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Abstract

In the past decade, the applications of dielectric barrier discharge (DBD) plasma
technologies have been expanding, and one of the most exciting and rapidly growing
applications is in biology and medicine. Most biomedical studies with DBD plasma systems
are performed in vitro, which include cells grown on the surface of plastic well plates, or
in vivo, which include animal research models (e.g. mice, pigs). Since many DBD systems
use the biological target as the secondary electrode for direct plasma generation and
treatment, they are sensitive to the surface properties of the target, and thus can be altered
based on the in vitro or in vivo system used. This could consequently affect biological
response from plasma treatment. Therefore, in this study, we investigated the DBD plasma
behavior both in vitro (i.e. 96-well flat bottom plates, 96-well U-bottom plates, and 24-well
flat bottom plates), and in vivo (i.e. mouse skin). Intensified charge coupled device (ICCD)
imaging was performed and the plasma discharges were visually distinguishable between
the different systems. The geometry of the wells did not affect DBD plasma generation
for low application distances (<2 mm), but differentially affected plasma uniformity on
the bottom of the well at greater distances. Since DBD plasma treatment in vitro is rarely
performed in dry wells for plasma medicine experiments, the effect of well wetness was
also investigated. In all in vitro cases, the uniformity of the DBD plasma was affected when
comparing wet versus dry wells, with the plasma in the wide-bottom wells appearing the
most similar to plasma generated on mouse skin. Interestingly, based on quantification of
ICCD images, the DBD plasma intensity per surface area demonstrated an exponential
one-phase decay with increasing application distance, regardless of the in vitro or in vivo
system. This trend is similar to that of the energy per pulse of plasma, which is used to
determine the total plasma treatment energy for biological systems. Optical emission
spectroscopy performed on the plasma revealed similar trends in radical species generation
between the plastic well plates and mouse skin. Therefore, taken together, DBD plasma
intensity per surface area may be a valuable parameter to be used as a simple method for
in situ monitoring during biological treatment and active plasma treatment control, which
can be applied for in vitro and in vivo systems.
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Introduction

Dielectric barrier discharge (DBD) systems are generated by applying voltage to one or
two electrodes in order to ionize the gas in between them, where at least one electrode is
covered by a dielectric material [1]. DBDs became a transformative technology in 1857,
when Werner von Siemens reported on the design of a DBD for ozone generation. Since
then, industrial applications of DBDs have expanded to include surface modifications [2],
excimer-based lighting [3], and even pollution control [4]. The significance and influence of
DBD technologies leading to the early 2000s was summarized by the late Professor Ulrich
Kogelschatz, one of the most prominent scientists in the field [5]. His review, published in
2003, has over 2300 citations in Web of Science and continues to be referenced each year
[5]. Since then, the applications of DBDs have continued to expand, and one of the most
exciting and rapidly growing applications is in biology and medicine [6].

DBD plasma devices are able to generate electrically and thermally safe plasmas, and
they have been used for a variety of medical and biomedical applications in a field now
coined as ‘plasma medicine’. Many biomedical DBD devices use the biological target as
the second electrode and generate plasma directly onto the cells or tissue to be treated. They
are characterized by generating non-thermal plasma near room temperature (<40 °C) and
at atmospheric pressure and thus, do not rely on thermal properties to induce therapeutic
effects [7]. Instead, several studies have demonstrated that the reactive oxygen and nitrogen
species (RONS) generated by DBD plasma are most responsible for eliciting biological
responses [8—11]. Biological applications of DBD plasma currently under investigation
include: blood coagulation [12—14], wound healing [14—16], neuroregeneration [17-19],
inactivation of microorganisms [20-22], and cancer treatment [23-25]. The wide range
of biomedical applications associated with DBD plasma treatment has been linked
to the ‘intensity’ of the treatment and the RONS responsible for eliciting an effect [6].
For example, several studies have demonstrated that short-lived RONS, particularly the
hydroxyl radical (-OH), atomic oxygen and ozone (-O/O;), and nitric oxide (-NO) are most
responsible for inducing immunogenic cell death in melanoma cancer cells [8, 9], while
-NO and other NO derivatives have also been proposed to enhance blood circulation and
potential wound healing [16]. Furthermore, low ‘intensities’ of DBD plasma treatment have
been shown to promote cell proliferation, while higher ‘intensities’ become detrimental
and induce cell death. As such, defining ‘plasma treatment dose’ for different biological
applications has become critical for successful translation of DBD plasma devices (among
other non-thermal plasma devices) from the research lab into the clinic [26]. Our lab has
begun to delineate the contribution of different DBD plasma treatment parameters (e.g.
pulse frequency, treatment time, application distance) on downstream cancer cell death and
we reported that the plasma treatment energy delivered to cancer cells encompasses the
effects of several application parameters, in vitro [27].

