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Abstract: In Plasma Medicine studies, the effect of non-thermal plasma (NTP) on biological targets
is typically correlated with the amount of stable reactive oxygen and nitrogen species produced
in a liquid medium. The effect of NTP and the response of the biological target on cellular redox
mechanisms is overlooked in these investigations. Additionally, the influence of electrical properties
of cells on the physical properties of NTP is neglected. Therefore, we used a floating electrode
dielectric barrier discharge plasma to explore the impact of cell structure, size, and viability of the
biological target on the physical properties of NTP. Lissajous figures were used to determine circuit
capacitance and energy per cycle during NTP exposure of different cell suspensions. We show that
both, structural integrity and active enzymic processes of cells change the electrical properties of NTP.
Correlations were also drawn between NTP-produced hydrogen peroxide and nitrite with measured
capacitance. Our studies indicate that the observed changes between different cell suspensions may
be due to a feedback loop between the biological target and the NTP source. In future studies, a more
detailed analysis is needed to improve the control of clinical NTP devices.

Keywords: non-thermal plasma; low-temperature plasma; cold atmospheric plasma; gas plasma;
dielectric barrier discharge; redox homeostasis; capacitance; clinical

1. Introduction

Non-thermal plasma (NTP) can be safely applied to cells and living tissues to achieve
diverse biological effects, ranging from the stimulation of cell division and differentia-
tion to the induction of different cell death pathways [1,2]. These biological effects on
cells have allowed the biomedical application of NTP in the treatment of infections, skin
diseases, wound healing, and, more recently, cancer [1,3]. So far, partial success in reduc-
ing tumor burden and prolonging the life of animals with different cancers, including
breast, pancreatic, colon, and melanoma with both direct and indirect treatment has been
established [4,5].

The biological effects of NTP are attributed to the unique and complex mixture of NTP
physical and chemical properties, including reactive oxygen and nitrogen species (RONS)
that influence cellular redox homeostasis and subsequent alterations in cell behavior. No
cause-and-effect relationship has been established between specific NTP effector(s) and
observed cellular outcomes. Although the role of physical NTP effectors (surface charging,
electric, and electromagnetic fields) are actively studied [6], most investigations focus
on the amounts and identity of individual RONS delivered to the cells by NTP. These
correlations are used to draw conclusions between the concentration of RONS and the
observed biological effects. The quantification of RONS is often performed in gas or liquid
phases without cells. Here, the assumption is that NTP composition will remain the same
when cells are introduced, and that cells are subjected to the RONS present in the gas, and
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consequently in the liquid surrounding the cells. Additionally, the presence of cells and
their properties are not expected to affect RONS concentrations.

The fate of the cell is dependent on the maintenance of redox homeostasis. Cells pro-
duce RONS such as superoxide (O, ), hydroxyl radical (HO*®), hydrogen peroxide (H,0O5),
nitric oxide (NO®), and peroxynitrite (ONOO™), as byproducts of cellular metabolism
through specific cellular enzymes. In low doses, RONS function as signaling molecules for
many cellular pathways necessary for cell survival [7]. However, the unmitigated accumu-
lation of these molecules can be toxic to cells. To maintain redox balance, cells execute a
controlled destruction of RONS through an antioxidant system consisting of enzymatic and
non-enzymatic molecules [8]. Antioxidants protect tissues by either promoting adaptation
to RONS or by triggering cell death pathways if the cells cannot be rescued [8]. The interac-
tions between RONS and the cellular antioxidant system serves as the molecular interface
to modulate metabolic and environmental signals for maintaining cell survival. Many of
the RONS produced by cells are also present in NTP and can become important players in
the regulation of cell homeostasis by challenging the redox balance [9,10]. Different types
of cells process and produce RONS differently, influencing the RONS concentration in
NTP-treated medium. The results of this study strongly suggest that cells have a significant
effect on NTP-generated RONS concentrations in their surrounding media [11].

