amino acid cysteine was used as a model
compound. The impact of argon-oxygen plasma jet derived cysteine
derivatives was tested on human epithelial cells, especially with regard
to cytotoxicity, cell proliferation, migration capability, and processes of
cell metabolism.

2. Materials and methods
2.1. Cell culture

HaCaT keratinocytes were cultivated in Roswell Park Memorial
Institute (RPMI1640) cell culture medium (PanBiotech, Germany)
supplemented with 1% glutamine, penicillin/streptomycin (final con-
centration 100 IU/ml penicillin; 100 pg/ml streptomycin), and 8%
heat-inactivated fetal bovine serum (FBS; all Sigma, Germany) at 37 °C
and 5% CO, in a humidified atmosphere. To sub-culture cells twice a
week they were incubated with 5 mM Ethylenediamine tetraacetic acid
(EDTA,; Sigma, Germany) in phosphate buffered saline (PBS) buffer for
10 min and trypsinized with 0.025% trypsin/EDTA. To determine the
number of cells, a sample was lysed and the nuclei counted using a
Buerker counting chamber. 1.5 million cells were seeded in a 75 cm?
cell culture flask (Sarstedt, Germany). For assays, the cells were col-
lected with the same procedure.

2.2. Cold physical plasma treatment

The plasma treatment (CAP) was performed using an atmospheric
pressure argon plasma jet (kINPen 09; neoplas tools, Germany) with a
working gas flow of three standard liters per minute (slm) dry argon
(argon N50, Air Liquide, France). 1% of molecular gas admixture
oxygen N48 (Air Liquide, Paris, France) was added to achieve oxidative
conditions. This feed gas composition is known for a limited generation
of nitric oxides while emphasizing oxidative species [29]. A computer
controlled xyz-table (CNC, Germany) was used to control the jets
movements. A volume of 1 mL was treated in 24 well-plates (Sarstedt,
Germany) for up to 10 min, with 8 mm distance from the jet's nozzle to
the liquid surface. Water loss caused by prolonged exposure to the gas
flux during treatment was compensated to ensure correct osmolality.
On the day of the experiment, crystalline cysteine (BioUltra, Sigma-
Aldrich, Germany) was dissolved in diluted PBS to assure correct os-
molality in the desired concentration, e.g. of 2mM, 10 mM, or 100 mM.
For control, buffer without cysteine was treated. If desired, 100 Units
catalase were added directly after treatment to eliminate hydrogen
peroxide.

2.3. Cysteine derivative profiling
The cysteine derivatives produced by the plasma treatment were

characterized by high-resolution mass spectrometry, using a
TripleTOF5600 mass spectrometer (Sciex Ltd., Germany). For the mass
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spectrometric analysis, control or treated solutions were diluted 1:1
with water/methanol/ammonia 50/49.85%,/0.15%. Via direct infusion
(10pLmin~1) and negative electrospray ionization using a TurboV
source (150 °C, 35L/min curtain gas, 20 L/min ion source gas 1, 25L/
min ion source gas 2, —4kV ion spray voltage) samples were analyzed.
Spectra were acquired in a mass range from 50 to 400 m/z. Peaks found
in the MS spectra were fragmented using a collision energy of —24 eV
and a declustering potential of —10kV to identify the compounds on
the base of his fragmentation pattern.

2.4. Cell proliferation assay

The proliferation of keratinocytes was explored using the resazurin
transformation assay. 3 500 cells per well were plated in the inner 60
wells of a 96 well-plate (tissue culture treated polystyrene, flat bottom;
Sarstedt, Germany) to assure similar conditions 24 h prior experiment.
Medium was removed, cells were washed with PBS and 100 pL treated
liquid was transferred onto the cells. A serial dilution was performed to
simulate different treatment times. PBS served as an untreated control,
20 uM of hydrogen peroxide (Sigma, Germany) as the positive control.
This concentration was predetermined to reduce HaCaT cell prolifera-
tion to 50% of untreated control [30]. After 30 min incubation time, the
liquid was replaced by fresh medium and the cells were incubated for
71 h. After washing the blue dye resazurin (Alfa Aesar, Germany) was
added to the cells in a concentration of 100 pM in fresh medium. Viable
cells reduce it to the pink colored high fluorescent resorufin. The
fluorescence intensity was read after an hour incubation at 535nm
excitation and 590 nm emission in a plate reader. No-cell controls were
used to determine assay background. Cell proliferation was calculated
as percent of control.

2.5. Cell migration assay

To evaluate the cell migration and velocity of HaCaT cells in response
to cysteine derivatives treatment the scratch assay was used. 50 000 cells
per well were seed in a 24 well-plate (tissue culture treated polystyrene,
flat bottom; Sarstedt, Germany) in complete medium and kept in an in-
cubator for 24 h. The medium was replaced by deficiency medium with
only 1% FBS to decrease the proliferation for another 24 h incubation.
Confluent cells were scratched with a 1000 pL pipette tip to create a
scratch with a width of around 1000 um. After washing with PBS cells
were stimulated with the test liquids for one hour. Different dilutions of
treated and untreated cysteine were under observation. Subsequently,
test liquids were replaced by deficiency medium. As negative control,
2 pM cytochalasin B (Sigma, Germany) in medium was used. The width
of the scratch was monitored over 24 h using time-lapse microscopy
(Zeiss, Germany) and data collected every 10min using AxioVision
software (Zeiss, Germany). The migration velocity was calculated from
the distance reduction for different time periods.