Still, another gap in understanding is on the differences between how DBD plasma
interacts with biological samples in vitro versus in vivo. Since DBD systems use the
biological target as the secondary electrode for direct plasma generation and treatment,
they are sensitive to the surface properties of the target [28, 29]. In most in vitro settings,
this surface includes cells grown on plastic culture well plates, while in vivo, this surface
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constitutes the skin or tissue of patients or animal research models (e.g. mice). Already
several studies have characterized DBD plasma using different experimental methods
(e.g. fast imaging, power measurements) [28-30] and many groups have also worked to
computationally model the interaction of DBD plasma on different biological surfaces
and molecules [31, 32]. Most interestingly, Stancampiano, et al. has previously proposed
implementing a basic electrical circuit to compensate for the electrical differences between
in vitro models, in vivo mouse models, and even in humans [33]. While these studies were
performed with a plasma jet and not a DBD plasma system, the authors highlighted the
importance of taking into account the electrical characteristics of the treatment target, and
attempted to ease the translation of in vitro plasma experiments to the clinic by accounting
for these electrical differences. Still, the compensation circuit alone was not sufficient to
reconcile the in vitro treatment setting into a that of a human body.

In this study, we focused on investigating the DBD plasma behavior both in vitro,
interacting with cell culture plates of several different geometries, and in vivo, interacting
with mouse skin. Using fast imaging with an intensified charge coupled device (ICCD)
camera, we observed plasma generation on the different surfaces and over a range of
application distances. The energy per pulse of DBD plasma was also calculated from
the measured voltage and current waveforms. Optical emission spectroscopy (OES) was
performed to measure the reduced electric field, gas and vibrational temperatures, and
to obtain insights into radical species generation in the DBD plasma. The DBD plasma
discharge interacting with the well plates appeared visibly different based on the surface
geometry, with discharges on larger diameter well plates appearing more similar to
that of plasma interacting with in vivo mouse skin. From the images, we calculated the
plasma interaction area on the surface of the target and the plasma intensity per surface
area. The latter demonstrates an exponential one-phase decay with increasing application
(gap) distance, and this trend closely follows the behavior of DBD plasma energy per
pulse. These data highlight the potential use of DBD plasma intensity per surface area
for in situ monitoring during biological treatment. Based on the OES data, only the
vibrational temperature of N, excited states in the DBD plasma was significantly different
between discharges on cell culture plates and mouse skin, which can be prescribed to the
presence of different quencher sets, particularly to O; accumulation in the culture plates.
Furthermore, generation of -OH, atomic -O, and -NO was measured in all cases and these
species demonstrated a similar trend regardless of the discharge surface. Taken together,
we have compared the DBD plasma behavior interacting with various surfaces that are
relevant for plasma medicine studies, which could affect downstream biological responses.
This should be considered to better bridge the gaps between in vitro, in vivo, and future
clinical studies. Furthermore, monitoring DBD plasma intensity per surface area may be a
simple and valuable method to determine ‘plasma treatment dose’ in situ during biological
treatment both in the lab and potentially in the clinic, though further studies and validation
are still required.

