iriried applied
L sciences

Article
GSH Modification as a Marker for Plasma Source and

Biological Response Comparison to Plasma Treatment

Pietro Ranieri 1*, Hager Mohamed 2, Brayden Myers !, Leah Dobossy 2, Keely Beyries 2,
Duncan Trosan !, Fred C. Krebs 2, Vandana Miller 23 and Katharina Stapelmann !

1 Department of Nuclear Engineering, North Carolina State University, Raleigh, NC 27605, USA;
bgmyers3@ncsu.edu (B.M.); dptrosan@ncsu.edu (D.T.); kstapel@ncsu.edu (K.S.)
Department of Microbiology and Immunology, and Institute for Molecular Medicine & Infectious Disease,
Drexel University College of Medicine, Philadelphia, PA 19102, USA; hm469@drexel.edu (H.M.);
Imd385@drexel.edu (L.D.); kab625@drexel.edu (K.B.); fck23@drexel.edu (F.C.K.); vam54@drexel.edu (V.M.)
Centre for Innovation Competence (ZIK) Plasmatis, Leibniz Institute for Plasma Science and Technology,
17489 Greifswald, Germany
Correspondence: pjranier@ncsu.edu

check for
Received: 6 February 2020; Accepted: 9 March 2020; Published: 17 March 2020 updates

Abstract: This study investigated the use of glutathione as a marker to establish a correlation between
plasma parameters and the resultant liquid chemistry from two distinct sources to predefined
biological outcomes. Two different plasma sources were operated at parameters that resulted in
similar biological responses: cell viability, mitochondrial activity, and the cell surface display of
calreticulin. Specific glutathione modifications appeared to be associated with biological responses
elicited by plasma. These modifications were more pronounced with increased treatment time for
the European Cooperation in Science and Technology Reference Microplasma Jet (COST-Jet) and
increased frequency for the dielectric barrier discharge and were correlated with more potent biological
responses. No correlations were found when cells or glutathione were exposed to exogenously
added long-lived species alone. This implied that short-lived species and other plasma components
were required for the induction of cellular responses, as well as glutathione modifications. These
results showed that comparisons of medical plasma sources could not rely on measurements of
long-lived chemical species; rather, modifications of biomolecules (such as glutathione) might be
better predictors of cellular responses to plasma exposure.

Keywords: COST-Jet; nspDBD; atmospheric pressure plasmas; low-temperature plasmas;
plasma chemistry

1. Introduction

Atmospheric pressure plasmas have been shown to exhibit beneficial outcomes for biomedical
applications in wound healing [1], cancer [2], and other diseases. These outcomes are attributed to
direct or indirect exposure of tissues to plasma-generated reactive oxygen and nitrogen species (RONS)
regardless of the application method [3], i.e., directly as in dielectric barrier discharge (DBD) [4],
indirectly via atmospheric pressure plasma jet (APPJ) [5], or through plasma-conditioned medium [6].
Investigations correlating the possible biological responses induced by plasma treatment to plasma
parameters and components are typically limited to the source used. The configuration, discharge
parameters, and environment influence the plasma components that interact with the cells and, thus,
the contribution of each component to the cellular response [7-11]. However, direct cause-effect
correlations have not yet been defined. Understanding how plasma generated RONS, UV, and electric
fields affect cells will allow devices to be tailored for specific biological applications and eventually
guide the community toward the determination of the “effective plasma dose” of each device.
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Plasma-generated hydrogen peroxide (H,O,) is theorized to be a major effector of tumor cell
killing [12,13]. However, a study comparing the nanosecond pulsed floating-electrode DBD (nspDBD)
and the kINPen (an APPJ) showed similar in vitro reductions in the viability of the CT26 colorectal cancer
cells at operating parameters where the kINPen produced twice as much H,O; as the DBD [14]. These
observations indicate that biological responses are not solely induced by long-lived, aqueous H,O,,
and that plasma components other than H,O, contribute to cell death [14]. The relative contribution of
each component may be different, partly due to the differences in amounts of UV exposure, electric field,
and short-lived and charged species in each plasma [4]. Recent literature supports these observations
whereby exogenously added RONS are unable to replicate a biological effect observed subsequent to
plasma exposure [15]. Therefore, changes in cell viability and other biological responses may not be
the result of just RONS but of synergy from all components of plasma discharges where each plasma
source produces a unique mix of these effectors. Yet comparisons between devices have traditionally
relied on the chemistry produced to explain the observed differences in biological responses [16-18].
This limited chemistry set does not represent the chemical and biochemical processes possible during
plasma treatment. For example, UV exposure and applied electric field are individually capable of
inducing biological responses and enhance the observed effects of plasma-generated species [15,19,20].
In summary, there is a dire need for indicators that accurately reflect the magnitude of the biological
response in correlation to all components of plasma treatment.

Recent studies have explored the use of cysteine as such an indicator to trace the short and
long-lived species in the liquid phase and their potential biological impacts [11,21,22]. The different
modifications infer the presence of specific molecules from short-lived species like OH to end-products
like HyO,. Therefore, modifications to molecules like cysteine, the cysteine-containing glutathione
(GSH) [23], or phenol [24] could be reflective of the dominant chemical species from plasma treatment
that influence cellular outcomes. The amounts and types of modifications measured could help
to optimize plasma treatment regimens, as well as plasma sources for specific applications. This
would also provide a potential method for comparison of plasma sources and their potential for
biological applications without the need for cell culture. However, the correlation between molecular
modifications and specific cellular responses must be established first. To this end, this work showed
the comparison between the European Cooperation in Science and Technology Reference Microplasma
Jet (COST-Jet) [25] and the nspDBD [26] from both chemical composition and biological response
perspective. Further, modifications on the cysteine-containing protein glutathione were compared for
an attempt to establish correlations with cellular outcomes.