2.6. Metabolic profiling

To explore viability and cell metabolism directly after stimulation
with plasma treated liquids a modified version of the proliferation assay
was used. 10 000 cells per well were seeded in 96 well-plates and re-
ceived the same treatment as described in 2.4. After 30 min incubation,
the treated liquid was removed and 50 uM resazurin in 100 pl full
medium was added. Resazurin conversion was measured at different
time points from 20min to 6 h after adding the dye. To explore how
different metabolic pathways are influenced diverse luminescence assays
were used. Directly after stimulation intracellular total glutathione (GSH)
and oxidized glutathione (GSSG) were measured using GSH/GSSG-Glo
Assay and glucose uptake using Glucose Uptake-Glo Assay. Lactate se-
cretion after 8h was evaluated using Lactate-Glo Assay (all Promega,
Germany). Assays were performed according to the manufacturer's pro-
tocol with recommended controls. For all experiments 10 000 cells per
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well were seed in the inner 60 wells of 96 well-plates and kept in an
incubator for 24 h. Medium was removed and the cells were washed with
PBS. Then 100 pl treated liquid was transferred onto the cells. As a ne-
gative control the untreated liquid was added to the cells. Plates where
incubated for 30 min. After a washing step the procedure between the
assays differed. Total GSH and GSSG were measured immediately. A no-
cell control was used to reflect assay background. Glucose uptake over
10 min was determined using buffer without glucose as negative control.
For determination of reductive potential and lactate secretion 150 pL
fresh medium were added per well. 8 h after stimulation supernatant
samples were collected and lactate was measured using medium as
background control. To explore metabolic activity over this time period
medium with 50 pM resazurin was added to cells instead of just medium
and fluorescence was determined after 8 h. Metabolic activity was also
measured 24 h after stimulation as described in 2.4.

2.7. Quantification of intracellular ROS

The fluorogenic probe CellROX Deep Red Reagent (Thermo Fisher,
Germany) was used to determine the amount of ROS inside the cells. 20 000
cells per well were seed in 8 well p-slides (ibidi, Germany) 24 h prior to
experiment. The cells were washed with PBS and incubated for 30 min with
test liquids. Incubation with 10 uM CellROX DR in medium for another
30 min followed. As positive control 50 uM menadione was added to the
CellROX reagent during incubation. After washing three times with PBS
cells were counterstained with 1 ug/mL Hoechst 33,342 (ImmunoChemistry
Technologies, USA). After another 15 min imaging was done using a Leica
SP5 confocal microscope (Leica, Germany). Mean fluorescence intensity
values (MFI) of five 250 pm x 250 um images with at least 40 cells each
were calculated using las x software (Leica, Germany). For better compar-
ability, the MFI ratios compared to a PBS control were calculated and dis-
played for each condition.

2.8. Cytometric bead array

Cells were prepared and stimulated as described in 2.6. After
washing 150 pL fresh medium were added per well. 24h later cell
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c Fig. 1. Cysteine derivatives observed
by high-resolution mass spectrometric
analysis after argon plasma jet treat-
ment of cysteine (A) (100 mM, 10 min,
3 slm argon/1% oxygen, kinpen09).
Dominant products are cystine (B), cy-
steine sulfonic acid (F), and oxidized
cystine derivatives (G, H). For further
details see the supplementary informa-
tion, Bruno et al. [33], and Lackmann &
Wende et al. [34].
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supernatant samples were collected and pooled. Samples were frozen at
—20°C. On the day of the assay samples were defrosted and cen-
trifuged. A cytometric bead array for IL-6, IL-8, IL-12p70, and TNF-a
was performed following the manufacturer’s protocol (RayBiotech,
USA) with a CytoFLEX 24 (Beckman, Germany).

2.9. Quantification of stable reactive species and statistical analysis

Hydrogen peroxide was determined for selected conditions using
the xylenol orange assay (Thermo Scientific, Germany) according to the
manufacturer’s protocol. OD was measured at 560 nm and a calibration
curves determined using authentic hydrogen peroxide was used for
quantification. Nitrite and Nitrate were determined for selected con-
ditions using a Dionex ICS 5000 ion chromatography system using the
conditions suggested by the manufacturer for the 7-Anion standard
solution. Photometric detection of both ions was favored over con-
ductivity measurements for sensitivity reasons. Standard curves were
used for quantification purposes. To minimize interference with cy-
steine the concentration of 2 mM was used for both assays. Values are
expressed in mean +SD for three independent experiments carried out
at least in duplicates, except for viability assay with two independent
experiments in sextuplicates. Statistical analysis was done with two-
way-ANOVA using GraphPad Prism 7. P values under 0.05 were con-
sidered significant.

3. Results and discussion
3.1. Cysteine oxidation product profile shows active oxidized compounds

Cysteine and glutathione have been used as reporter substance to
compare and standardize plasma discharges before [31,32]. By the
impact of plasma-generated species various covalent cysteine deriva-
tives were generated (Fig. 1 and supplementary Fig. S1) as was ex-
pected. Due to the working gas containing 1% O,, predominantly ROS
and subsequently oxidative modifications were observed. Both treat-
ment time and initial cysteine concentration determined the observed
product profiles. Some products were found as intermediates mainly,
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e.g. cystine (A), sulfenic (D), and sulfinic acid (E). Cysteine sulfonic acid
(F) accumulates and might be a stable end product. Of special interest
are the oxidized cystins (G, H), and cysteine-S-sulfonate (C) which are
regarded as reactive sulfur species (RSS) [26]. The amount of cysteine
modified by the treatment varies between 100% (2mM initial con-
centration), 60% (10 mM), and up to 10% (100 mM). Further details on
plasma treatment derived cysteine chemistry can be found in Bruno
et al. [33].