Experimental Methods
Dielectric Barrier Discharge Plasma System and Treatment

A microsecond-pulsed DBD system was used to generate non-thermal plasma (Fig. 1).
This DBD plasma system was used in our previous investigation into plasma for cancer
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Fig. 1 The microsecond-pulsed DBD plasma system used in this study. This system was also used in our
previous plasma medicine work [27, 34, 35]. A contact plate (yellow insert) was used to fit within the well
plate frame to ensure that the bottom of the well was in direct contact with the grounded plate (Color figure
online)

treatment applications [7, 23, 27, 34, 35]. A high-voltage power supply (Megaimpulse Ltd.,
Russia) generated an output voltage of 30 kV with a pulse width of 2 ps and a rise time
fixed within 1-1.5 ps. The pulse frequency was adjusted and used in the range from 100 to
1000 Hz. The DBD applicator was also used in our previous work (DBD electrode). The
DBD electrode was comprised of a copper core (3 mm tip diameter) covered with a clear
fused quartz tube having a 5 mm outer diameter and 25.4 mm length with one full radius,
closed-rounded end. The tip of the DBD electrode (5 mm diameter) was positioned above
the treatment target with a z-positioner and plasma was generated over a range of applica-
tion distances (1-10 mm). A function generator (TG25T2A, TTI, Inc.) was used to exter-
nally trigger the high voltage power supply, and plasma was generated on the surface of
different cell culture plates (Table 1), as well as on the surface of mouse skin. For all well
plates, an outer frame is normally present which prevents the individual wells from touch-
ing the surface it is placed on. During DBD plasma treatment, this could cause plasma to
be generated not only inside the well, but also between the well and the ground. Therefore,

Table 1 Cell culture plates used, along with abbreviations and well diameters and thicknesses

Well plate Abbreviation Well diameter Well thickness
96-well flat bottom (Greiner Bio- Flat-bottom 6.58 mm 1.00 mm

One, 655,180)
96-well U-bottom (Corning, 7007)  U-bottom 6.35 mm 1.14 mm
24-well flat bottom (Greiner Bio- Wide-bottom 15.70 mm 1.20 mm

One, 662,160) (for ICCD imaging)
6-well flat bottom (Greiner Bio- Wide-bottom 35.58 mm 1.20 mm

One, 657,160) (for power and OES

measurements)
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Fig.2 Schematic showing the investigated systems and regions of interest (ROI) used for calculating the
plasma-treated surface areas, plasma volumes, and plasma intensities. Reference images were used to out-
line the edges of the DBD electrode and walls of the well plates (white dashed line). The bottom of the
well and starting position of the mouse is also marked (y,; red dotted line), though for mouse calculations,
a complex shape is used as opposed to a straight line. Abbreviations: Flat-bottom (96-well flat bottom
plate), U-bottom (96-well U-bottom plate), wide-bottom (24-well flat bottom plate) (Color figure online)

a conductive plate was cut to fit within the well plate frame and used to ensure that the bot-
tom of the well was in direct contact with the grounded plate (contact plate, Fig. 1 insert).
This insert has also been used in all our previous in vitro plasma medicine experiments
with the DBD plasma system, and the effect of this gap between the bottom of the well and
the grounded plate should always be carefully considered when performing experiments
with biological material.

For mouse experiments, female, C57BL/6 J, 8-week-old mice were purchased from
Charles River and housed in a pathogen-free room at the Animal Center of the University
of Antwerp until sacrifice, as approved by the University of Antwerp Animal Research
Ethical Committee (ECD-dossier 2017-53). The mouse was placed on a grounded, con-
ductive plate for DBD plasma discharge, as described and depicted in Fig. 2 of our previ-
ous work [7]. The DBD electrode was then lowered onto the mouse skin with the Z-posi-
tioner, which was used to define the gap distances during treatment.