The plasma discharge components that contribute to biological responses following exposure
vary in magnitude between the two devices. The COST-Jet generates myriad RONS in the active
plasma, influenced by admixtures and absorbed power, that undergo complex reactions with molecules
in the ambient air [11,25,27,28]. Short-lived species, such as a nitric oxide (NO), hydroxide radical
(OH), and atomic oxygen (O), and long-lived species are transported by gas flow and solvate into the
liquid interface [15,21,29,30]. While the UV produced in the discharge radiates towards the liquid
interface and may influence the treated targets, the electric field does not affect the targets since it
is perpendicular to the gas flow (Figure 1). In contrast, the nspDBD produces short and long-lived
RONS at the liquid interface. The charged species are driven by the electric field to the liquid interface,
whereas the neutral species have diffusion dominated transport and solvate as governed by Henry’s
law [31]. The UV and electric field components of the nspDBD are directed towards the liquid interface.
These nspDBD components individually influence the cellular response at different magnitudes [26].
Therefore, the contribution of any plasma component may significantly influence the cellular response
in one treatment approach and be insignificant in another. To compare how these components may
affect different plasma treatment approaches, where the components have varying influence on the
overall cellular response, the cell’s biological outcome must be comparable.
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Figure 1. Schematic of plasma treatment setups. The European Cooperation in Science and Technology
Reference Microplasma Jet (COST-Jet) was set 4 mm above 500 uL of culture medium or deionized
(DI) water. The COST-Jet operated in He with a 0.6% O, admixture. The nanosecond pulsed
floating-electrode dielectric barrier discharge (nspDBD) was positioned with a 1 mm gap distance
above the liquid surface in ambient air. The treatment volume was 100 pL.

This study focused on determining if correlations could be established between biological
responses of cells to plasma treatment and the modifications to GSH structure caused by plasma.
Klinkhammer et al. could show that plasma treatment modified GSH, and the magnitude of these
modifications increased with plasma treatment time [23]. We expanded this work by investigating
the relationship between observed biological outcomes in Jurkat T lymphocytes and modifications
to GSH from two different plasma sources. First, we demonstrated that these two plasma sources
could be operated at parameters where comparable reductions in Jurkat T lymphocyte viability were
achieved. This served as a benchmark for further chemical and biological comparisons of the two
plasma sources. Next, we showed that the levels of mitochondrial superoxide (O, ™) production and
translocation of calreticulin to the outer surface of the cell membrane (ecto-CRT) were comparable
between the two sources at these plasma treatment parameters. The measured concentrations of
long-lived RONS were higher in the medium than in deionized water. This indicated that reactions
with the medium components produced more RONS in the liquid than without organic compounds.
Even with higher concentrations in the medium, the reactions between plasma-generated RONS and
the medium components reduced the toxicity observed from H,O, alone. We showed that exogenously
added long-lived species alone were not responsible for inducing these biological changes. Finally,
we evaluated GSH modifications as a potential, scalable marker for correlations between observed
biological responses and plasma parameters. Our results showed that changes in a marker, such as
GSH, could elucidate the plasma-generated chemistry unique to each source and might correlate
with potential biological applications for the plasma source. While the modifications indicated the
presence of specific RONS, the biological implications of these RONS were dependent on both their
concentration and the cell type.

2. Materials and Methods

2.1. Plasma Setups

The COST-Jet is a radiofrequency (rf)-driven capacitively coupled plasma jet. The feed gas used in
this study was He, with a 0.6% O, admixture. The plasma was generated by applying an rf voltage at
13.56 MHz. Helium and oxygen (grade 5) were used for the experiments. The COST-Jet was operated
at the ignition voltage to be comparable to reported literature [11]. The plasma treatment parameters
are listed in Table 1.
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Table 1. Plasma Treatment Parameters.

Parameter COST-Jet! nspDBD 2
Treatment Distance 4 mm 1 mm
Treatment Time 0,1,2,3,4,5 min 10s
Frequency 13.56 MHz 30, 45, 60, 75 Hz
Treated Volume 500 uL 100 puL
Gas Flow Rate He + 0.6% O, (1 slm + 6 sccm) -
Pulse Width - 20 ns
Rise Time - 2ns
Energy/Pulse - 0.9 mJ/pulse

! European Cooperation in Science and Technology Reference Microplasma Jet (COST-Jet), 2 Nanosecond pulsed
dielectric barrier discharge (nspDBD).

The nspDBD used in this work was similar to those described previously [4]. Plasma was
generated by applying a high voltage pulse to a copper electrode with a quartz dielectric barrier. As
shown in Table 1, the treatment parameters for the nspDBD were fixed at 1 mm gap distance, 29 kV,
and exposure duration of 10 s. The frequency of the pulses was varied to change the amount of energy
deposited by the discharge.

The viability, MitoSOX, and calreticulin (CRT) experiments and colorimetric assays were performed
in 12-well plates, while the Raman samples were prepared in 24-well plates. The treatment schematic
for both plasma sources is shown in Figure 1.

2.2. Cell Culture

Jurkat cells (clone E6, ATCC® TIB152™) (American Type Culture Collection, Manassas, VA,
USA) were maintained in Roswell Park Memorial Institute (RPMI) 1640 media supplemented with
10% fetal bovine serum (FBS) (Fisher Scientific, Hampton, NH, USA) and 1% penicillin/streptomycin
(P/S) (ThermoFisher Scientific, Waltham, MA, USA) in a 37 °C incubator at 5% CO,. For COST-Jet
experiments, cells were seeded at 3 x 10° cells/mL in 12-well plates with 500 pL per well (1.5 x 10°
cells/well). Cells exposed to nspDBD plasma were seeded at 1.5 x 10° cells/mL with 100 puL aliquots
initially, then supplemented with 400 puL of media immediately after treatment (1.5 x 10° cells/well).