NTP RONS are typically deposited on or in close proximity to cancer cells (in vitro)
or tumors in animals (in vivo) through the direct application of NTP, which is generated
at atmospheric pressure and room temperature by a variety of NTP sources, including
a floating electrode dielectric barrier discharge (FE-DBD). In the case of FE-DBD, NTP
is generated between an insulated high-voltage electrode and the biological target that
is placed on a ground electrode, or on an insulator such as a well plate or a Petri dish
with a low-voltage electrode that remains floating or is grounded or biased [12]. Hence,
the biological substrate becomes a part of the overall circuit; its impedance can affect the
operation of the entire circuit and NTP properties in a feedback loop.

When the target is a physical substrate, bulk properties such as the conductivity
and the dielectric constant are shown to change NTP [13]. Cells are enclosed by a lipid
membrane and are filled with electrically charged ions that confer them with biophysical
properties like membrane capacitance and cytoplasm conductivity [14]. They maintain an
electrical potential difference across the membrane by actively pumping these charged ions.
Moreover, the transition of healthy cells to malignant cells changes their electromagnetic
signature [14]. The dielectric properties of cells have been a subject of active research for
over 80 years since Fricke adopted Maxwell’s theory of suspended dielectric spheres to cell
suspensions [15]. Dielectric properties, such as dielectric permittivity and its dispersion
relation, vary by cell and are used for cell identification and measuring cellular responses
(proliferation, migration, and viability) [16-19]. Additionally, dielectric spectroscopy has
been used to differentiate between cancerous and healthy cells [17,18,20]. Therefore, the
electromagnetic signature, cellular morphology, and the physical and chemical conditions
influence the dielectric properties of cell suspensions.

Biological cells are dynamic targets that are electrically active and influence the proper-
ties of NTP. The exposure of cells to NTP induces oxidative stress responses as a mechanism
to maintain redox homeostasis and adapt to their environment. The concept of adaptive
plasmas has been proposed by Keidar et al. that transition from a spatially homogeneous
state to self-organizing modifiable patterns when they interact with different targets [21-23].
Their measurements indicate that cell capacitance influences the properties of the NTP ap-
plied by the plasma jet and demonstrate the impendence-based feedback effect [24]. These
reports strongly suggest that the interactions at the interface of two dynamic systems—NTP
and cells—are likely to induce feedback and feedforward loops which, in turn, will change
the NTP properties and the cell response. In addition to the substrate alone, the entire
system, including the support, the table, and in case of in vivo targets, the animal or a
human, can affect the electrical circuit parameters and the resulting NTP [25].
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In this study, we correlate changes in the discharge properties, such as the power
delivered to the substrate with the dielectric properties of Vero cell suspensions before,
during, and after NTP treatment using the FE-DBD. Based on our observations, we propose
a simple global view of the reciprocal interaction of NTP with cell suspensions and a
possible method of in situ identification of cell viability during treatment.

2. Materials and Methods
2.1. Vero Cell Maintenance and Preparation

Vero cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (DMEM10),
passaged 2-3 times a week and incubated at 37 °C and 5% carbon dioxide in a humid envi-
ronment. For experiments, Vero cells were aliquoted into Eppendorf tubes at 5 x 10° cells
in 1 mL volume with DMEM10.

Killed Vero cells were prepared as follows. For heat-killed (denoted as heat) Vero cells,
Eppendorf tubes containing cells were immersed in a 75 °C water bath for 1 h. For fixed
Vero cells, cells were centrifuged to remove the medium and incubated in 500 pL of 4%
paraformaldehyde (PFA) in PBS at room temperature for 1 h. After incubation, cells were
pelleted and resuspended in DMEM10. To prepare lysed cells, Vero cells suspended in
DMEM10 were subjected to 3 cycles of freeze—thaw that consisted of storage at —80 °C
overnight, followed by thawing in a 37 °C water bath. Immediately prior to the experiment,
cells were rapidly thawed in a 37 °C water bath.

