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ABSTRACT: Plasma medicine is an exciting new scientific field due to recent developments
in nonthermal physical plasmas operating at atmospheric pressure. In the present study, the
effect of an argon-operated plasma jet (kINPen) using either humidified or dry argon as the
working gas was investigated on human keratinocytes with respect to changes in the cellular
protein expression pattern. The possibility of characterizing the plasma source by its effects
on the cell model was tested. After successfully establishing the gel-free proteomics approach
using liquid chromatography—high-resolution mass spectrometry, a data set of 3,818 different
human proteins from all cellular compartments and protein classes was analyzed. Overall,
10% of proteins were regulated by the plasma treatment, indicating a strong effect of the plas-
ma on the human cell. While there is only weak evidence for direct protein modification, plas-
ma does trigger the active translation of stress-responding proteins. Among the most regulated
proteins, cytoskeletal components (keratins), chaperones (heat shock proteins), and proteins
involved in oxygen turnover (oxidoreductases, NQO1) were found. Therefore, the presence of
reactive oxygen species as well as an organized cellular response are indicated, emphasizing
the need for further research in medical applications. Additionally, our approach enables the
differentiation between the two selected plasma parameters, allowing its further use to identify
key players both in plasma-treated liquids and cellular response. This study and the methodol-
ogy described herein can be used as a basis to further address the underlying mechanisms of
plasma—cell interactions. The data obtained will facilitate fundamental understanding on cel-
lular responses after plasma stimulation.

KEY WORDS: keratinocytes, plasma medicine, non-thermal atmospheric pressure plasma, plasma jet,
proteomics, reactive oxygen species, LC/MS

I. INTRODUCTION

The first plasma treatments of living tissue date back to the beginning of the 19" century
(i.e., violet rays and the carbon arc lamp), but they have never played a significant role,
mainly due to a lack of basic understanding and unrealistic promises regarding several
medical indications. The instant generation of reactive species, of which many play key
roles in cell biology, combined with the synergistic physical effects of plasma radiation
and electromagnetic fields, have recently led to new therapeutic methods, for example,
in chronic wound healing.
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Nonthermal atmospheric pressure plasmas have made a developmental leap in the
last decade, triggering the evolution of new biomedical tools, and they offer applicabil-
ity for different medical issues.'? Due to their excellent compatibility with heat-sensitive
material, the use of non-thermal plasmas to modulate processes in living matter has
come into focus. Reportedly, non-thermal plasmas do induce different effects in living
biological systems. The killing of microorganisms and, more recently, cancer cells have
been well described.** The inactivation of bacteria in the presence of eukaryotic cells
by argon plasma has been shown in vitro.>* The general applicability to treat the skin or
infected wounds in vivo has also been investigated.”®

Sublethal effects in eukaryotic cell systems include changes in cycle progression,
alteration of DNA integrity, and changes in membrane molecules.”!' Plasmas are gas-
like systems that are distinguished from an ordinary gas by the presence of charged
particles. Nature, frequency of occurrence, and energy of these particles determines
the plasma properties. After ignition, the plasma forms a variable mixture of active
components: electrons, ions, radicals, reactive molecules, as well as different types
of radiation, including electric fields and ultraviolet radiation.'>'"* During non-thermal
plasma discharges, reactive oxygen species (ROS) and reactive nitrogen species (RNS),
including singlet oxygen, superoxide anion radical, ozone, hydroxyl radicals/hydrogen
peroxide (H,0,), and nitrous oxide (NO), have been observed.'*'* Although a generally
accepted mechanism of action is still missing, reactive oxygen and nitrogen species
(ROS/RNS) have been assigned a major part.'® Some of these (H,0,, NO) are well-
known signal-transducer molecules in cell biology that trigger cell differentiation or
immune responses, or that regulate angiogenesis.'”'® ROS/RNS fluxes and distribution
strongly differ between sources and process parameters (e.g., working gas composition),
facilitating the opportunity to tailor a plasma’s efficacy and target structure."

Although the body of information on the biological effects of plasmas is growing, a
thorough biological characterization of atmospheric plasma-triggered effects is needed.
To decipher the complex mechanism of how eukaryotic cells/tissues react on the expo-
sure to plasmas, in-depth analysis of the responses is necessary, and this can be achieved
using high-content methods like transcriptomics and proteomics.?” Ideally, this approach
should lead to the identification of a robust “biomarker” that allows easy but specific
detection in vitro and in vivo.