2.3. Viability Assay

Jurkat cells were treated by nspDBD plasma at 45 and 75 Hz for 10 s or the COST-Jet for 2 and
4 min. Immediately after nspDBD exposure, cells were supplemented with media and then incubated
for 24 h prior to assessing cell viability. To determine percent viable cells, dead cells were stained with
0.5 mg/mL propidium iodide (ThermoFisher Scientific, Waltham, MA, USA), a cell impermeable dye
that enters non-viable cells through damaged membranes and intercalates with the DNA, emitting a
fluorescent signal that can be detected using an image cytometer (Nexcelom Bioscience, Vision CBA,
Lawrence, MA, USA).

2.4. MitoSOX Red Assay

Intracellular mitochondrial O,~ production was detected in Jurkat cells 24 h post-treatment. Cells
were washed with PBS and then stained with 5 uM MitoSOX™ Red mitochondrial O, indicator for 10
min (Molecular Probes, Invitrogen Cat. M36008, Eugene, OR, USA). O,~ generation was correlated with
fluorescence intensities of measured percent MitoSOX positive cells using the Nexcelom image cytometer.

2.5. Surface Calreticulin Detection

Jurkat cells were treated by the nspDBD or the COST-Jet and then incubated for 24 h. Calreticulin
on the cell surface was detected by staining cells with calreticulin polyclonal primary antibody
(ThermoFisher Scientific, Waltham, MA, USA) and an Alexa Fluor 488 goat anti-rabbit IgG (H + L)
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secondary antibody (ThermoFisher Scientific, Waltham, MA, USA). Percent of calreticulin positive cells
in the total cell population and calreticulin fluorescence intensity were measured using the Nexcelom
image cytometer. Analyses of fluorescence intensity were done on FCS Express version 4 (De Novo™
software, Pasadena, CA, USA, 2011).

2.6. Colorimetric Assays for Chemical Analysis

Plasma treated samples were analyzed immediately for HO, and nitrite (NO,~) concentrations
using colorimetric assays. The phenanthroline derivative-copper method (Millipore Sigma, USA,
Burlington, MA, USA) and Griess reagent (Molecular Probes, Invitrogen Cat. G7921, Eugene, OR,
USA) were used for HyO, and NO,~ measurements, respectively. For H,O, detection, 150 pL of
plasma-treated liquid (deionized (DI) water or RPMI supplemented with 10% FBS and 1% P/S) was
mixed with 15 uL each of the kit reagents: HyO;-1 and HyO,-2. The sample was incubated at room
temperature in the dark for 10 min prior to measuring the absorption at 450 nm. For NO,~, 150 uL
of plasma-treated liquid was mixed with 130 puL of deionized water and 20 pL of the Griess reagent.
The sample was incubated at room temperature in the dark for 30 min. The absorption was measured
at 548 nm. All absorption measurements were taken on a plate reader (Fluoroskan Ascent™ FL,
Thermofisher Scientific, Waltham, MA, USA) in flat-bottomed 96-well plates.

2.7. Raman Spectroscopy of Glutathione Modifications

Glutathione (GSH) (Thermofisher Scientific, Waltham, MA, USA) samples were prepared in
deionized water at 10 mg/mL. For the nspDBD-treated samples, 10 pL was treated at 45 and 75 Hz,
frozen at —80 °C and shipped to North Carolina State University for analysis. Upon arrival, 10 uL of the
sample was dried on a calcium fluoride window overnight using a desiccator. For the COST-Jet, 500 uL
samples were treated for 2 and 4 min at North Carolina State University. The 10 pL aliquots were dried
overnight on the calcium fluoride window, similar to the nspDBD-treated samples. Measurements
were performed on a confocal Raman microscope (Senterra II, Bruker Corporation, Billerica, MA, USA)
with a wavelength of 532 nm at 20 mW. All measurements were taken using a 50X objective lens
(OLYMPUS BX53M, Olympus, Waltham, MA). The spectra were measured from 0-3700 cm™~! using the
OPUS software (Bruker Optic GmbH, Version 7.8, Ettlingen, Germany). For each sample, 10 spectra
were averaged for 10 different positions with an integration time of 1 s, similar to previous studies [23].
Background measurements were performed prior to sample measurement with the laser aperture fully
closed. The raw sample spectra were analyzed by performing a rubberband baseline correction using
the OPUS software, as described in [32]. Briefly, the spectrum is divided into segments, and the lowest
point in each segment is used to estimate the baseline. For this study, 100 segments were used to define
the baseline. After the baseline subtraction, spectra were normalized to the integrated C-H stretching
peak at 2950 cm~!. All measurements were done in triplicate.

2.8. Statistical Analysis

Each experiment was performed in triplicate unless otherwise stated. The data were plotted
as mean and standard deviation. Graphs were plotted in Origin 2018b (OriginLab Corporation,
Northampton, MA, USA).