2.2. NTP Device and Exposure of Cells

A FE-DBD electrode connected to an electric power supply was used as the source
for NTP (Figure 1). NTP exposures were performed for 20 s with the electrode positioned
2 mm above the target. The treatment was carried out without any imposed gas flow, in
ambient air at ~23 °C and ~60% relative humidity (water content of ~13 g/m?). The voltage
was set to 8.5 kV and the frequency was set to 250 Hz for all NTP exposures because the
viability of the cells does not change significantly as assessed immediately after treatment.
In unpublished observations, viability was assessed at the aforementioned NTP conditions
via propidium iodide staining. The voltage pulse delivered by the power source was
decaying sinusoidal, with the first positive half-cycle reaching a maximum of 4 kV with a
pulse-width at half-maximum of 3 ps. Detailed electrical characteristics, the focus of this
paper, are presented in the Results section. Glass coverslips, 22 x 22 x 0.15 mm, (Fisher
Scientific, Hampton, NH, USA, Cat. 12548B) were pre-exposed to NTP to ensure good
spread of the droplet and achieve a flat droplet surface to ensure even exposure of samples
to NTP. All liquid and cell samples were uniformly placed in 100 puL suspensions on a
glass coverslip.

2.3. Assesment of Evaporation and Change in Temperature

To measure evaporation due to NTP exposure, samples placed on coverslips were
weighed before and immediately after NTP exposure. The difference was used as a mea-
surement for evaporation. Control samples not exposed to NTP were weighed twice with
a 20 s interval to account for baseline evaporation. Changes in temperature were also
determined by infrared measurements before and immediately after NTP exposure using
the HHM290/N Supermeter (Newport, Irvine, CA, USA).
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Figure 1. Setup of a typical FE-DBD cell treatment system used in the lab for treatment of cells was
adapted to treat glass coverslips. A Z-positioner was used to position the FE-DBD electrode at a fixed
distance above the target on a glass coverslip placed on a metal ground plate. The electrode was
connected to an electrical power supply where the voltage, frequency, and treatment time can be
adjusted using a touchscreen display.

2.4. Electrical Characterization and Impedence Measurements

The FE-DBD used for cell treatments generated a main pulse of 8 us and a total pulse
duration of ~15 ps at a controlled repetition rate (250 Hz) and output amplitude dependent
on distance of the electrode from the substrate (Figure 2). A Tektronix D (2 GS/s, 250 MHz)
oscilloscope was used to monitor the current, voltage, and charge transfer in the circuit
during experiments: current to ground (Pearson Model 2877 Current Monitor, 1 V/A, 2 ns
rise time); voltage at the high voltage electrode (Tektronix P6015 HV probe); and charge
transferred was determined by measuring the voltage across a 10 nF capacitor connected
in series on the ground side (Figure 2). The HV probe was connected at the bottom of the
electrode in direct contact with the side edge of the dielectric (Figure 2). Measurements
of voltage, current, and charge transferred were monitored continuously and recorded
within 1 s of turning on the power and again at the end of the 20 s treatment. Lissajous
figures, the plots of charge versus voltage in the circuit, were used to estimate the energy
consumption per cycle and for monitoring the changes in the substrate capacitance, which
included the glass coverslip and the cell suspension. Independence measurements of the
dielectric properties of cell suspensions were conducted using a vector network analyzer.

2.5. Assesment of Morphological Changes of Vero Cells

Live and killed Vero cells were imaged using the brightfield high contrast lens at 20x
magnification on the Agilent Cytation 5. The Gen5 software (version 3.11) was used for cell
size analysis using the brightfield images.
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Figure 2. Visual representation of the setup used for monitoring the output of the power source
during NTP exposure of biological targets. Cy, represents a measurement capacitor, Cp, = 10 nF >>
system (load) capacitance.