Oxidized disulfides, such as formed by the plasma treatment are
able to modify thiol groups in proteins forming mixed disulfides, sul-
fenic acid, or sulfinic acid [35]. Effects are even resistant to different
antioxidants suggesting an influence on cells can occur in spite of active
defense mechanisms. Such posttranslational modifications are part of
redox signaling and could contribute to the mediation of cold plasma-
derived signals. Besides, oxidized disulfides can influence metabolic
enzymes like glyceraldehyde-3-phosphate dehydrogenase with con-
sequences for the reduction of GSSG [35]. Another compound of in-
terest is cysteine-S-sulfonate. It was recently found to be an agonist of
the NMDA receptor, which activation leads to calcium influx influen-
cing further cell signaling [36].

3.2. Deposition of long-lived ROS and RNS in CAP treated buffers

By the plasma treatment of liquids the long-lived species hydrogen
peroxide, nitrite, and nitrate are deposited and can be used as marker
compounds. The overall deposition of nitrate and nitrite was found to
be low, caused by an oxygen dominated chemistry Fig 2. In the absence
of cysteine mostly no nitrite is detectable, while small uM amounts were
found in its presence. Nitrate deposition was increased for long treated
cysteine solution, yet still at biologically negligible concentrations (no
impact on cell proliferation observed for maximal tested 250 uM, data
not shown). No differences in hydrogen peroxide deposition were
measured immediately after treatment. These findings are supported by
the slow direct reaction of hydrogen peroxide with cysteine at physio-
logical pH conditions with reactions rates around 3M~*s ™! [34,37].

3.3. Impact of CAP derived cysteine derivatives on cell proliferation

The reaction products obtained from short to moderate plasma
treatment of 2mM cysteine in PBS revealed no significant impact on
cell proliferation (Fig. 3). This may be due to a low concentration of
active cysteine derivatives and/or the absence of any long-term effects
of those compounds in respect to cell cycle control. The undesired effect
of hydrogen peroxide, which is known to reduce mammalian cell pro-
liferation at higher concentrations considerably, while small con-
centration exerts stimulating effects [13,30] was inhibited successfully
by the added catalase. Such, treated control (plasma treated PBS)
showed identical proliferation as untreated cell control, indicating no
other long-lived species influencing cell proliferation was deposited.

To increase the formation of potentially active compounds cysteine
concentration was increased to 100 mM and the treatment time was
extended to 10 min. No effects of exposure to high untreated cysteine
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concentrations on cell proliferation were observed (see Fig. S2). A
treatment with Ar/O, plasma (CAP) derived cysteine derivatives sig-
nificantly decreased cell proliferation rate, even when H,0O, was re-
moved by catalase. Undiluted, the treated cysteine solution lead even to
complete cell death (Fig. 4A), while dilutions to about 50% did not
change the cell proliferation rate. Also, CAP treated PBS alone showed
no impact. When catalase addition was waived, the treated PBS reduced
cell proliferation most likely due to the formation of long-living ROS
(Fig. 4B). The effect was similar to a comparable H,O, treatment
without plasma (see supplementary information, Fig. S2), verifying a
dominant effect of this compound in plasma — cell interaction [12,38].
Hydrogen peroxide also enhanced the impact of plasma generated cy-
steine derivatives: even when diluted to 1/3 of the nominal con-
centration resazurin transformation was lower than buffer control. This
behavior of the cells was not expected, as cysteine is known to react
with H,O, to form cystine [37] and a significant portion of cysteine is
still unaffected after the treatment (= 90%), it was assumed to act as a
scavenger. Instead, cysteine derivatives seem to emphasize the influ-
ence of H,0,. The reason for this is not clear so far, but the observation
might be explained by increased energy demand for cysteine and cy-
stine metabolism directed at GSH production and subsequent lack of
energy equivalents to control oxidative challenges [39]. Considerable
cytotoxicity is known for high concentrations of this amino acid in
neurons [40]. The catabolism is depending on the regulation of cysteine
dioxygenase (CDO). Although this enzyme is highly regulated, the ar-
tificial high concentrations could lead to an additional burden of the
cells with possible enhanced vulnerability. For shorter treatment times
(5min) weaker effects of the generated cysteine derivatives were ob-
served, and with catalase addition impact on cell proliferation was
negligible (see supporting information). This suggests, that higher
oxidized cysteine derivatives might be responsible for the observed cell
death after 10 min and/or that the resulting concentration of active
compounds is higher in this condition. Other than expected, osmotic
pressure remained at 290 — 295 mOSmol kg ™! regardless of the treat-
ment (see Fig. S3).