3. Results
3.1. Comparison of Cellular Responses between COST-Jet and nspDBD Treatment of Jurkat T Lymphocytes

3.1.1. COST-Jet and nspDBD Treatment Cause Comparable Reductions in Jurkat T Lymphocyte
Viability

To establish a common basis for comparing the two plasma sources, we sought treatment
parameters necessary to achieve a predefined biological endpoint—comparable reductions in viability.
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Jurkat cells were treated by plasma from the nspDBD [33] or the COST-Jet [34] (He + 0.6% O,), using
conditions described in previous studies (Table 1). In these studies, reduced viability was correlated
with frequency for the nspDBD and treatment time for the COST-Jet; thus, we treated from 30-75 Hz
with the nspDBD and up to 5 min with the COST-Jet. Cells were analyzed 24 h post-treatment. The
propidium iodide (PI) viability assay was used to identify plasma parameters for each source that
caused comparable reductions in cell viability.

Jurkat cell viability, normalized to the untreated controls (for the COST-Jet controls, cells were
exposed to the feed gas only), was reduced with increasing frequency for nspDBD and increasing
treatment time for the COST-Jet. A 5-min exposure to the feed gas (He + 0.6% O,) did not affect cell
viability, in agreement with other COST-Jet studies [34,35].

As shown in Figure 2, two operating conditions were identified between the two plasma sources
where cell viability was comparable:

1.  2-min for the COST-Jet (93.7% =+ 3.9%) and 45 Hz for the nspDBD (89.8% + 10.01%)
2. 4-min for the COST-Jet (65.7% =+ 3.4%) and 75 Hz for the nspDBD (61.9% + 9.4%).

1104
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70 4
604
50 4
404
30 4
204
104

0

Viability (%)

T T T
Gas Control 2 min 4 min 45 Hz 75Hz

COST-Jet nspDBD

Figure 2. Viability comparison of Jurkat T lymphocytes treated with nspDBD or COST-Jet (He + 0.6%
O,). Cells were treated from 30-75 Hz with the nspDBD and 1-5 min with the COST-Jet. Percent viability
was calculated relative to cells not exposed to plasma or feed gas. Cell loss was comparable at 2 and 4
min of COST-Jet treatment with 45 and 75 Hz nspDBD treatment, respectively. Viability experiments
were repeated once in triplicate. The data plotted represent the mean and standard deviation.

These results demonstrated that completely different plasma devices could be operated to achieve
the same biological endpoint. These two discharge conditions were used as the basis for further
comparative investigations because similar responses were observed despite the fact that the cells
were exposed to different magnitudes of species and conditions unique to each source (gas flow for the
COST-Jet; charged species, UV radiation, and electric field for the nspDBD).

3.1.2. Mitochondrial Superoxide Production Increases in Response to Plasma Treatment

Additional experiments were conducted to determine if other biological endpoints were also
comparable at these operating conditions. Another cellular function that is known to be affected by
plasma is the triggering of intracellular oxidative stress pathways. O, production by the mitochondria
is an indicator of cellular oxidative stress [36,37]. To determine if there were differences in the oxidative
stress induced by each device, we compared MitoSOX fluorescence in Jurkat cells treated with both
plasma sources. As shown in Figure 3, cells treated with the COST-Jet and nspDBD at the same
operating conditions as above had similar magnitudes of MitoSOX fluorescence. Cells responded
to plasma from both sources by increasing their mitochondrial O,~ production in a dose-dependent
fashion, indicating that stress-responsive pathways were being upregulated in each case.
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MitoSOX / FC Normalized to Control

T T T
Untreated 2 min 4 min 45 Hz 75 Hz

Figure 3. Mitochondrial O, production in Jurkat T lymphocytes in response to plasma treatment.
COST-Jet (2 and 4 min) and nspDBD (45 and 75 Hz) induced higher and comparable magnitudes of
oxidative stress relative to the untreated control cells. This experiment was repeated once in triplicate.
The data plotted represent the mean and standard deviation.

3.1.3. COST-Jet and nspDBD Treatment Increase the Cell Surface Display of Ecto-CRT

To assess a third biological response that is influenced by plasma-induced changes in cellular
redox, we analyzed the cell surface display of calreticulin (ecto-CRT) on Jurkat cells after exposure
to both plasma devices. Ecto-CRT is known to increase the phagocytic uptake of cells, which is a
crucial step in the initiation of immune responses [38]. Generation of intracellular RONS, such as O;~,
upon plasma exposure, has been shown to induce endoplasmic reticulum (ER) stress and cause the
ER-resident chaperone protein, calreticulin, to become translocated to the cell surface [33]. Furthermore,
this translocation is believed to be largely dependent on plasma-delivered short-lived species [15].
The influence of nspDBD and COST-Jet plasma exposures on ecto-CRT translocation was compared
under the plasma conditions shown to produce similar reductions in cell viability (Figure 2). We found
that plasma treatment increased ecto-CRT in both cases (Figure 4), possibly as a result of increased
oxidative ER stress. This suggested that the unique cocktail of effectors generated by the COST-Jet
affected CRT translocation, albeit perhaps through a different chemical pathway, to a degree similar to
that attributed to the nspDBD.

Untreated
2 min - COST Jet
45 Hz - nspDBD

Untreated
4 min - COST Jet
75 Hz - nspDBD

Count

10° 10° 10° 10° 10°
CRT Intensity CRT Intensity
Figure 4. Expression of calreticulin (ecto-CRT) was measured 24 h post-treatment on Jurkat T
lymphocytes treated at the two comparable conditions: 2 min/45 Hz (Left) and 4 min/75 Hz (Right).
Both devices induced similar increases in the numbers of ecto-CRT-positive cells.