ICCD Camera Imaging

An ICCD camera is a powerful tool for plasma visualization, especially for high frequency,
short pulse plasmas with low emissivity signal, such as atmospheric pressure DBDs. This
visualization technique allows for the monitoring of basic plasma parameters, which are
crucial for understanding induced biomedical effects. Specifically, the obtained images can
be used for phenomenological characterization of a plasma, providing basic, but important
plasma parameters such as:

— the plasma volume, which is proportional to the number of the generated chemically
reactive products: at fixed ambient conditions (pressure, gas composition), a larger
plasma volume — more atoms/molecules are excited — more chemically active species
formed;

— plasma-surface interaction area, which represents a thin layer (typically a few hundred
micrometers at atmospheric pressure conditions) where short-lived species exist and
react with the substrate under investigation.
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Finally, considering the main excitation and de-excitation pathways of the species under
investigation (collisional-radiative modeling), the total emission signal can be attributed to
the plasma ground state density of the RONS.

In this work, plasma imaging was used to illustrate the difference between the plasmas
generated above plastic well plates, commonly used for treating in vitro biological cultures,
and plasma generated above skin tissue; thus highlighting possible deviations in the
observed results moving from in vitro to in vivo tests. The measurements were performed
using a Hamamatsu ICCD camera with camera gate width of 10 us and integrated over 25
camera shots. Considering the geometry of the systems under investigation, the analysis
was performed using the regions of interest starting from the edge of the DBD electrode, as
shown in Fig. 2.

The total plasma intensity discussed in this work was calculated as:

Z, X,/
h=—"Ga"

where I is the total emission signal in the region of interest (ROI, Fig. 2), G is the efficiency
of the optical system, which includes the signal detection efficiency of the camera and
the lens, signal amplification, the camera integration time, and transparency of the WPs.
The latter was measured using a UV-VIS spectrophotometer (UV mini-1240, Shimadzu,
Japan) and was considered for calibrating the images as well as the rest of the mentioned
factors. At the same time, €2, the detection system’s solid angle, can be neglected if the
camera position is kept constant with respect to the plasma, as had been done during the
measurements.

The plasma-treated surface area was estimated based on the assumption that the plasmas
had axial symmetry and was calculated according to the equation below:

2
Plasma—treated surface area = ﬂ(%)

where D is the diameter of the plasma-treated surface area in mm, as illustrated in Fig. 2.
The plasma volume was determined as the sum of the volumes in every vertical line of
pixels in the image from y, to y in the region of interest and was calculated as follows:

y0 0

Here, R is the plasma radius in the vertical line n, and 4 is the height of one vertical line,
both in mm.

Optical Emission Spectroscopy

At atmospheric pressure, high-frequency collisions between species lead to a fast
rotational/translational equilibrium in the system [36, 37]. Therefore, the gas (translational)
temperature is assumed to be equal to the rotational temperature. Thus, the gas (Ty,)
and vibrational (T;,) temperatures of the DBD were obtained assuming a Boltzmann
distribution of the N, second positive system (SPS) simulating it in MassiveOES software
[38, 39]. T,,, was obtained using the N, transition v’-v”=0-0, of which the head is around
337 nm, while four vibrational peaks 0-2, 1-3, 2—4, and 3-5, heading between 380.4 and
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375 nm, were used to estimate the vibrational temperature of the N, electronically excited
state. It must be mentioned that T, determination requires detecting a well resolved
rotational structure. Therefore, a high resolution (0.05 nm) spectrometer Avantes-3648 was
used to record the N,(C-B, Av=0) transition.

The reduced electric field (E/N, i.e., the ratio of the applied electric field E and the
neutral gas density N) is the main plasma parameter determining the electron energy
and the dynamics of electron impact reactions. It defines the electron generation
mechanisms, and consequently, the electron-initiated chemical kinetics. In DBD
plasmas where electron impact electronic excitation is dominant, taking the ratio of
two plasma-induced optical emission signals from two different radiative states with a
significant difference in excitation energies is a well-established approach to estimate
E/N. In this work, we used the spectral band intensities originating from the first
negative and second positive spectral systems of N,* and N,, respectively. In this case,
the intensity ratio of the two emission lines can be recalculated to the E/N value via a
set of equations described elsewhere [40, 41].