The aim of this study was to examine the dimension of the biological effects of
an argon plasma jet at atmospheric pressure (kINPen09) on human keratinocytes us-
ing two selected treatment regimens (dry vs. humidified argon working gas). Different
types of ROS, especially hydroxyl radicals, have been detected in the gaseous plasma
effluent.'> However, only limited data are available regarding its influence on eukaryotic
cells.>!° The HaCaT cell, a well-established in vitro model for human keratinocytes, has
been used previously. These studies show a behavior typical for eukaryotic cells such
as sensitivity toward nutrition deprivation or the ability to undergo apoptosis. HaCaT
cells behave like normal keratinocytes in terms of stratification at an air interface, migra-
tion, and production of keratins 1 or 14, depending on their developmental progress.*!
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Effects on the total cellular proteome were investigated using liquid chromatography
high-resolution mass spectrometry.

Il. MATERIAL AND METHODS
A. Cell Culture

Adherent human keratinocytes (HaCaT), purchased at DKFZ Heidelberg (Germany),
were cultured in an incubator (37°C, 5% CO,, 95% humidity) using Roswell Park Me-
morial Institute 1640 medium supplemented with 8% fetal calf serum and 1% penicil-
lin/ streptomycin (complete RPMI). Cells were used for 30 passages only and were
subcultured twice weekly using standard procedures.”? To prepare the experiment per
the desired reading point, 1x10° HaCaT cells were seeded in a 60-mm dish using com-
plete RPMI and were allowed to rest for 24 h in an incubator. All experiments were
performed in triplicate.

B. Plasma Treatment

In this study, an atmospheric-pressure non-thermal plasma source was used (kINPen09,
neoplas tools GmbH, Greifswald, Germany) that is identical to the device used in related
studies concerning the impact on mammalian cells (Fig. 1). The plasma jet consisted of a
centered rod electrode inside a ceramic capillary and a grounded ring electrode.!*?* The
working gas was argon (Argon N50, Air Liquide) with a gas flow rate of 3 standard liters
per minute (slm). When a sinusoidal voltage signal 2—6 kVpp with a frequency of ~1
MHz was applied to the centered electrode, plasma ignited in the core region, producing
effluent approximately 12 mm long % 2-3 mm wide. Humidification of the argon gas

Argon, 3 sim
(admixtures possible)

Ceramics capillary

Center electrode,
driven @ 1Mhz, 2 — 6 kV,

\' Plasma effluent ( = 35 - 45 C)

FIG. 1: Schematic setup and photography of the kINPen09 plasma source. The culture dish with
cell culture medium was placed 13 mm distant from the jet nozzle, and the jet moved in a mean-
dering pattern over the whole dish.
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was achieved as described earlier using a bubbler setup (dry conditions: 25 ppm H,0,
humid conditions: 300 ppm H,O).*

Plasma treatment was performed as an indirect treatment regimen using a motorized
stage. Complete RPMI was treated in triplicate for 240 s in 60-mm dishes with the plas-
ma jet. Only the cell culture medium came into contact with the active plasma. Subse-
quently, the cell culture medium was transferred immediately into the dishes containing
cells and kept in an incubator for an appropriate period of time (3 h, 6 h, and 24 h) before
harvest. The control cells (“0 s””) were not exposed to plasma but were otherwise treated
identically. Alternatively to plasma treatment, 50 uM H,O, was used as control. HaCaT
cells were harvested by cell lysis using RIPA buffer (1% Igepal CA-630, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 2 mM EDTA, protease inhibitor cocktail)
3 h, 6 h, and 24 h after plasma treatment. After washing with ice-cold PBS, 200 pul RIPA
buffer was added. Cells were collected using a cell scraper, and the obtained suspensions
were sonicated on ice. After clearance by centrifugation (10,000 xg, 4°C), supernatant
was used for further analysis.