3.2. Chemical Comparison and Mock Treatment Are Inaccurate Markers of Cellular Responses

The comparable cellular responses from COST-Jet and nspDBD treatments suggested that, if the
cellular stress response mechanisms were the same, the stressors generated by the plasma should
be of similar magnitude. These responses have been attributed to multiple factors from plasma
treatment, e.g., pulsed electric fields [39], RONS [40]. While studies have shown that CRT translocation
and mitochondrial O,~ production is stimulated by the presence of short-lived species [15], Jurkat
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T-lymphocytes are known to be sensitive to a few hundred micromolar of H,O, [41], a long-lived
species. To investigate the contribution of long-lived species to the biological responses observed by
plasma treatment, we measured their concentration subsequent to plasma treatment and subjected the
cells to these measured concentrations as a mock chemical treatment. We hypothesized that similar
concentrations of HyO, and NO;™ must be produced to achieve similar biological responses. We
evaluated their concentrations at both conditions (2 min vs. 45 Hz; 4 min vs. 75 Hz) that caused
similar reductions in viability in order to correlate the increase in solvated RONS with this biological
endpoint. While nitrate (NO3~) is an important long-lived species to measure for characterization
of liquid chemistry, it was previously shown to have an insignificant impact on cellular viability in
multiple cell lines when mixed with H;O, and NO,™ [42]. Therefore, we focused our experiments on
H,0O, and NO, ™.

First, we measured the long-lived species in the cell culture medium to understand the
concentrations to which the cells were exposed after plasma treatment. Colorimetric assays were
unaffected by time-dependent losses in reactive species since the assay reaction times (10 min for H,O,
and 30 min for NO; ™) were considerably shorter than the amount of time required for significant
H,0O; and NO,~ losses due to reactivity [24]. Both long-lived species were produced at higher
concentrations from nspDBD treatments when compared with the COST-Jet-treated solutions (Figure 5).
The concentration of H,O, (Figure 5, left) and NO,~ (Figure 5, right) increased with longer treatment
times for the COST-Jet and higher frequencies for the nspDBD. In culture medium treated by the
COST-Jet, an increase in exposure time resulted in increased concentrations of HyO, (78.7 and 103.6 uM
after 2 and 4 min, respectively) and NO,~ (3.6 and 7.1 uM, respectively). The nspDBD concentrations
increased with frequency for both species: 187.3 uM (45 Hz) to 226.9 uM (75 Hz) for H,O, and 27.8 uM
(45 Hz) to 47.9 uM (75 Hz) for NO,~. These concentrations in the medium were much higher than
those reported previously in deionized water [11,14], which was inconsistent with the understanding
that cell culture medium would buffer long-lived species production in the liquid due to reactions
between plasma-generated short-lived predecessors (such as OH and NO) and organic compounds.
We repeated the measurements in DI water to show that our measurements were consistent with those
reported in the literature for both devices:

1. Concentrations of HyO, in DI water (6.49 and 17.49 uM after 2 and 4 min, respectively) and NO,~
(1.15 and 2.01 pM, respectively) for the COST-Jet [21,43].

2. For the nspDBD [14], the H,O, concentration in DI water increased from 109.6 uM to 150.1 uM
and NO,~ concentrations from 3.9 uM to 9.01 uM when the frequency was increased from 45 to
75 Hz.

250 4 50 4

225 -1 45 i
= - =
2 200 - Z 401 4
=175 k = 35 p 7 COST-Jet DI Water
=] <] VST Tob RP
S 150 ‘,E 30 v COST-Jet RPMI
g g =—s—nspDBD DI Water
g 125 £ 25 4 = 5= nspDBD RPMI
£ 100 g 20 /
< =]
J 75 O 154 /
& Lo /
i 504 }/J 104
ju sl 4 /
254 4 51
0 . . 0 V;Y :
Gas Contol 2 minutes 4 minutes Gas Contol 2 minutes 4 minutes
Untreated 45 Hz 75 Hz Untreated 45 Hz 75 Hz

Figure 5. Concentrations of H,O, (Left) and NO, ™ (Right) in DI water (solid line) or RPMI (Roswell Park
Memorial Institute) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(P/S) (dashed line) post plasma treatment. The gas control and untreated H,O, measurement indicate
the medium itself is detected by the peroxide kit used. These experiments were repeated once, and the
data plotted represent the mean and standard deviation.
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The organic and oxidizable components of the culture medium, as well as the higher pH, should
buffer the oxidative capacity of the plasma-generated RONS and reduce their concentrations. The
chemical pathways for H,O, formation from plasma treatment are described through the following
mechanisms [44]:

OH + OH — H,0;, @D
H02 + HQO + Oz_ g 02 +OH™ + HzOz, (2)
2 HOZ - Oz + HzOz, (3)

while a significant portion of H,O, produced during plasma treatment is in the gas phase and is
subsequently solvated, there is also the possibility of forming H,O; in the liquid phase [29]. The
pathway depicted by reaction (1) forms H,O, at the liquid interface from plasma-generated OH. The
latter two reactions (2,3) mainly occur in the bulk liquid as secondary chemistry. HyO,, OH, and O,
will react readily with the medium components, which should significantly reduce the concentration
of H,O, formed by reactions (1) and (2). However, the higher concentrations observed in the medium
suggest the formation of organic peroxides from both plasma sources. This has been previously
hypothesized by Privat-Maldonado et al. [45], based on the reaction between solvated ozone (O3)
and organic compounds [46]. Experimentally, it was shown by Hefny et al. that O3 and O produced
using the COST-Jet (0.6% O, admixture) increased the H,O, concentration in DI water if phenol was
present [47]. For our investigation, the O and O3 produced by the COST-Jet [47,48] and RONS produced
from the nspDBD at ambient conditions [49] could solvate and produce higher concentrations of HyO,
in the medium in comparison with DI water.