Finally, optical emission spectra provide the intensities related to the density of
excited species. However, the measured intensities can be correlated to ground state
densities assuming that excitation mainly occurs through electron impact from the
ground state (the so-called corona approximation). The estimation was performed
considering that there was no collisional excitation, the excitation probability was
determined employing a Maxwell electron energy distribution, de-excitation processes
did not go through V-V and V-T energy transfer and charge exchange. In this work, we
applied this approach to compare the behavior of the radicals, namely -OH, -O atoms,
and -NO in the investigated systems. A detailed description of the method can be found
elsewhere [42], and the constants used for the calculation are presented in Appendix I.
In this work, both E/N and the relative density of the species were estimated by using
optical emission spectra in the wide spectral range from 250 to 900 nm, collected using
an Ocean Optics S2000 spectrometer with a resolution of 1.7 nm (FWHM), calibrated
with a tungsten halogen lamp.

Power Measurments

The voltage and current were measured in a 6-well plate with bottom thickness
of 1.20 mm or on the surface of the mouse skin, as described in our previous
work (Fig. 3A) [27]. The voltage was measured with a 1000 X high-voltage probe
(P6015A, Tektronix), while the current was measured with a current monitor (4100,
Pearson Electronics, Inc.), and both waveforms were recorded on an oscilloscope
(DSOX1102G, Keysight) (Fig. 3B). A 50-ns sampling rate was used and 64 pulses
were averaged. The energy of a single plasma discharge (&gischaree) Was calculated from
the instantaneous voltage (V,(¢)) and instantaneous current (1, (7)):

n
8discharge = Zk:l |Vk(t) X Ik(t)l X At

Here, n is the number of recorded samples and the sampling time (A¢) was 50 ns.
The energy per pulse from the displacement current was also measured by operating
the high voltage power supply when the DBD electrode was 30 mm above the treatment
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Fig.3 Experimental setup for power measurements. (A) Schematic of the experimental setup, where the
voltage and current of the DBD plasma discharge were measured using a voltage probe and current moni-
tor, respectively, and recorded on an oscilloscope. (B) Sample voltage and current waveform

surface. This value (&gispiacemen) Was subtracted from the &gispqre in order to calculate
the plasma treatment energy per pulse (g

pulse)

Epulse = edischarge - ‘Edisplacement

This was measured for DBD plasma treatment on the different cell culture wells and
on the mouse surface, over a range of application distances (1-17 mm).
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Results and Discussion
Geometry of Cell Culture Well Plates Affects DBD Plasma Discharge

Most in vitro biological experiments with DBD plasma devices are performed in cell
culture plates, which may have different geometries, depending on the biological model.
For example, cells are grown on well plates with different well diameters, depending on
the size of the DBD electrode [29, 43-45]. In most situations, these decisions are made
based on a balance between the ability to lower the DBD electrode into the bottom of
the well and to generate plasma over a majority of the cell surface for uniform treatment.
Moreover, as 3D in vitro cell models are becoming more adopted for research [46, 47], the
use of U-bottom plates for plasma treatment will become more prominent compared to the
traditional flat-bottomed well plates [24, 48-50]. The geometry of the cell culture plates
can affect cell morphology, organization, growth, density, and subsequently biological
results from DBD plasma treatment, but here we investigated how different well plate
geometries can also affect the DBD plasma discharge itself.