C. Protein Separation and Digestion

After protein quantification (RC DC assay, microfuge tube protocol with reagent S,
Biorad), protein concentration was adjusted to contain 1 mg/ml with RIPA buffer. After
adding an appropriate amount of 5x running buffer (0.25 M TRIS, 0.35 M SDS, 1.4 M
2-mercaptoethanol, 0.3 mM bromphenol blue in 40% glycerol/water) and protein de-
naturation (5 min, 95°C), 30 pg protein per sample was fractionated according protein
mass by SDS gel electrophoresis (ProGel Tris Glycerin 10%) for 120 min/125 V in elec-
trophoresis buffer (20 mM TRIS; 200 mM glycin, 3.5 mM SDS, pH 8.3). After wash-
ing (2x 2 min, Millipore water) and fixation for 20 min in methanol:water:acetic acid
(50:40:10), gel was stained using Coomassie for 1 h. Subsequently, gel was washed and
cut into lanes that were divided into 12 fractions. After destaining, in-gel protein diges-
tion was performed using sequencing grade trypsin (10 pg/mlin 0.05 M (NH,),CO, buf-
fer Promega, Mannheim, Germany) overnight at 37°C. After peptide extraction from the
gel pieces using a step gradient of formic acid/acetonitrile and concentration/acetonitrile
removal (aqueous settings, SpeedVac Concentrator, Eppendorf, Hamburg, Germany),
the peptide mixture was subjected to liquid chromatography/mass spectroscopy.

D. Liquid Chromatography/High-Resolution Mass Spectrometry

The peptide mixture obtained as outline in the previous section was subsequently ana-
lyzed by nanoliquid chromatography—high-resolution mass spectrometry. Samples were
analyzed using a Proxeon nanoLC II (Thermo Fisher Scientific) injecting 2 ul of sample
on a 30-cm (75-um inner diameter) fused silica column (Aeris, 3 um diameter RP18
material, Phenomenex, Aschaffenburg, Germany). Separation by polarity was achieved
using a water 0.1% acetic acid/acetonitrile 0.1% acetic acid gradient (0.3 pl/min) over
120 min. Subsequently, eluent was ionized using an electrospray ionization technique
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(NanoSpray III source). High-resolution mass spectrometry was performed with an AB-
sciex TripleTOF 5600 mass spectrometer in information-dependent acquisition (IDA)
mode. Parental masses were obtained from all ionized fragments (m/z 400-2000);
daughter ion masses were obtained only from significantly abundant fragments. Rolling
collision energy for fragmentation (m/z 400— 1250) was used. Autocalibration using
2 ul Saccharomyces cerevisiae enolase 1 tryptic digest (Waters, Manchester, United
Kingdom) was performed every three runs. All samples were injected twice.

Raw data were then analyzed for peptide and protein identification using ProteinPilot
4.5 software (Paragon algorithm), searching against the latest UniProt human complete
protein dataset with search effort set to “thorough.” This search mode allows the detec-
tion of proteins in unknown protein modifications (PTMs), whereas the “fast” setting
takes only standard PTMs into account. One missed cleavage was allowed in the search.
Group files with identified proteins were used in PeakView software (MicroQuantita-
tion App) for relative quantification. After normalization in MarkerView, further data
processing to obtain information on protein expression pattern and statistical analysis
was performed by Partek Genomic Suite, PANTHER database, and Ingenuity Pathway
Analysis (IPA). To analyze significant changes in protein abundance using Partek, we
grouped all related time points (control/humid/dry/ H,O,) together, yielding three data
points with the absolute reading (area under curve * time) per protein and treatment.

lll. RESULTS AND DISCUSSION

The effects generated by a nonthermal atmospheric-pressure argon-based plasma jet on
the cellular proteome of eukaryotic cells were characterized. Human HaCaT keratino-
cytes were used as a model cell line for eukaryotic cells with additional relevance to
wound-healing processes. A workflow for the investigation of the human proteome was
established and used to analyze the influence of two different plasma parameters (dry and
humid process gas) on the model cell system. Previously, a distinct impact of argon gas
humidification on plasma chemistry and cell viability had been identified by our group.*

A nanoliquid chromatography—high resolution mass spectrometry (nLC/HRMS)
procedure was successfully established. The core components of the workflow were (1)
the complexity reduction of the cell lysate by one-dimensional (1D) gel electrophoresis;
(2) the in-gel digestion of the separated proteins; and (3) the nano-LC, which allowed
very small analyte amounts to be analyzed (Fig. 2). Without 1D gel separation, only
40-50% of the proteins were identified because of co-elution and peptide masking (data
not shown). A resolution of approximately 22,000 was achieved, while mass error was
approximately 1-3 ppm. Between 1,500 and 2,100 different human proteins with a qual-
ity score >2 (at least one unique peptide per protein, confidence > 99%) were identified
by ProteinPilot software (Paragon algorithm) in each sample (0.1-1 pg protein digest
on column). Subsequently, the relative abundance of these proteins was calculated by
PeakView software. The measured protein abundances span 4 to 5 log steps, allowing a
good quantitative read out. The lowest detected protein (PTPLADI, 6000 counts*time)
was approximately 4.9 log steps less intense than SHC1 (359 10° counts*time). A total
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FIG. 2: Setup of whole experimental process, further details as described in the text. The central
element of the procedure is the predictable fragmentation of the peptide bond under mass spec-
trometry conditions. It allows the identification of the peptides which were obtained by the protein
digestion using ProteinPilot software. Consequently, peptides were assigned to the corresponding
proteins. Data analysis using Ingenuity Pathway analysis, PANTHER database, and String data-
base allowed conclusions on cell physiology under the tested conditions.