Additionally, a 10 mM cysteine solution was examined (Fig. 5A). In
contrast to the 100 mM solution, even a treated, undiluted 10 mM cy-
steine solution did not lead to complete cell death. However, a sig-
nificant decrease in cellular proliferation rate, especially for 5 min and
10 min treatment, was observed. After a short treatment (2min), a
slight stimulation of proliferation was observed which might be at-
tributed to the scavenging of H,O, by the thiol groups and subsequent
lower effective H,O, concentration after CAP. When catalase is added,
all effects on metabolic activity were abolished (Fig. 5B). The bio-
chemical background for this observation is assumed to be the same as
for the 100 mM cysteine and related to disturbances in energy and
redox equivalent metabolism (e.g. glutathione). Additional redox sig-
nals cannot be received and translated properly. This suggests, that in
cancer cells, which often present a non-normal energy metabolism
resting on catabolic processes plus having a limited oxidative stress
resilience, the influence of plasma treated concentrated cysteine solu-
tions on proliferation rate could be significant.
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Fig. 3. Cell proliferation of human keratinocytes, comparison of HaCaT cell resazurin transformation 3 days after stimulation with plasma treated PBS + cysteine
2 mM, treatment time 15s, 455, 120 s, addition of catalase, mean + SD of 2 experiment in sextuplicates.
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Fig. 4. Cell proliferation of human keratinocytes,
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3.4. Cell migration is altered by high concentrations of cysteine derivatives

The scratch assay was used to detect changes in motility of kerati-
nocytes 12-24 h after treatment. For treated solutions with 2mM cy-
steine, no influence on migration velocity was observed (see Fig. S6).
For higher cysteine and cysteine derivatives concentrations (13 mM to
100 mM, in part diluted) changes in cell migration were observed for
some conditions (Fig. 6). A non-negligible impact of cysteine itself was
detected. Moderate concentrations of cysteine lead to a non-significant
increase in migration velocity (13 mM, 25 mM). A possible explanation
is the inhibition of N-Methyl-D-Aspartate (NMDA) receptors via cystine
[41], which is occurring due to normal oxidation of cysteine via am-
bient oxygen. These receptors are known from neuronal cells but is also
expressed in epithelial cells. NMDA receptor activation was shown to
inhibit re-epithelialization by keratinocytes in acute wounds [42]. This
suggests that when using mild or moderate plasma treatment intensities
which produce significant amounts of cystine, an increase of
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epithelialization might be achieved. However, a narrow applicable
treatment window seems to exist as for higher treatment intensity/
higher cysteine derivative concentration a significant decrease of cell
migration was observed (> 67 mM cysteine solutions). In this case, a
possible mechanism is the activation of NMDA receptor by cysteine-S-
sulfonate, leading to Ca®>* influx maybe causing cell death [36]. The
activation or inhibition of this receptor seems to be depending on the
present concentrations of different modulators. This prejudicial influ-
ence for concentrated cysteine derivatives is corresponding with the
proliferation assay, where they lead to cell death in the long-term.

3.5. Keratinocytes encounter changes in metabolic and secretory activity

The short-term viability of cells directly after treatment was de-
termined using a modified version of the proliferation assay (up to 6 h
past challenge). Plasma treated PBS, showed only a minor effect (Fig.
S4). The presence of 100 mM cysteine in the solution leads to increased

Fig. 5. Cell proliferation of human keratinocytes,
comparison of HaCaT cell resazurin transformation 3
days after stimulation with plasma treated PBS + /-
cysteine 10 mM, treatment time 2/5/10 min (A) and
10 min then addition of catalase before transfer on
cells (B), dilution of treated liquid with PBS, mean
+SD of 3 independent experiments.

A DD @
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metabolic activity during the first hours strongest at the beginning. A
similar impact had plasma treated cysteine solution 100 mM during the
first hour when residual cysteine or derivatives were presumably me-
tabolized. With time, the difference to control decreased, suggesting
cysteine derivatives in combination with further oxidative challenges
like hydrogen peroxide cause a breakdown of cell metabolism. To fur-
ther investigate changes in metabolic activity, lactate secretion was
measured (Fig. 7A). In contrast, CAP derived cysteine derivatives led to
a strong reduction of lactate secretion, surpassing the effects of CAP
treated PBS which supposedly is induced by deposited H,O,. Changes in
glucose metabolism (Fig. 7B) showed a non-linear behavior, with cy-
steine concentration and treatment time both modulating the outcome.
Some combinations led to a strong increase of glucose uptake (10/
100 mM cysteine, 1 min CAP) while others did not change it. Long
treatments led to a reduction of glucose uptake independent from

cysteine concentration (10 min, 0/10/100 mM cysteine). Overall me-
tabolic activity did reflect this in the case of 100 mM CAP treated cy-
steine (Fig. 7C) after 8 h, and more pronounced 24 h after treatment
with CAP derived cysteine derivatives. CAP treated PBS did not alter
the cellular metabolic activity after 8 h or 24 h.

3.6. Intracellular redox state is modulated

Because reactive species, as well as cysteine and its derivatives, are
expected to influence redox levels within cells, a fluorogenic probe
(CellROX) was used to measure intracellular ROS (Fig. 8). Menadione,
an inhibitor of electron transport chain in mitochondria led to a sig-
nificant increased mean fluorescence (MFI) of the cells. CAP treated
PBS increased the MFI not significantly. Untreated 100 mM cysteine led
to a massive decrease of the MFI which is assumed to result from an
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Fig. 8. Intracellular ROS levels in HaCaT cells after stimulation with plasma treated cysteine (100 mM) as CellROX Deep Red relative mean fluorescence intensity
(untreated PBS = 1) (left) or total GSSG (untreated PBS = 100%, right), mean +SD of 3 independent experiments.
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Fig. 9. Cytokines in keratinocyte supernatant, different cytokines measured with a multiplex assay in cell supernatant 24 h after stimulation with different plasma
treated liquids, single experiment, pooled samples measured in triplicates, mean + SD.

increased GSH synthesis. Interestingly, CAP treated cysteine solution
decreased the MFI further. Potentially, cystine formed during plasma
treatment caused the decreased ROS level by scavenging cell derived
reactive species such as mitochondria formed superoxide anion radicals
[43]. Another possibility is the enhanced activation of reductive path-
ways like the NRF2-pathway in response to CAP derived cysteine de-
rivatives [44].