Using our microsecond-pulsed DBD plasma system operated at 30 kV and 700 Hz pulse
frequency with a DBD electrode comprised of a copper core (3 mm tip diameter) cov-
ered with a clear fused quartz tube (5 mm outer diameter, 25.4 mm long with long with
one rounded, closed end). Plasma was generated in cell culture well plates with different
geometries: 96-well flat bottom plate, 96-well U-bottom plate, and 24-well flat bottom
plate (Table 1). An ICCD camera was used to image the plasma generated over a range of
distances from 1 to 7 mm (Fig. 4). Reference images were taken for each system (top) to
identify the position of the DBD electrode in relation to the well plate (white dotted line)
and overlaid on top of the ICCD image (bottom). At 1 and 2 mm application distances,
plasma nearly covered the entire bottom surface of the well plate, regardless of geometry.
As the application distance increased, the plasma channel visibly narrowed, and the contact
surface of the plasma on the plastic was also minimized. For the 96-well flat bottom plate,
plasma was still distributed across the bottom of the plate up to 5 mm application distance
(Fig. 4A), while both the U-bottom plate and the 24-well flat bottom plate had narrow-
ing of the plasma channel and lower surface distribution at 3 mm and above (Fig. 4B,C).
DBD plasma was still observed at 7 mm application for both the 96-well flat bottom and
U-bottom plate, but discharge was not observed anymore at 5 mm for the 24-well flat bot-
tom plate (Fig. 4C). Plasma pulse frequency (200-1000 Hz) did not visibly affect plasma
generation for any of the three plate geometries (Appendix II).

Taken together, it is clear that the geometry of the well plates — both diameter of the
wells and shape of the bottom — affects DBD plasma generation, especially over different
application distances. This could affect downstream biological responses, as the density
of the cells in the well (and thus cells treated with plasma) is often linked to the well size.
While cells in a 96-well flat bottom plate treatment could be uniformly treated with plasma
across a range of application distances, cells at the edges of the 24-well plate would not
directly interact with DBD plasma at application distances above 2 mm. Furthermore, the
positioning of biological targets, such as spheroids, should be carefully considered above
3 mm treatment as the plasma surface is greatly reduced.
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Fig.4 Effect of well plate geometry on DBD plasma. DBD plasma was generated on a dry (A) 96-well
flat bottom plate, (B) 96-well U-bottom plate, and (C) 24-well flat bottom plate (wide-bottom plate) over
several different application distances, as indicated above each panel. Reference images (top) were used
to outline the edges of the DBD electrode and the walls and bottom surface of the well plate (white dotted
line), and fast-imaging was used to capture plasma impingement on the plastic plate surface (bottom) (Color
figure online)

Wetness of Cell Culture Well Plates Affects DBD Plasma Discharge

While the above experiments were performed on dry cell culture plates, in most in vitro
biological experiments with DBD plasma, the biological samples are cultured in a liquid
(e.g. culture medium, phosphate buffered saline), which is only removed right before DBD
plasma treatment. Since most biological samples cannot be dried and residual liquid will
always remain in the well, DBD plasma treatment is applied to wet cell culture plates.
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Fig.5 Effect of wet culture plates on DBD plasma for different plate geometries. Phosphate buffered saline
(PBS) was added to each well and removed before DBD plasma generation, as commonly done for direct
DBD plasma treatment of cell cultures. DBD plasma was then generated on wet (A) 96-well flat bottom
plates, (B) 96-well U-bottom plates, and (C) 24-well flat bottom plates (wide-bottom plate) over several dif-
ferent application distances, as indicated above each panel. Reference images (top) were used to outline the
edges of the DBD electrode and the walls and bottom surface of the well plate (white dotted line), and fast-
imaging was used to capture plasma impingement on the plastic plate surface (bottom) (Color figure online)

Therefore, we investigated the differences between DBD plasmas discharged on wet and
dry cell culture plates for the different geometries.

Phosphate buffered saline was added into each well and removed right before treatment,
as performed in our previous experiments [9]. DBD plasma was then again generated in
the wells over a range of application distances, and ICCD imaging was used to capture the

@ Springer



1598 Plasma Chemistry and Plasma Processing (2023) 43:1587-1612

plasma. Once again, plasma pulse frequency (200-1000 Hz) did not visibly affect plasma
generation for any of the three plate geometries (Appendix III), and representative images
of the 700 Hz pulse treatment are shown for all well plates in Fig. 5. Interestingly, for
all well plates, the DBD plasma was visibly altered with wet wells compared to the dry
wells (Fig. 4). The DBD plasma channel and distribution across the bottom surface was
distinctly reduced for both the 96-well flat bottom (Fig. 5SA) and the 24-well flat bottom
plate (Fig. 5C). For the U-bottom plate, plasma appeared to be discharging on the walls of
the wells, as observed by the spotted distribution of the plasma along the well (Fig. 5B).