2.6. Hydrogen Peroxide and Nitrite Quantification

In the initial experiment, pH, hydrogen peroxide, and nitrite were measured using
commercially available test strips (Bartovation). Because the sensitivity of the strips was
not sufficient to discriminate between different conditions (Supplementary Table S1), sub-
sequent measurements were performed using commercially available detection kits, as
described below.

The Spectroquant Hydrogen Peroxide test (Millipore Sigma; Burlington, MA, USA,
Cat. 118789) was used to quantify hydrogen peroxide concentrations according to the
manufacturer’s instructions. Samples suspended in phenol red-free DMEM were added
into 12-well plates in 100 uL aliquots and exposed to NTP. Immediately after, NTP exposure
samples were supplemented with 900 pL of phenol red-free DMEM. Absorbance was read
at 450 nm on the Agilent Cytation 5. Hydrogen peroxide concentration (uM) was calculated
from the standard curve line equation.

Nitrite concentrations were quantified using the Invitrogen Griess Reagent Kit (Invit-
rogen, Waltham, MA, USA, Cat. G7921) in accordance with the manufacturer’s instructions.
Samples were prepared and exposed to NTP as described for the hydrogen peroxide assay.
Absorbance was measured at 540 nm using the Agilent Cytation 5 and nitrite concentrations
(uM) were calculated using a standard curve line equation.

2.7. Statistical Analysis

Statistical analysis was performed in GraphPad Prism (version 9). An ordinary one-
way ANOVA was performed, comparing sample means to the mean of live Vero cells. For
liquid chemistry data, a two-way ANOVA was performed by comparing all group means
to one another.
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3. Results
3.1. Electrical Characteristics of NTP with Different Biological Targets

To examine if the biological target impacts NTP delivery, we compared circuit electrical
characteristics when NTP was applied to live Vero cells with dead Vero cells killed using
three different procedures. These procedures include heat-killed (heat), paraformaldehyde
(PFA) fixation (fixed), and freeze—thaw cycles (lysed) that affect the morphology and redox
capabilities of cells in distinct ways.

When visualized using high-contrast brightfield microscopy, live Vero cells in suspen-
sion appear round and intact (Figure 3A, Panel 1). Their cell membrane and both passive
and active cellular redox machinery are intact. When subjected to high temperatures,
many proteins are denatured, compromising cell integrity and function. This compro-
mised state of killed Vero cells results in the disruption of membrane integrity, allowing
for the leakage of intracellular contents due to the absence of active and passive redox
mechanisms. Visually, they have a granular appearance (Figure 3A, Panel 2). When Vero
cells are fixed using PFA, their enzymatic functions are compromised, leaving a granular
appearance, but their shape remains largely intact due to the aggregation of membrane
proteins. Despite some loss in membrane integrity, fixed cells morphologically resemble
live cells (Figure 3A, Panel 3) [26]. Lastly, freeze—thaw completely lyses Vero cells, compro-
mising membrane integrity and allowing the leakage of all intracellular contents. Despite
lysis, the chemical composition, including enzymes of Vero cells, remain mostly intact in
suspension (Figure 3A, Panel 4). Due to these differences in morphology, the different Vero
cell preparations have varying cell sizes and cell surface areas, changing the biological
target that interacts with NTP (Figure 3B).
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Figure 3. (A) High-contrast brightfield imaging was used to visualize live (A1), heat-killed (A2),
PFA-fixed (A3), and lysed Vero cells (A4). Average cell size (B) was calculated using image analysis
software (Genb software). Statistical analysis was performed using an ordinary one-way ANOVA,
comparing the sample means to the mean of live cells. N.D. = No data.
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A typical pulse at the settings used for treatment (8.5 kV, 250 Hz) has a first positive
peak of about 3.5-4.5 kV, followed by a lower amplitude negative oscillation. The first
full oscillation of about 8 ps is followed by several quickly dampened oscillations with
a total pulse duration of <50 us and a pulse repetition rate of 250 Hz (Figure 4A). Most
of the discharge current flows during the first full oscillation, during both positive and
the negative halves of the first pulse, and almost no subsequent discharges. The Lissajous
figure (Figure 4B) is a plot of the charge transferred in the circuit as a function of the applied
voltage. We can distinguish several regions. A straight line marked “0-1" corresponds
to the increase in the applied voltage without any current other than the displacement
current. Point 1 marks the initiation of individual discharges picked up as sharp changes in
charge. After a transition section, the line 1-2 corresponds to the discharge also evident in
Figure 4A as current spikes during the first voltage peak. Sections 2 and 3 corresponds to
no discharge in the air gap, until it begins again as the applied voltage becomes negative.
The Lissajous figures were used to calculate the equivalent capacitance of the circuit for