Cellular GSH and GSSG were measured after stimulation (Fig. 8).
For treated PBS the GSSG levels increased non-linearly with treatment
time, likely due to plasma-derived hydrogen peroxide consuming GSH.
A CAP treated 10 mM cysteine solution showed similar effects. A so-
lution of 100 mM cysteine led to high GSSG levels for the untreated
solution (10fold of control), but remained almost unchanged regardless
of treatment time. The significant amount of cysteine and cystine de-
livered increases the intracellular GSH levels, which than scavenge both

intra- and extracellular ROS to a level unmet in control as can be seen
from CellROX MFIs. The possible efflux of GSH and formed GSSG is
known in different cell types [45]. Potentially, a lack of reductive
equivalents leads to efflux of GSSG instead of its reduction by glu-
tathione reductase and would explain the smaller amounts of GSSG for
longer treated cysteine in contrast to PBS [46].

3.7. Cytokine secretion increases

To get an impression of subsequent changes in cell-cell commu-
nication after treatment with cysteine derivatives, cytokine secretion
was measured after 24 h (Fig. 9). Pro-inflammatory cytokines increased
(IL-6, IL-12, TNF-a), while others, e. g. IL-8, were unaffected. The se-
cretion of IL-6 is increased by NMDA receptor activation [47]. TNF-a is
also related to NMDA receptor activation and blocking this receptor
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decreased the transcription of the chemokine in a nerve lesion model
[48]. As the receptor is present in keratinocytes and cysteine deriva-
tives like S-nitrosocysteine or cysteine-S-sulfonate are discussed as
agonists at this receptor [49,50], the NMDA receptor activation could
be contributing to the increased secretion of cytokines.

As NMDAR controls cell motility and cell-cell signaling including
pore formation, the interference with this target may present an im-
portant aspect of CAP impact in wound healing. As cysteine is a ubi-
quitous amino acid, its oxidation by CAP in situ during the treatment of
a wound is likely. Downstream effects relayed via NMDAR could trigger
immune response and activation of cell metabolism. In contrast, cy-
steine could be used as a modulator of plasma treated liquids, especially
in the concept of cancer intervention.

4. Conclusion

Argon/oxygen plasma-derived reactive species lead to the formation
of multiple oxidized cysteine and cystine derivatives in cysteine con-
taining liquids. At levels related to physiologic conditions (2 mM), the
resulting cysteine product portfolio does neither influence the pro-
liferation of human keratinocytes nor the cells migratory or chemo-
tactic ability. When using high concentrations of cysteine (100 mM) a
reduction in cell proliferation and migratory ability was observed. This
was accompanied by metabolic changes, e.g. decreased lactate secre-
tion and a decrease in intracellular ROS levels. At the same time, the
secretion of pro-inflammatory cytokines increased (IL12, TNF-a). These
effects might be attributed to bioactive cysteine/cystine derivatives like
cysteine-S-sulfonate, an NMDA receptor agonist, leading ultimately to
energy depletion and reductive cell stress. Such, results indicate an
improved cytostatic/cytotoxic impact of cysteine-containing solutions
by plasma treatment suggesting a potential application as a “preserving
agent” of the chemical energy of short-lived plasma-derived species.

Acknowledgments

The authors thank Dana Sponholz for technical assistance. Thea
Heusler was supported by a scholarship from the Gerhard Domagk
young investigators program of the University Medicine Greifswald.
Funding from the German Federal Ministry of Education and Research
(grant number 03Z22DN11 & 12 to S.B. and K.W.) supported this work.

Conflict of interest
The authors declare no conflict of interest.
Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.cpme.2019.100086.

References

[1] A. Schmidt, S. Bekeschus, K. Wende, B. Vollmar, T. von Woedtke, A cold plasma jet
accelerates wound healing in a murine model of full-thickness skin wounds, Exp.
Dermatol. 26 (2) (2016) 156-162.

[2] J. Gay-Mimbrera, M.C. Garcia, B. Isla-Tejera, A. Rodero-Serrano, A.V. Garcia-Nieto,
J. Ruano, Clinical and biological principles of cold atmospheric plasma application
in skin cancer, Adv. Ther. 33 (6) (2016) 894-909.

[3] C. Bergemann, T. Gerling, C. Hoppe, M. Karmazyna, M. Hontsch, M. Eggert, B.
Nebe, Physicochemical analysis of argon plasma-treated cell culture medium,
(2016) €104559.

[4] A. Schmidt, S. Bekeschus, H. Jablonowski, A. Barton, K.D. Weltmann, K. Wende,
Role of ambient gas composition on cold physical plasma-elicited cell signaling in
keratinocytes, Biophys. J. 112 (11) (2017) 2397-2407.

[5] K.R. Liedtke, S. Bekeschus, A. Kaeding, C. Hackbarth, J.P. Kuehn, C.D. Heidecke,
W. von Bernstorff, T. von Woedtke, L.I. Partecke, Non-thermal plasma-treated so-
lution demonstrates antitumor activity against pancreatic cancer cells in vitro and
in vivo, Sci. Rep. 7 (1) (2017) 8319.