Taken together, it is clear that the wet bottom of the cell culture plates affects the DBD
plasma, which can affect how biological samples are treated. In particular, the plasma-
treated area appears reduced when the wells are wet, which could affect the uniformity of
treatment. For the U-bottom plate specifically, there appears to be more DBD discharge to
the walls of the wells at higher distances, and this should be considered when performing
DBD plasma experiments with 3D cell models, such as spheroids.

DBD Plasma Discharge on Mouse Skin

Following in vitro experiments, in vivo experiments are normally performed for more
in-depth investigations in plasma medicine. Our lab, among others, has performed DBD
plasma treatment experiments on tumor-bearing mice models [7, 11], and other labs across
the world have also used in vivo mouse models for other plasma applications [16, 51-53].
Therefore, we studied how DBD plasma treatment would distribute on the surface of mouse
skin. The mouse was placed on a grounded, conductive plate for DBD plasma discharge, as
described and further depicted in Fig. 2 of our previous work [7].

The DBD plasma, operated at 700 Hz above the mouse skin, behaved similarly between
application distances of 1 and 2 mm (Fig. 6). At 3 and 4 mm, the plasma channel was
visibly narrowed and the impinging surface on the skin was significantly reduced. Much
like the 24-well flat bottom plate, the DBD plasma was not generated at an application
distance of 5 mm above the skin surface of the mouse (Fig. 6). Here, two DBD plasma

1mm 3mm 4mm

X dimention, (mm) dimention, (mm) X dimention, (mm)
-2 - % 4 -2 0 2 4

X dimention, (mm)
6 -4 02 4 6 6 % 4 -2 0 2
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S
= 06 ®
£ =
=) 2
S 0.4 g
o 0.2

L 0
X-axis (-10, 10 mm)

Fig.6 DBD plasma discharge on mouse skin. DBD plasma was generated directly on the skin of a mouse
at varying application distances, as indicated above each panel. Reference images (top) were used to outline
the edges of the DBD electrode above the mouse (white dotted line) and fast-imaging was used to capture
plasma impingement on the surface of the mouse (bottom) (Color figure online)
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treatment pulse frequencies were used (700-1000 Hz) and no major differences were
observed (Appendix IV). Taken together, these data indicate that direct DBD treatment
in vivo, and potentially in the clinic, should be applied between 1 and 2 mm for more uni-
form plasma treatment and greater deviations in application distance could affect the effi-
cacy of treatment.

Based on the ICCD images taken from all in vitro and in vivo settings, it is clear that
there are major differences between the various culture plate systems and mouse skin. With
smaller well diameters, there appears to be a greater likelihood of discharging to the sides
of the well at large gap distances, especially with a wet plate (Fig. 5). This is particularly
crucial to account for, as most biological experiments with DBD plasma are not performed
in dry conditions. Therefore, it is highly suggested that DBD plasma treatments be
performed as close to the treatment surface as possible. Furthermore, with a smaller well
diameter, the intensity of the plasma on the bottom surface is much greater and the plasma-
treated surface area is not as affected by application distance. It is important to consider
here that this scenario may not be as closely representative of the in vivo and future clinical
settings. The wide-bottom plate may be considered as more representative than the smaller
well plates, as observed when comparing the DBD plasma images on the wide-bottom
plate (Fig. 4C) to that of the mouse skin (Fig. 6).