of 2500 proteins (65%) were between 1x and 10 x 10° counts*time. However, only
25-35% of acquired MS spectra were used for protein identification. The remaining
spectra could not be assigned to a specific amino acid/amino acid sequence by the
software. This effect is typical in mass spectrometry—based proteomics and does not
reflect on protein modifications generated by the plasma. Rather, it emphasizes the
need of more sophisticated software tools to utilize the measured raw data.?® In addition
to general protein identification, the Paragon algorithm also allowed the detection of
amino acid modifications (e.g., methionine S-oxidation, deamidation etc.). Only a neg-
ligible difference in number and type of modification was observed between control and
plasma-treated cells. This result indicates that differences in the cellular proteome can
instead be explained by a regulated cell response rather than random protein damage.
However, as total identified protein numbers are somewhat lower for plasma-treated
cells (1,900 vs. 2,100 in control), protein oxidation and similar processes cannot be
excluded ultimately. Additionally, a loss of function of isolated and dried proteins has
been described after long-duration plasma treatment using a He/O, jet.** However, the
impact of this finding on the situation of proteins in mammalian cell culture or tissue in
which a water-dominated physiologic environment dictates conditions (e.g., euhydric
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pH, isotonic osmolarity, and standard ion strength) might be limited, as is indicated by
our results. Clarification will be left for future research focusing on plasma-generated
protein modifications under physiologic conditions.

In the described setup (12 different samples in duplicate), a total of 3800 different
proteins (with score > 2) could be detected, belonging to 28 different classes of proteins
(Figs. 3 and 4). This number of proteins reflects a typically achievable data depth and
is influenced by lab conditions, cell line, instrumentation, and software. It is commonly
estimated in systems biology that around 10,000 different proteins are expressed within
a cell; however, some have a very low copy number.?’” In our approach, the abundance
of roughly 10% was affected by the plasma treatment (humid and/or dry working gas,
all time points); it increased for 411 proteins and decreased for 339 proteins (Fig. 3).
Analyzing different expression in terms of quantitatively different abundance using
Partek yielded 160 proteins, indicating a significant difference between control and
humid plasma treatment (up or down). When these proteins were clustered using the
hierarchical clustering tool in Partek (Fig. 4), a certain pattern was observed: most dif-
ferences compared to the control were found for humid plasma-treated cells (bottom
three lines, reflecting condition 3 h, 6 h, and 24 h after treatment), while cells treated
with dry plasma showed more similarities to the control. However, protein expression
was still altered profoundly more strongly than after H,O, treatment, which triggered
a moderate change in protein expression only (top 3 lines). All controls are located in
the center in one group, indicating high similarity within. However, this low number
of identified changes reflects only the most robust alterations in protein expression and
underestimates the actual changes observed. For example, when we analyzed for ex-
clusively changed proteins (fold ratio > 2/< (.5) after dry or humid plasma treatment
by pivot table data analysis, we found an increased abundance for 216/178 proteins

humid
523

339

dry
625

Proteins quantified
3818

FIG. 3: Of 3818 proteins detected and quantified (large circle), 411 proteins were found upregu-
lated (left insert) and 339 proteins were downregulated (right) under the plasma condition and
incubation time tested. Expression of 100-200 proteins was affected by dry or humid plasma
treatment exclusively. Circle diameters are to scale.

Volume 3, Number 1-2, 2013



88 Wende et al.

.lnh.'. | g
v, v%hw

FIG. 4: Hierarchical clustering indicates changes in HaCaT cells, the protein expression pattern
between control, dry argon plasma, humid argon plasma, and hydrogen peroxide—treated cells
(Partek software, based on comparison of humid plasma treatment versus control group). A high
grade of similarity within humid plasma group is indicated, while stronger distinction from control
and dry plasma treatment is discernible.