[6] M. Weiss, D. Gumbel, E.M. Hanschmann, R. Mandelkow, N. Gelbrich,

U. Zimmermann, R. Walther, A. Ekkernkamp, A. Sckell, A. Kramer, M. Burchardt,

[7

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]
[28]

[29]

[30]

[31]

Clinical Plasma Medicine 14 (2019) 100086

C.H. Lillig, M.B. Stope, Cold atmospheric plasma treatment induces anti-pro-
liferative effects in prostate cancer cells by redox and apoptotic signaling pathways,
PLoS One 10 (7) (2015) e0130350.

J. Schlegel, J. Koritzer, V. Boxhammer, Plasma in cancer treatment, Clin. Plas. Med.
1 (2) (2013) 2-7.

D.B. Graves, The emerging role of reactive oxygen and nitrogen species in redox
biology and some implications for plasma applications to medicine and biology, J.
Phys. D: Appl. Phys. 45 (26) (2012) 263001.

P.J. Bruggeman, M.J. Kushner, B.R. Locke, J.G.E. Gardeniers, W.G. Graham,

D.B. Graves, R.C.H.M. Hofman-Caris, D. Maric, J.P. Reid, E. Ceriani, D.F. Rivas,
J.E. Foster, S.C. Garrick, Y. Gorbanev, S. Hamaguchi, F. Iza, H. Jablonowski,

E. Klimova, J. Kolb, F. Krcma, P. Lukes, Z. Machala, I. Marinov, D. Mariotti,

S.M. Thagard, D. Minakata, E.C. Neyts, J. Pawlat, Z.L. Petrovic, R. Pflieger,

S. Reuter, D.C. Schram, S. Schroter, M. Shiraiwa, B. Tarabova, P.A. Tsai,

J.R.R. Verlet, T. von Woedtke, K.R. Wilson, K. Yasui, G. Zvereva, Plasma-liquid
interactions: a review and roadmap, Plasma Sources Sci. Technol. 25 (5) (2016)
053002.

P. Lukes, E. Dolezalova, 1. Sisrova, M. Clupek, Aqueous-phase chemistry and bac-
tericidal effects from an air discharge plasma in contact with water: evidence for the
formation of peroxynitrite through a pseudo-second-order post-discharge reaction
of H202 and HNO2, Plasma Sources Sci T 23 (1) (2014) 015019.

S. Ikawa, A. Tani, Y. Nakashima, K. Kitano, Physicochemical properties of bacter-
icidal plasma-treated water, J. Phys. D 49 (42) (2016) 425401.

S. Bekeschus, J. Kolata, C. Winterbourn, A. Kramer, R. Turner, K.D. Weltmann,

B. Broker, K. Masur, Hydrogen peroxide: a central player in physical plasma-in-
duced oxidative stress in human blood cells, Free Radic. Res. 48 (5) (2014)
542-549.

J. Winter, K. Wende, K. Masur, S. Iseni, M. Dunnbier, M.U. Hammer, H. Tresp,
K.D. Weltmann, S. Reuter, Feed gas humidity: a vital parameter affecting a cold
atmospheric-pressure plasma jet and plasma-treated human skin cells, J. Phys. D:
Appl. Phys. 46 (29) (2013) 295401.

J. Winter, H. Tresp, M.U. Hammer, S. Iseni, S. Kupsch, A. Schmidt-Bleker, K. Wende,
M. Dunnbier, K. Masur, K.D. Weltmannan, S. Reuter, Tracking plasma generated
H202 from gas into liquid phase and revealing its dominant impact on human skin
cells, J. Phys. D: Appl. Phys. 47 (28) (2014) 285401.

D. Boehm, J. Curtin, P.J. Cullen, P. Bourke, Hydrogen peroxide and beyond - the
potential of high-voltage plasma-activated liquids against cancerous cells, Anti-
Cancer Agents Med. Chem. 17 (6) (2017) 815-823.

P.M. Girard, A. Arbabian, M. Fleury, G. Bauville, V. Puech, M. Dutreix, J.S. Sousa,
Synergistic effect of H202 and NO2 in cell death induced by cold atmospheric He
plasma, Sci. Rep. 6 (1) (2016) 29098.

P. Lukes, E. Dolezalova, 1. Sisrova, M. Clupek, Aqueous-phase chemistry and bac-
tericidal effects from an air discharge plasma in contact with water: evidence for the
formation of peroxynitrite through a pseudo-second-order post-discharge reaction
of H202and HNO2, Plasma Sources Sci. Technol. 23 (1) (2014) 015019.

D. Yan, A. Talbot, N. Nourmohammadi, J.H. Sherman, X. Cheng, M. Keidar, Toward
understanding the selective anticancer capacity of cold atmospheric plasma-a
model based on aquaporins (Review), Biointerphases 10 (4) (2015) 040801.

D. Yan, H. Xiao, W. Zhu, N. Nourmohammadi, L.G. Zhang, K. Bian, M. Keidar, The
role of aquaporins in the anti-glioblastoma capacity of the cold plasma-stimulated
medium, J. Phys. D Appl. Phys. 50 (5) (2017) 055401.