differently treated biotargets, since Ijjsc;, = % = Ceq ‘fi—‘{, where the equivalent capacitance

of the circuit when the air gap is closed by the discharge, C.; = CC

coverslip 'Ccellsuspension The
coverslip +Ccellsusprzn.«;ion ’

equivalent capacitance, Ceg, is calculated as the slope of the Lissajous section during the
discharge. For a dry coverslip, this results in Ce4, ~ 70 £ 5 pF. The capacitance of the
coverslip can be estimated as Cgjy55 = #, where ¢, is the relative dielectric permittivity
of glass (~4), gg is the dielectric permittivity of vacuum, A is the area covered by the
electrode, and d is the thickness of the coverslip, here, 0.13-0.17 mm. This provides an
estimate of ~ 80 pF or less depending on the area covered by the discharge, which is in
reasonable agreement with the measured value.

To investigate how the changes in cell morphology and chemistry affect the properties
of NTP, we measured the circuit capacitance during NTP treatment of live and dead Vero
cell samples (Figure 4C). Compared to live Vero cells, the circuit capacitance increased
when a suspension of dead cells became part of the circuit (Figure 4D). The cell cultures
with heat-treated and lysed Vero cells result in a significantly higher substrate capacitance
(p <0.005, ANOVA) compared to the medium alone and the live cell culture. The cell
treatment conditions selected for these experiments (250 Hz repetition rate, 20 s exposure)
did not affect cell viability. This was verified in a separate set of experiments where the
electrical characteristics were collected at the start, during the first 1-2 s, and at the end,
19-20 s of treatment. To test if cells killed by NTP exposure induce dielectric changes similar
to the other cell death modalities used in this study, the cells were exposed to NTP at 8.5 kV
and 2000 Hz for 20 s. The treatment was stopped and the power source returned to 250 Hz
prior to collecting the measurements post-treatment. The results show a significant change
in the substrate capacitance pre- and post-NTP exposure of live cell cultures (p < 0.005)
(Figure 4D). These results indicate that the nature of the substrate impacts the overall
electrical circuit used to generate NTP. Specifically, when cellular integrity is compromised,
higher circuit capacitance was measured. This was further validated when we compared
a suspension with 100% killed cells to a suspension containing approximately 36% killed
cells (Figure 5). Our results indicate that the number of dead cells present in a biological
target affects the operation of the circuit.

Since the cell suspensions affect the global circuit parameters of the NTP-generating
power supply circuit, we next investigated if the energy delivered by the power source
per cycle also changes in response to the properties of the biological target. We observed
significant changes (p < 0.005) between the energy delivered to live and heat-killed cells
(Figure 4E). This energy is calculated as, E = § gdV, which, integrated over one cycle, is
the area enclosed by the Lissajous figure. This suggests that the electrical properties of
cell suspensions, such as the dielectric constant, may be at least partially responsible for
these changes.
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Figure 4. At a setting of 8.5 kV, 250 Hz pulse repetition rate, the applied pulse (A) has an average
voltage of 6-9 kV p-p during the first full oscillation about 8 us long. A plot of the charge on the
measurement capacitor as a function of the applied voltage forms a Lissajous figure (B) used to
compute the power per pulse supplied to the discharge as well as the overall equivalent circuit
capacitance during the discharge. The different cell preparations were exposed to NTP and substrate
capacitances were measured. Statistical analysis was performed using an ordinary one-way ANOVA,
comparing the sample means to the mean of live cells (C,D). Energy per cycle delivered by the power
source during the discharge for different biological targets (E). * p < 0.05; ** p < 0.005.
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Figure 5. The change in circuit capacitance was compared between two suspensions containing 100%
killed Vero cells and 30% killed Vero cells immediately after NTP exposure.