(dry/humid) and a decrease in 214/112 cases (dry/humid), respectively. Together, these
findings indicate that humid plasma treatment exerts a higher impact on the protein
abundance in absolute measures but in a (slightly) lower number of proteins, whereas
dry plasma treatment exerts a lower impact on the protein abundance in absolute mea-
sures but in a higher number of proteins. Observing the composition of the exclusively
changed proteins after dry or humid treatment in terms of GO annotation, differences
between humid and dry treatment appear to be of quantitative rather than qualitative
nature (Fig. 5). Hence, both treatment types are essentially the same and differ mainly
in the extent of the effect. Recent findings underscore this observation as being related
to hydrogen peroxide, in which production rate increases with increasing operation gas
humidity in plasma.?* Thus, the general changes in the cellular proteome observed are
discussed together herein.

Although it was not possible to detect all presumably present proteins, the obtained
data allowed conclusions regarding cell physiology after plasma treatment. Using the
PANTHER database, two-thirds of the observed proteins could be annotated accord-
ing to protein class or biological function (Fig. 6). The highest numbers of proteins
identified belong to nucleic acid binding proteins (520, histones etc.), emphasizing the
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FIG. 5: Numbers of proteins exclusively changed after humid or dry plasma treatment accord-
ing to the GO protein classification. Of 2,661 annotated proteins, abundance of 126/150 pro-
teins increased and abundance of 77/116 proteins decreased, respectively (humid/dry treatment).
Overall, behavior after dry or humid treatment was similar; however, the extent of the respective
changes differed between dry (=mild) and humid (=intense) treatments (see also Fig. 8).

important role of DNA conservation in human cells. This abundance also indicates the
very active nucleus of HaCaT cells and the functional ribosomal protein translation
machinery. This finding was confirmed by Ingenuity pathway analysis (IPA®) of the da-
taset, which identified functional signaling by the eukaryotic initiation factors elF4 and
elF2 to be among the top canonical pathways (76 of 159 and 103 of 182 related proteins,
respectively). In particular, the elF4 pathway can interfere with both intracellular and
extracellular stimuli transmitted via mitogen-activated kinases (MAPK, e.g., ERK1/2,
p38, etc.) and is responsible for ribosomal protein translation.?® The functionality (and
activation) is reflected by the increased abundance of ROS handling proteins and is
indicative of stimulation in general (e.g., for cytokine expression, which has been seen
in HaCaT keratinocytes). Cytoskeletal, structural, or cell-membrane—bound adhesion
molecules were also numerous (= 300). Other membrane-associated proteins like recep-
tors (71) were detected, indicating that cell membranes were solubilized by the RIPA
buffer. A large group of proteins belongs to the primary metabolism (glycolysis, citrate
cycle etc., =500). When analyzing the annotated proteins (2,661, 70% of detected pro-
teins) for specific enrichment after plasma treatment (Fig. 5), enrichment was found for
chaperones (HSP27, 70, and 90), cytoskeletal and structural proteins (overrepresented
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FIG. 6: Protein class annotation of proteins identified and quantified by LC-MS. 2,661 of 3,818
proteins could be categorized in the PANTHER database (70%). Cytosolic, membrane-bound,
and nuclear-associated proteins of broad spectrum of protein classes were detected. The great-
est numbers of proteins belong to nucleic acid binding proteins (520) and energy metabolism and
cytoskeletal proteins (182).

in proteins with increased abundance), and different enzyme classes (overrepresented
in downregulated proteins). Nucleic acid-binding proteins, enzyme modulators, and
oxidoreductases were up- or downregulated in overall comparable numbers, indicating
limited or absent effects in these groups.