G.P. Bienert, A.L. Mgller, K.A. Kristiansen, A. Schulz, .M. Mgller, J.K. Schjoerring,
T.P. Jahn, Specific aquaporins facilitate the diffusion of hydrogen peroxide across
membranes, J. Biol. Chem. 282 (2) (2007) 1183-1192.

C.C. Winterbourn, Reconciling the chemistry and biology of reactive oxygen spe-
cies, Nat. Chem. Biol. 4 (5) (2008) 278-286.

J.A. Prescher, C.R. Bertozzi, Chemistry in living systems, Nat. Chem. Biol. 1 (1)
(2005) 13.

T.G. Klampfl, G. Isbary, T. Shimizu, Y.F. Li, J.L. Zimmermann, W. Stolz, J. Schlegel,
G.E. Morfill, H.U. Schmidt, Cold atmospheric air plasma sterilization against spores
and other microorganisms of clinical interest, Appl. Environ. Microbiol. 78 (15)
(2012) 5077-5082.

E. Takai, T. Kitamura, J. Kuwabara, S. Ikawa, S. Yoshizawa, K. Shiraki, H. Kawasaki,
R. Arakawa, K. Kitano, Chemical modification of amino acids by atmospheric-
pressure cold plasma in aqueous solution, J. Phys. D 47 (28) (2014) 285403.
J.W. Lackmann, S. Baldus, E. Steinborn, E. Edengeiser, F. Kogelheide, S. Langklotz,
S. Schneider, L.I.O. Leichert, J. Benedikt, P. Awakowicz, J.E. Bandow, A dielectric
barrier discharge terminally inactivates RNase A by oxidizing sulfur-containing
amino acids and breaking structural disulfide bonds, J. Phys. D 48 (49) (2015)
494003.

G.I. Giles, M.J. Nasim, W. Ali, C. Jacob, The reactive sulfur species concept: 15
Years On, Antioxidants (Basel) 6 (2) (2017) 38.

G.I Giles, K.M. Tasker, C. Jacob, Oxidation of Biological thiols by highly reactive
disulfide-s-oxides, Gen. Physiol. Biophys. 65 (2002) 65-72.

C.E. Paulsen, K.S. Carroll, Cysteine-mediated redox signaling: chemistry, biology,
and tools for discovery, Chem. Rev. 113 (7) (2013) 4633-4679.

A. Schmidt-Bleker, R. Bansemer, S. Reuter, K.-D. Weltmann, How to produce an
NOx- instead of Ox-based chemistry with a cold atmospheric plasma jet, Plasma
Process Polym. 13 (11) (2016) 1120-1127.

K. Wende, S. Reuter, T. von Woedtke, K.-D. Weltmann, K. Masur, Redox-based assay
for assessment of biological impact of plasma treatment, Plasma Process Polym. 11
(7) (2014) 655-663.

F. Kogelheide, K. Kartaschew, M. Strack, S. Baldus, N. Metzler-Nolte, M. Havenith,
P. Awakowicz, K. Stapelmann, J.-W. Lackmann, FTIR spectroscopy of cysteine as a
ready-to-use method for the investigation of plasma-induced chemical modifica-
tions of macromolecules, J. Phys. D Appl. Phys. 49 (8) (2016) 084004.


https://doi.org/10.1016/j.cpme.2019.100086
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0001
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0001
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0001
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0002
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0002
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0002
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0003
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0003
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0003
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0006
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0006
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0007
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0007
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0007
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0009
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0009
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0009
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0009
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0010
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0010
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0011
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0011
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0011
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0011
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0013
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0013
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0013
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0013
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0014
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0014
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0014
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0015
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0015
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0015
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0016
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0016
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0016
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0016
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0017
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0017
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0017
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0018
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0018
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0018
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0020
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0020
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0021
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0021
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0022
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0022
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0022
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0022
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0023
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0023
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0023
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0026
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0026
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0027
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0027
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0028
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0028
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0028
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0029
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0029
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0029
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0030

T. Heusler, et al.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

C. Klinkhammer, C. Verlackt, D. Smilowicz, F. Kogelheide, A. Bogaerts, N. Metzler-
Nolte, K. Stapelmann, M. Havenith, J.W. Lackmann, Elucidation of plasma-induced
chemical modifications on glutathione and glutathione disulphide, Sci. Rep. 7 (1)
(2017) 13828.

G. Bruno, T. Heusler, J.-W. Lackmann, T. von Woedtke, K.-D. Weltmann, K. Wende,
Cold physical plasma-induced oxidation of cysteine yields reactive sulfur species
(RSS), Clin. Plas. Med. 14 (2019) 100083.

J.W. Lackmann, K. Wende, C. Verlackt, J. Golda, J. Volzke, F. Kogelheide, J. Held,
S. Bekeschus, A. Bogaerts, V. Schulz-von der Gathen, K. Stapelmann, Chemical
fingerprints of cold physical plasmas - an experimental and computational study
using cysteine as tracer compound, Sci. Rep. 8 (1) (2018) 7736.

G.I Giles, K.M. Tasker, C. Collins, N.M. Giles, E. O'Rourke, C. Jacob, Reactive
sulphur species: an in vitro investigation of the oxidation properties of disulphide S-
oxides, Biochem. J. 364 (2) (2002) 579-585.

A. Kumar, B. Dejanovic, F. Hetsch, M. Semtner, D. Fusca, S. Arjune,

J.A. Santamaria-Araujo, A. Winkelmann, S. Ayton, A.L. Bush, P. Kloppenburg,

J.C. Meier, G. Schwarz, A.A. Belaidi, S-sulfocysteine/NMDA receptor-dependent
signaling underlies neurodegeneration in molybdenum cofactor deficiency, J. Clin.
Invest. 127 (12) (2017) 4365-4378.