3.2. Changes in Weight and Temperature Due to NTP Exposure

We speculated that the observed changes in impedance could be due to physical
changes in the cell suspension. We first investigated if NTP exposure resulted in evaporation
of liquid as reflected by changes in temperature and weight of different samples. Although
no significant change in weight (0.5-1.3%) or temperature was observed, there is a trend
of increased evaporation due to NTP exposure for all cases (PBS, DMEM10, and cells in
DMEM10) (Table 1).

Table 1. There was no appreciable evaporation or temperature change due to NTP exposure. Weights
(tared to exclude the weight of the glass slide) ranged from 378 mg to 390 mg. Measured temperatures
ranged from 21.7 °C to 23 °C.

Change in Weight Change in
NTP Exposure (mg) Temperature (°C)
N —2+0 0+0
PBS
Y 540 0+0.58
N —-24+0 0+0
DMEM10
Y -3+0 0£0
N —2+0 0+0
Cells in DMEM10
Y —-5+0 0+£1.0

3.3. The Effect of the Cells on the Concentration of NTP RONS

The different cell populations (live, heat-killed, PFA-fixed, and lysed) affect not only
the cell morphology, but also their ability to respond to RONS in the media. These responses
include the consumption and breakdown of NTP RONS and generation of cellular RONS.
To investigate if the changes in NTP properties between live and dead Vero cells were due
to RONS in the media, we measured the RONS concentrations in media with Vero cells
present following NTP exposure.
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A.

H,0, Concentration (uM)

Hydrogen peroxide was measured in media, in the presence and absence of live Vero
cells, immediately after NTP exposure. In the presence of live Vero cells, the concentration
of hydrogen peroxide in media was ~48% higher, but this change was not statistically sig-
nificant (Figure 6A). Over the course of 24 h following NTP exposure, hydrogen peroxide
significantly increased in the media of live Vero cells, compared to media alone (Supplemen-
tary Figure S1). When heat-killed Vero cells were exposed to NTP, the hydrogen peroxide
in media was ~37% higher than the media of live Vero cells. These cells have compromised
cellular integrity and enzyme functions. The hydrogen peroxide concentration in media
containing fixed cells was comparable to live Vero cells. These cells retain some membrane
integrity with little change in cell shape and size. Lastly, preserved enzymatic function
in lysed cells may contribute to increased neutralization of NTP-generated hydrogen per-
oxide in media, resulting in lower concentrations compared to live cells (Figure 6B). No

appreciable pH changes were observed among different cell preparations (Supplementary
Table S1).

0 hour Post-NTP Exposure B. .
Hydrogen Peroxide
*%kk
100 | | 100
ns Bl Media
80 | [ Cels =
55.9 c
60 S
37.3
5
40 s
o
8
20 3
18
0 -
No NTP NTP Live Heat Fixed Lysed

Figure 6. Media, in the presence and absence of live Vero cells was exposed to NTP at 250 Hz
frequency. Immediately after NTP exposure, the hydrogen peroxide concentration in media of live
Vero cells was compared to media alone (A) and dead Vero cells (B). ** p = 0.0066, *** p = 0.0009,
ns = not significant.