The considerably higher production of HyO, and NO, ™~ of nspDBD treatment showed the stronger
oxidative environment of the nspDBD in comparison to the COST-Jet. The H,O, concentrations from
these treatments alone should adversely impact viability [41]. However, the biological responses
of Jurkat cells to both treatments were comparable under these exposure conditions. These cells,
which were sensitive to oxidation, exhibited similar responses when exposed to two different plasma
chemistries of differing oxidative magnitude. We tested the cellular response to HO, and NO,~, both
alone and in combination, as a mock treatment to understand if the long-lived species had the oxidative
impact to affect the cells. In lieu of plasma treatment, these cells were exposed to exogenously added
concentrations of HyO, and NO,™~ (Table 2), as measured in DI water. The concern with using the
high nspDBD cell culture concentrations was that it would reduce Jurkat viability to zero, leading to
results that would be difficult to detect and would not highlight responses due to small changes in
concentration. The measured nspDBD DI water concentrations were comparable to the concentrations
known to induce cellular responses in Jurkat. Therefore, these concentrations were added to cells in
culture medium and incubated for 24 h. This mock treatment would not be comparable to the plasma
treatment directly but rather an indication of how Jurkat cells reacted to the oxidative environment.

Table 2. Mock Treatment Concentrations.

Treatment Condition H,0;, (uM) NO;~ (uM)
COST-Jet: 2 min 6.50 1.15
COST-Jet: 4 min 17.35 2.01
nspDBD: 45 Hz 108.78 3.92
nspDBD: 75 Hz 149.93 9.01

The viability and oxidative stress responses of Jurkat cells are shown in Figure 6, with the results
obtained after plasma treatment as a benchmark. Mock treatment at the COST-Jet conditions did
not reduce cell viability to the degree caused by plasma treatment (Figure 6a,d), showing that H,O,
concentrations below 20 uM did not adversely affect the cells. The H,O, concentrations greater than
100 uM induced higher magnitudes of cell death than the nspDBD conditions (Figure 6a,d). These
results supported previous literature that demonstrated HyO, concentrations above 100 uM induced
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cellular arrest in Jurkat cells [41]. This clearly showed, as described above, that the higher oxidative
environment due to the high concentration of HyO, adversely affected the Jurkat cells. Added NO,~
at concentrations measured from the nspDBD and COST-Jet treatments did not have any effects on
cell viability. In addition, when NO,~ was combined with H,O,, the observed loss in viability was
comparable to cells treated with H,O, alone. These observations suggested that NO, ™~ did not influence

the cell viability directly or through reaction with HyO,.
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Figure 6. Exogenous addition of H,O; elicited cellular responses from Jurkat T lymphocytes at the
two comparable conditions of 2 min/45 Hz (a-c) and 4 min/75 Hz (d-f). Mock treatment reduced
viability and stimulated mitochondrial O,~ production above the untreated control only at HyO,
concentrations above 100 uM. (d) There were no changes in ecto-CRT responses to mock treatments.
The mock treatment experiments were performed once in triplicate. The data represent the mean and

standard deviation.

Mitochondrial activity was stimulated by HyO, alone and in combination with NO,™ at the
nspDBD conditions in comparison to the untreated control, as shown in Figure 6b,e. H,O; is a
potent oxidizer and is well known to induce mitochondrial stress at concentrations as low as 100
uM [50]. NO,~ alone had no discernable effect on mitochondrial O, production for either of the
mock treatments. The significant increase in mitochondrial activity due to the addition of exogenous
H,0; in comparison with the plasma-treated cells was indicative of the strong oxidative environment.
The H,O, concentration produced by the COST-Jet for both conditions was too low to stimulate
mitochondrial O,~ above the untreated control.

The effect of mock treatment on ecto-CRT expression was evaluated on Jurkat cells incubated with
the RONS for 24 h. As seen in Figure 6¢,f, only the nspDBD concentration of H,O, produced a slight
rightward shift and a second brighter peak in fluorescence. This was due to the higher numbers of
dead and dying cells, as seen in Figure 6a,d. None of the other mock treatments produced an increase
in ecto-CRT expression, clearly indicating that stable chemistry is unable to trigger necessary biological

pathways that cause CRT translocation.
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Our results demonstrated that, for Jurkats, mock treatment was not a good indicator of the
role plasma components have in triggering cellular responses. The HyO, concentrations produced
by both devices should trigger stronger cellular responses. The reduced toxicity of H,O, during
plasma treatment was likely due to secondary reactions in the medium itself. Components in the
medium and the cells themselves that offer oxidizable targets for plasma-generated species (both short
and long-lived) altered the concentrations of individual species. Several investigations focus on the
reactions between individual amino acids and other organic compounds, such as reactive sulfur species
with plasma-generated RONS [51-53]. These compounds reduce the amount of plasma-generated
species in the liquid by reacting with them. However, subsequent reactions can lead to increases in the
overall inventory of RONS in the solution. Bruno et al. showed that cysteine alone could reduce H,O,
produced by the kINPen while increasing reactive nitrogen species (RNS) [52]. As Privat-Maldonado
et al. showed through electroparamagnetic spectroscopy, there are also increases in the concentrations
of short-lived species after plasma treatment of cell culture medium [45], which are precursors to
these long-lived species [44]. The biological effects of the short-lived species on cellular responses
are well-documented in plasma literature [15,35,54]. These initiating molecules are absent during
mock treatments, which is why we did not observe similar cellular responses and GSH modifications
to plasma treatment. Without the short-lived species and the organic compounds they modify, our
mock treatment with exogenous H,O, and NO,™ is not representative of the actual contribution these
long-lived species have during plasma treatment.