D. Luo, S.W. Smith, B.D. Anderson, Kinetics and mechanism of the reaction of cy-
steine and hydrogen peroxide in aqueous solution, J. Pharm. Sci. 94 (2) (2005)
304-316.

J. Winter, K. Wende, K. Masur, S. Iseni, M. Diinnbier, M.U. Hammer, H. Tresp,
K.D. Weltmann, S. Reuter, Feed gas humidity: a vital parameter affecting a cold
atmospheric-pressure plasma jet and plasma-treated human skin cells, J. Phy. 46
(29) (2013) 295401.

S.C. Lu, Regulation of glutathione synthesis, Mol. Aspects Med. 30 (1-2) (2009)
42-59.

M.H. Stipanuk, J. Dominy, E. John, J.-I. Lee, R.M. Coloso, Mammalian cysteine
metabolism: new insights into regulation of cysteine metabolism, J. Nutr. 136 (6)
(2006) 16525-1659S.

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

Clinical Plasma Medicine 14 (2019) 100086

Q. Shi, J.E. Savage, S.J. Hufeisen, L. Rauser, E. Grajkowska, P. Ernsberger,

J.T. Wroblewski, J.H. Nadeau, B.L. Roth, L.-homocysteine sulfinic acid and other
acidic homocysteine derivatives are potent and selective metabotropic glutamate
receptor agonists, J. Pharmacol. Exp. Ther 305 (1) (2003) 131-142.

W.K. Nahm, B.D. Philpot, M.M. Adams, E.V. Badiavas, L.H. Zhou, J. Butmarc,
M.F. Bear, V. Falanga, Significance of N-methyl-D-aspartate (NMDA) receptor-
mediated signaling in human keratinocytes, J. Cell Physiol. 200 (2) (2004)
309-317.

J.F. Turrens, Mitochondrial formation of reactive oxygen species, J. Physiol. 552 (Pt
2) (2003) 335-344.

A. Schmidt, S. Dietrich, A. Steuer, K.-D. Weltmann, T. von Woedtke, K. Masur,

K. Wende, Non-thermal plasma activates human keratinocytes by stimulation of
antioxidant and phase II pathways, J. Biol. Chem. 290 (11) (2015) 6731-6750.
O.W. Griffith, Biologic and pharmacologic regulation of mammalian glutathione
synthesis, Free Radical Biol. Med. 27 (9-10) (1999) 922-935.

L. Eklow, P. Moldéus, S. Orrenius, Oxidation of glutathione during hydroperoxide
metabolism, The FEBS J. 138 (3) (1984) 459-463.

C. Ali, O. Nicole, F. Docagne, S. Lesne, E.T. MacKenzie, A. Nouvelot, A. Buisson,
D. Vivien, Ischemia-induced interleukin-6 as a potential endogenous neuroprotec-
tive cytokine against NMDA receptor-mediated excitoxicity in the brain, J. Cereb.
Blood Flow Metab. 20 (6) (2000) 956-966.

C. Kleinschnitz, J. Brinkhoff, M. Zelenka, C. Sommer, G. Stoll, The extent of cyto-
kine induction in peripheral nerve lesions depends on the mode of injury and NMDA
receptor signaling, J. Neuroimmunol. 149 (1-2) (2004) 77-83.

R. Janaky, V. Varga, A. Hermann, P. Saransaari, S.S. Oja, Mechanisms of L-cysteine
neurotoxicity, Neurochem. Res. 25 (9-10) (2000) 1397-1405.

W.K. Nahm, B.D. Philpot, M.M. Adams, E.V. Badiavas, L.H. Zhou, J. Butmarc,
M.F. Bear, V. Falanga, Significance of N-methyl-d-aspartate (NMDA) receptor-
mediated signaling in human keratinocytes, J. Cell. Physiol. 200 (2) (2004)
309-317.


http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0034
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0034
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0034
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0036
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0036
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0036
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0037
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0037
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0037
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0037
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0038
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0038
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0039
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0039
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0039
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0040
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0040
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0040
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0040
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0041
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0041
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0041
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0041
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0042
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0042
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0043
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0043
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0043
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0044
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0044
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0045
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0045
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0046
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0046
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0046
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0046
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0047
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0047
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0047
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0048
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0048
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0049
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0049
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0049
http://refhub.elsevier.com/S2212-8166(18)30025-8/sbref0049

	Can the effect of cold physical plasma-derived oxidants be transported via thiol group oxidation?
	Introduction
	Materials and methods
	Cell culture
	Cold physical plasma treatment
	Cysteine derivative profiling
	Cell proliferation assay
	Cell migration assay
	Metabolic profiling
	Quantification of intracellular ROS
	Cytometric bead array
	Quantification of stable reactive species and statistical analysis

	Results and discussion
	Cysteine oxidation product profile shows active oxidized compounds
	Deposition of long-lived ROS and RNS in CAP treated buffers
	Impact of CAP derived cysteine derivatives on cell proliferation
	Cell migration is altered by high concentrations of cysteine derivatives
	Keratinocytes encounter changes in metabolic and secretory activity
	Intracellular redox state is modulated
	Cytokine secretion increases

	Conclusion
	Acknowledgments
	Conflict of interest
	Supplementary materials
	References