Among the proteins with increased abundance at all time points and regardless of
operation gas humidity, the heat shock proteins (HSPs) stood out with a very robust
and profound increase in expression. These proteins are observed after cellular stresses
of different origins and serve mainly to prevent misfolding or aggregation of cellular
proteins,” preventing cell death. The small HSP27 and the medium-sized HSP70 are
usually found in low abundance under physiologic conditions, but they are strongly in-
ducible. However, the temperature during treatment never exceeded 37°C (unpublished
data). Hence, HSPs were triggered most likely by ROS-transmitted effects. Obviously,
H,0, is able to cross the cell membrane and to increase the intracellular ROS pool, as
has been detected after kINPen treatment of mammalian cells.*® Other processes like
oxidation of membrane lipids may be involved. Subsequently, HSP production may also
be triggered by secondary messengers with oxidative properties.’! Tt has been shown
that the application of cytotoxic stimuli, delivered below a threshold level, can elicit
protective responses by overexpression of HSPs.*? Translated to plasma medicine, this
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finding indicates that a low-level plasma treatment (e.g., of wounds) may brace the
cells to withstand prolonged inflammatory situations caused by bacteria or immune re-
sponse. The positive outcome of a wound-healing study using plasma treatment may
be in part explained by this effect.” In the present study, the role of reactive species
and their effects in mammalian cells has been further emphasized by the use of gene
ontology annotation (biological function: active on “external stimulus”). In our analy-
sis, many proteins belonging to cellular oxygen handling were present in the dataset.
Among the proteins with increased expression levels were peroxiredoxins, thioredoxins,
superoxide dismutase (SOD), and NAD(P)H dehydrogenase [quinone] 1 (NQO1), all
of which demonstrate evidence that plasma activated nuclear receptor—related factor
2 (NRF2) signaling. Although the total number of regulated oxidoreductases does not
change with humid or dry working gas plasma treatment (Fig. 7), single proteins of this
class show a specific pattern (Fig. 8). Overall, the relative abundance of these proteins
increases with incubation time after plasma treatment. Differences were also found be-
tween humid and dry plasma conditions, although no obvious pattern was detected,
probably due to the similarity of both treatments, as had already been discussed. Taken
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FIG. 7: Overview of the plasma treatment effect in HaCaT cells: humid or dry treatment, numbers
of proteins with higher (up, 411 in total) or lower (down, 339 in total) abundance. Of 2,661 an-
notated proteins, the highest enrichments were found for chaperones, cytoskeletal and structural
proteins (overrepresented in proteins with increased abundance), and different enzyme classes
(overrepresented in downregulated proteins). Nucleic acid binding proteins, enzyme modulators,
and oxidoreductases were up- or downregulated in comparable extents.
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FIG. 8: Proteins with annotation “oxidative stress.” Abundances changed after plasma treat-
ment, both increasing and decreasing. The greatest increases in abundance occurred for an-
nexin (ANXA1) and peroxiredoxin 6 (PRDX6), the greatest decreases in abundance occurred for
glucose-6-phosphate dehydrogenase (G6PD) and HIF1N. Intense treatment (humid, black bars)
showed mostly higher intensity changes than milder (dry) treatment.

together, both HSP expression and the oxidoreductase/NRF2-related pattern indicate an
increased abundance of intracellular reactive species (ROS and/or RNS), which needs to
be controlled by the cell. However, as ROS do play roles as signaling molecules using
specific pathways, further (and direct) impact on cellular behavior is likely, for example,
via epidermal growth factor receptor (EGFR) or secreted proteins such as interleukins
and growth factors.**** An interesting role seems to be taken by different cytoskeletal
proteins (6.8%, 182 proteins), especially by the keratins, which are highly abundant in
this cell line. Research elucidating their role in cytoprotection and cellular development
after plasma treatment is currently under way.

IV. CONCLUSION

In the present study, the influence of an atmospheric-pressure argon-based plasma jet
(KINPen09) on human keratinocytes was investigated. Using liquid chromatography—mass
spectrometry, the cellular proteome was analyzed in respect to plasma-related changes in
expression pattern or protein modifications. Two differently operating gas parameters in-
fluencing plasma chemistry were used: dry and water-enriched (humidified) argon.
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After successfully establishing the gel-free proteomics approach, 3800 human pro-
teins from all cellular compartments and protein classes were detected. Although there
is only weak evidence for direct protein modifications, plasma triggered the translation
of oxidative stress responding proteins and influenced cell cycle regulatory proteins and
protein translation. The results clearly show a strong effect of the plasma jet on the human
cell, reflected by its proteome. Overall, approximately 10% of proteins were found to be
regulated after plasma treatment. Proteins showing the most interesting behavior were
cytoskeletal proteins, chaperones like heat shock proteins, and oxygen-handling enzymes
related to a NRF-2 orchestrated response. This indicates the presence of oxidative stress
due to the plasma generated ROS but also an organized cellular response to it, thereby
encouraging further research in medical application for skin-related disorders.

Additionally, the approach enables the differentiation between the two selected
operating gas parameters used, allowing the further use of this technique to identify
key players both in plasma-treated liquids and in cellular response. This study and the
methodology described herein can be used as a basis on which to further address the un-
derlying mechanisms of plasma—cell interactions and to enable the specific recognition
of both active plasma components and biological key players (biomarkers).
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