Nitrite, another long-lived RONS generated by NTP, was measured in media in the
presence and absence of live Vero cells. Low concentrations of nitrite were detected in
media alone immediately after NTP exposure. In the presence of live Vero cells, nitrite
concentration decreased by ~70%. This decrease in nitrite concentration could be due
to nitrite reacting with other NTP- or cell-generated RONS. Additionally, antioxidant
expression in cells induced by NTP exposure could be rapidly neutralizing nitrite [27]
(Figure 7A). The nitrite concentartions remain consistent in the presence and absence of live
Vero cells, 24 h following NTP exposure (Supplementary Figure 52). When dead Vero cells
are exposed to NTP, nitrite concentration in media was significantly higher from ~2 pM in
the media of live Vero cells to >7 uM in media of dead Vero cells. This increase could be
due to compromised enzymatic functions failing to neutralize nitrite or altered membrane
integrities, preventing the consumption of nitrite by cells (Figure 7B).
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Figure 7. Media, in the presence and absence of live Vero cells was exposed to NTP at 250 Hz
frequency. Immediately after NTP exposure, the nitrite concentration in media of live Vero cells was
compared to media alone (A) and dead Vero cells (B); ns = not significant, * p = 0.0192, **** p < 0.0001.

4. Discussion

A variety of NTP sources are used for biological and medical applications, including
plasma jets, where gas flows through an active discharge region and transports a variety of
plasma effluent to the biological substrate. In a plasma jet, an operating gas or a mixture
of gases flows through the discharge region, delivering electric, electromagnetic fields,
charged particles, and RONS to the target. In the case of NTP sources based on surface
dielectric barrier, discharges are generated in stationary gas usually ambient air and NTP
RONS are transported by energetic flows generated by the surface discharges. In many
NTP arrangements, including plasma jets and FE-DBD, the biological substrate is part of
the circuit and its electrical properties can affect the operation of the entire circuit and NTP
characteristics in a feedback loop.

In an in vitro NTP treatment system that uses an FE-DBD, treated cell layer(s) or
cell suspensions are usually deposited on a dielectric substrate such as a well plate or a
microscope slide. When the floating electrode DBD is used for in vivo applications, the
biomaterial comprising the tissue underneath the cells has a frequency-dependent conduc-
tivity and dielectric constant. In both cases, the displacement and conductive currents from
the floating electrode cause charging at the surface of the cell layer and the substrate. This
bio-layer is a part of the electrical circuit of the NTP system where the gas discharge/gas
gap plus the bio (cell)-layer and substrate combination constitute a resistive—capacitive load
for the power source. Therefore, the dielectric properties of the cell suspension or the cell
layers can influence the electrical performance of the entire power delivery circuit and the
resulting discharge properties. Consequently, the electrical characterization of the FE-DBD
NTP treatment system is essential for performance monitoring, dose interpretation, and for
evaluation of treatment outcomes.

Electrical characterization of DBD systems usually includes voltage measured between
the floating electrode and the ground, the current to ground, and the charge transferred.
These measurements are conducted via a measurement capacitor in series with the ground
electrode. Information about the discharge, the dielectric, and conductive layers involved
in the system can be obtained from the Lissajous figures, a plot of the measured charge
versus the measured voltage. The classical shape of this figure for a volume DBD (as
in a floating electrode DBD used in this study), is a parallelogram. It can also present
other shapes depending on the signal from the power source, the development of the
discharge, and the dielectric properties of the materials as described in a review by Pipa and
Brandenburg [28,29]. The interpretation of the figures depends on the adopted equivalent
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circuit model. The simplified model adopted here considers the cell suspensions as having

a capacitance that is independent of the applied voltage and does not consider changes in

the conductivity of the suspensions. An increase in the dielectric constant of cell suspension
C

. . . L . tass™Ceell sus
would lead to an increase in the equivalent circuit capacitance (Cp; = ~=~—"°%) for
qlass+ cell susp

&

moderate increases in the dielectric constant of the suspensions. Note that a simplified
view of capacitance of a layer of a material is C = <7 here ¢ and e, are the dielectric
permeability of free space and the relative dielectric constant, respectively. Our imaging
results show changes in cell shapes, sizes, and morphology, which have been shown to
affect the dielectric properties of cells. The dielectric properties of cell suspensions also
change [15,16], although the effect of changing properties of cells on the dielectric constant
of cell suspensions is not easy to predict theoretically due to the simultaneous changes in
structure and composition. These results illuminate the complexity of electrical responses
in biological systems and the lack of fundamental theoretical understanding of the effects
of cells on suspensions that contain cells and other biological substrates.