3.3. GSH Modifications Unique to Plasma Source Indicate the Stressors and the Potential for Cellular Response
Present During Plasma Treatment

The data presented thus far indicated a lack of correlation between the relatively easy-to-measure
long-lived species and cellular responses. The results from mock treatments demonstrated that using
the measured RONS as an indicator of biological responses to plasma treatment was not sufficient.
Therefore, there was a need for a method that is a true reflection of plasma parameters and the ensuing
biological outcomes. In subsequent experiments, we expanded on the use of GSH as an indicator of how
plasma might impact the cellular redox system, as proposed by Klinkhammer et al. [23], and related
our measured biological responses to measured GSH modifications. GSH modifications after plasma
or mock treatment were analyzed to address their correlation with the observed biological responses.

The specific modifications to GSH exposed to plasma treatment elucidated the possible reactive
species near the molecule. Similar to previous reports on microsecond pulsed DBD-treated GSH [23],
nspDBD plasma treatment caused a decrease in the intensity of the peak at 2560 cm~! and an increase
of the 1045 cm™! peak when compared to the untreated GSH (Figure 7). These wavenumbers
corresponded to the S-H (v (5-H)) and the S=O (v (5=0)) vibrational stretching modes, respectively,
and indicated that S-H bonds were oxidized. Molecular dynamic (MD) simulations have previously
shown that H,O, did not initialize the oxidation of glutathione [23]. The model predicted that OH was
the initiator of the reaction by forming the glutathione radical (-S*), which is known to react quickly
with Hy,O, and form glutathione sulfenic acid (GSOH) in biological systems [55]. The MD simulations
also showed that glutathione radicals could react with OH, NO, or another glutathione radical to form
GSOH, S-nitrosoglutathione (GSNO), and glutathione disulfide (GSSG), respectively, in the liquid
phase [23]. The presence of GSOH and the v (5=0) band in our nspDBD-treated samples indicated
the presence of OH and subsequent oxidation to form higher oxidation states. These states were
GSOH, GSO;H, and GSO3H, the latter two corresponding to the v (S=O) band. Klinkhammer et al.
observed that significantly more GSOsH than GSO,H was produced by DBD treatment through mass
spectrometry [23]. This type of oxidation is irreversible in biological systems [56], indicating the highly
oxidative environment of microsecond pulse DBD treatment, as shown by Klinkhammer et al. [23], as
well as that of the nspDBD treatment, as presented here.
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Figure 7. Raman spectra of glutathione (GSH) in deionized water post plasma treatment with the
nspDBD and COST-Jet. The main observations from both sources were reduced S-H stretching (2560
cm~1) that was further reduced after increased plasma treatment. Interestingly, increased S-O stretching
(1045 cm~1) was observed only for the nspDBD treatment, whereas the COST-Jet-treated GSH showed
increased S-S stretching (508/522 cm~!), indicating the formation of GSSG. These differences between the
nspDBD and the COST-Jet indicated the different magnitudes of oxidation between the two treatments.

Although the COST-Jet treated samples reduced the v (S-H) band similar to the nspDBD-treated
samples, an increase of the v (5=0) mode was not observed. Instead, an increase of the v (S-S) band
was observed in the COST-Jet-treated samples, which was more pronounced for the 4-min treatment.
In the case of the COST-]et, there was little OH generated with an admixture of O,. Instead, production
of O, O3, and singlet oxygen (O,(a' Ag)) was magnified [48,57,58]. It was likely that the dominant
mechanism to form the glutathione radical was through H abstraction by O rather than OH. However,
there was not enough oxidation to form GSO3H, as indicated by the absence of the v (5=O) mode. While
this showed GSO3;H was not produced, the lower oxidation states might still be formed, indicating a
less oxidative environment. This was expected between the two treatments since the end product of
the ROS, H,O,, was lower for COST-Jet treatments.

The differences in GSH modifications between the COST-Jet and nspDBD suggested there might
be different pathways of inducing oxidative stress and reducing the viability of Jurkat cells. Oxidation
of the glutathione radical leads to the formation GSOH [55]. Further oxidation forms glutathione
sulfinic acid (GSO,H) and glutathione sulfonic acid (GSO3H), whereas GSNO or GSSG may occur in
the absence of an oxidative environment. The lack of the v (5=0) mode in COST-Jet-treated samples
suggested that in order to achieve the same biological responses, there must be another mechanism of
oxidative stress that is unique to the COST-Jet source. The Raman spectra showed the formation of
GSSG. The disulfide bond would form in a reaction between the glutathione radical and GSH. Both the
sulfenic modification and glutathionylation (a disulfide bond between GSH and another protein) were
shown by others to adversely impact Jurkat cells [41]. H,O, added exogenously (at 200 uM) led to the
irreversible oxidation of GSH and other proteins in the antioxidant systems that led to cellular arrest in
Jurkat cells. The observed GSH modifications from nspDBD and COST-Jet treatments showed that
there was the potential to induce these reactions in cell-associated GSH. Therefore, while the biological
endpoint post plasma treatment was similar, the protein modifications and mechanisms for oxidative
stress might be different between the two plasma sources.

Next, we assessed if mock treatment-induced modifications were distinguishable from plasma
treatment. We exogenously added the concentrations of RONS, shown in Table 2, to solutions of
GSH in DI water. We plotted the analyzed Raman spectra of GSH in the presence of H,O,, NO;~,
and the H,O,/NO;~ combination and compared them to spectra generated by plasma treatments
(Figure 8, top row). The spectra of the nspDBD mock treatment showed that HyO, and the HyO,/NO,™
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combination reduced the v (5-H) comparably to the plasma-treated samples. However, an increase in
v (5=0) was not observed. Instead, an increase in the v (5-S) band was observed, which suggested
slight oxidation of GSH in contrast with the higher oxidation of the nspDBD-treated samples. The
NO, ™ -treated samples did not modify GSH when compared to the untreated control. Only nspDBD
plasma treatment reduced the v (5-H) band and increased the v (5=0) band. Taken together, there was
not sufficient OH or O from the mock treatment to initiate the reaction with GSH and reduce the v
(5-H) band.

i nspDBD Mock Treatment  Solid Line: 45 Hz  Dashed Line: 75 Hz
10 , x10 %10

) 0 0 =—Plasma Treated
450 500 550 600 1000 1050 1100 1150 2500 2550 2600 2650 |=——H,0,
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Figure 8. Raman spectra analysis of plasma-treated GSH showed more pronounced peaks than mock
treatment. GSH was mixed with HyO,, NO,~, or their combination. The spectra were plotted against
their corresponding plasma treatment counterparts. The spectra were centered on the observed
modifications from plasma treatment: increased in the v (S-S) (508/522 cm~1) and v (S=0) (1045 cm™1)
bands with a decrease in the v (5-H) (2560 cm™!) band. For both the nspDBD and the COST-Jet, stronger
plasma treatment resulted in more pronounced modifications. (Top Row) The nspDBD treatment of
GSH resulted in a decrease in the v (S-H) band and an increase in the v (5=0) band with no change in
the v (S-S) band. The H,O; only and the combined mock treatment at these conditions reduced the
v (S-H) band with a slight increase in the v (S-S) band, which indicated slight oxidation of the GSH.
There was no discernable difference in modifications between the NO,~ treatment when compared
with the untreated control. (Bottom Row) The COST-Jet-treated samples showed a decrease in the v
(S-H) band and an increase in the v (5-S) band. There was no increase in the v (S=0) band. The mock
treatment samples did not modify the GSH when compared to the control.

For COST-Jet treatments (Figure 8, bottom row), the decrease in the v (5-H) band was observed
only in plasma-treated samples. The concentrations of HyO,, NO,~, and the H,O;/NO,~ combination
were not sufficient to induce measurable oxidation of the S-H bond. This indicated that the
observed modifications from plasma treatment—the decrease of v (S5-H) and the increase of the
v (S-S) band—required short-lived species like O and OH. The absence of the increase in v (S-S) and
decrease in v (S-H) bands from mock treatment indicated that other plasma components were required
to induce these modifications and might be needed to induce biological responses.

4. Discussion

This study provided initial evidence that GSH modifications caused by plasma treatment might
be used as markers of potential cellular responses. These modifications were due to the myriad plasma
components that modify it. The presence and increase of v (5-S) or v (5=0O) bands with a decrease in
the v (5-H) band correlated with the biological responses of Jurkat T lymphocytes to COST-Jet and
nspDBD treatment, respectively. In addition, stronger plasma treatment for both sources increased the
magnitude of these modifications and further affected the biological responses, showing that GSH
modifications could potentially be scalable and be indicative of the magnitudes of RONS present. The
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absence of these modifications in mock-treated samples strongly suggested the role of the initiator
molecules—O and/or OH—in the biological responses.

The contrast between observed cellular responses from plasma and mock treatment and the
measured chemical concentrations indicated that the interactions between the plasma-generated
RONS and the medium components drove the chemistry that the cells experience. Concentrations
of HyO; measured in medium alone from both sources would induce stronger cellular responses
than plasma treatment at the corresponding conditions. RONS generated by plasma treatment and
medium components must react and reduce the toxicity of HyO, alone in order to achieve the observed
cellular responses with the measured medium H,O; concentrations. Some of these reactions may form
species that cause harm to the cells themselves, such as DNA strand breaks or have other biological
outcomes [11,51-53,58].

A unique feature of using GSH as a marker of the potency of plasma treatment is the scalability
with plasma treatment parameters. Longer treatment times for the COST-Jet or higher frequencies
for the nspDBD resulted in more significant modifications, which supported previous literature that
showed similar trends using sulfur compounds [11,22,23]. As shown in this study, these stronger
treatments triggered higher magnitudes of cellular responses. The treatment of GSH solutions as a
model for treatment targets elucidated the roles of short-lived species, as shown in other studies using
phenol [24,59], and their combination with long-lived species. Our results showed there is potential
to investigate O for the COST-Jet and OH for the nspDBD as initiator molecules for the biological
responses. This work expanded on comparing a DBD with an APP] by investigating how the different
chemistry produced can lead to similar biological responses [14].

The case for GSH as a marker for treatment outcomes in plasma medicine can be made because
these modifications can be correlated to possible cellular effects in redox biology literature [60,61].
Cellular responses to plasma treatment are cell type-dependent, which means a specific modification
will not necessarily indicate a specific biological outcome for different types of cells. The development
of GSH as a marker would allow plasma medicine researchers to explore translational opportunities
without the need for cell culture in early exploratory experiments. Plasma sources like DBDs and
APP]Js could potentially be compared using indicator modifications that serve as benchmarks for other
sources used in the plasma medicine field. Of course, a more robust set of tests needs to be completed
with different cell lines, plasma devices, and cellular responses to achieve this goal and correlate plasma
parameters to biological outcomes signaled by GSH modifications.

5. Conclusions

This study demonstrated the potential for correlations between modifications to markers, such as
GSH, and biological outcomes. The markers themselves highlight the existence of short-lived species
through defined chemical reactions that result in the modifications from plasma-derived chemistry.
Since the modifications scale with the cellular responses and plasma treatment magnitude, these
markers could be used as a way to compare plasma devices and their potential for biological outcomes.
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