While a simple circuit may be acceptable to explain the observed changes in power
delivered for a glass coverslip, it is not sufficient when biological targets are added. In this
case, the ng for two capacitors in series should be lower than glass alone as observed in our
experiments. This can be explained by the changes in the conductivity of the suspensions
and (related) changes in the area of the discharge [30]. An increase in conductivity indicates
that the suspension layer passes the conduction current as a leaky capacitor, complicating
our simple circuit model. In addition, increasing the conductivity of the substrate can affect
the distribution of the discharge along the surface. An increase in the number of discharges,
or the discharge covering a greater area, means that a greater region of the glass coverslip
becomes a part of the overall circuit. Temperature is another potential factor, and again
before and after measurements did not show any changes, but in situ measurements were
not possible in the present experiment. Additionally, the conductivity of the suspension
was measured for all different cell compositions in bulk, with no changes within the error
of the instrument, but the measurements were conducted on ~ 10 mL amounts. Thin liquid
layers can change conductivity quickly during NTP exposure. In future studies, in situ
measurements will be performed.

In this study, we showed that cell structure, shape, and the state of biological activity
impacts the properties of NTP. The electrical signatures of cells are influenced by their bulk
properties and cellular mechanisms that function to maintain redox homeostasis. In live
Vero cells, redox is maintained by active and passive mechanisms. Active mechanisms
involve the use of proteins to shuttle ions across membranes and antioxidants to neutralize
RONS. Passive mechanisms rely on free diffusion of ions through the intact cell membrane.
However, some of these mechanisms can become compromised in non-viable cells. A
fundamental obstacle to a straightforward interpretation of results is the multitude of
metabolic biochemical, structural, and morphological changes that affect cell viability.
For example, a decrease in the capacitance of a cell suspension may be attributed to a
decrease in the membrane capacitance due to the decrease in the dielectric permittivity of
the membrane. However, the decrease in the accumulated charge may be also due to the
increase in the membrane permeability to ions [31].

It is also important to note again that the overall circuit impedance of the load seen by
the power source includes not only the cell suspensions and the NTP system, but all the
physical components of the system, as discussed by Stancampiano et al. [25]. The glass slide,
grounding, electrode positioning, the droplet size, and spread were carefully controlled
in these experiments as we attempted to focus on the influence of cells. These conditions
cannot be controlled in all in vivo situations; therefore, the success of NTP applications will
depend on successful integration of various novel approaches.

Overall, we show that during NTP treatment, when the target is a biological substrate,
cell conditions influence the FE-DBD circuit parameters and the energy per pulse deposited
by the power source globally (Figure 8). The effect on the dielectric permittivity of cell
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suspensions warrants further theoretical and experimental investigations since the dielectric
properties of the substrate will change the discharge interaction with the surface.

— c:dielectric

Feedback

h from cell

# ‘/ culture
C ] Rair gap to power

air gap source

i

Cglass + cells + medium

Figure 8. Graphical representation of the proposed feedback loop between the biological target and
the NTP power supply.

5. Conclusions

The results of our investigation indicate that device optimization and standardization
are incomplete without device characterization in the presence of the specific biological
target. In addition, simultaneous process monitoring, such as ongoing electrical measure-
ments of the power source output, and dielectric spectroscopy of the biological substrates
are essential. Together, these will contribute to improved consistency of NTP application in
clinical settings. More focused studies are needed to resolve the complexities presented in
this investigation.
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