Quantification and Comparison of DBD Plasma Discharge on Plastic Cell Culture
Plates and Mouse Skin

In order to compare DBD plasma treatment on in vitro well plates and on in vivo mouse
skin, we analyzed the trends of the total plasma intensities and cross-sectional areas of
the plasma from the images. For nearly all treatment settings, the DBD plasma intensity
decreased with increasing application distance (Fig. 7A). However, the cross-sectional
area of the plasma generally increased with increasing distance, to a certain point, before
decreasing (Fig. 7B). This is likely due to the ability of the plasma to fill the gap between
the electrode and the target, up to a certain point before the plasma becomes too weak to
sustain itself. From these measurements, we calculated the surface area of the DBD plasma
on the target, as well as the volume of the plasma between the electrode and the target
(Appendix V), as described above in Experimental Design (Fig. 2). These data were used
to calculate the DBD plasma intensity per surface area, using a fixed ROI with a 1 mm
height, and the DBD plasma intensity per volume, using a fixed ROI between the two elec-
trodes, respectively (Fig. 2). We observed a similar trend for the DBD plasma intensity per
surface area as a function of application distance, for all treatment conditions on the cell
culture well plates and on the mouse skin (Fig. 7C). In fact, for all conditions, an exponen-
tial one-phase decay behavior was observed with high correlation (R?>=0.94+0.05). The
behavior of DBD plasma intensity per surface area as a function of application distance
makes intuitive sense, and could have implications for biological treatments, as cells grown
on that surface would experience the strongest effect from the interaction with plasma-
generated species. This trend was not applicable for DBD plasma intensity per volume
(Appendix V), as the volume of plasma dramatically decreased from 2 to 3 mm in the
mouse treatments, while these changes were not measured for the well plates. Therefore,
it appears that DBD plasma intensity per surface area as a function of application distance
demonstrates a representative trend for all in vitro and in vivo systems studied here.
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Fig.7 Comparison of DBD plasma discharge on plastic cell culture plates and mouse skin. The (A) inten-
sity, (B) cross-sectional area, and (C) intensity per surface area of the plasma discharge was calculated for
DBD plasma generated on the dry (dashed lines) and wet (dotted lines) well plates, as well as the mouse
skin (solid line). The voltage and current of a single DBD pulse were measured on the flat-bottom plate
(both dry and wet) and the mouse skin, and (D) the energy per pulse was calculated over a range of dis-
tances. A non-linear regression (centered second order polynomial for A, B, and D; one phase exponential
decay for (C) was used to fit all data. Data are represented as mean + standard deviation (n=3-13). Abbre-
viations: flat-bottom (96-well flat bottom plate), U-bottom (96-well U-bottom plate), wide-bottom (24-well
flat bottom plate)

To investigate this further, the voltage and current of a single DBD plasma pulse were
measured on a wide, flat bottom plate (6-well plate as performed in our previous publica-
tion [27]) and the mouse skin, as described in our previous publication [7]. At a 1 mm
application distance, the energy per pulse was 2.93+1.70 mJ/pulse and 1.76 +1.15 mJ/
pulse for DBD plasma application on the dry and wet cell culture well plate, respectively
(Fig. 7D). As application distance increased, the energy per pulse decreased, as expected.
This trend closely follows what we observed in our previously published work using the
same DBD plasma system on mice, where at a 1 mm application distance, the energy per
pulse was 1.08 +£0.57 ml/pulse, and decreased with increasing distance from the mouse
skin [7] (Fig. 7D). Furthermore, we have previously reported that DBD plasma-induced
cancer cell death decreased with increasing application distance and decreasing plasma-
treatment energy [27].

Taken together, it appears that for all treatment scenarios (i.e. dry and wet cell culture
plates and mouse skin), the behavior of DBD plasma intensity per surface area (Fig. 7C) is

@ Springer



Plasma Chemistry and Plasma Processing (2023) 43:1587-1612 1601

in-line with the energy per pulse of the discharge (Fig. 7D), as well as published biological
responses [7, 27]. These data are insightful and highlight the potential use of DBD plasma
intensity per surface area for in situ monitoring during biological treatment.

Comparison of Optical Emission Spectra of DBD Plasma Discharge on Plastic Cell
Culture Plates and Mouse Skin

In order to further investigate the DBD plasma discharge on cell culture plates and mouse
skin, optical emission spectroscopy (OES) was performed. A 1 mm application distance
was used for all measurements, as is commonly used in plasma medicine studies, and a
range of plasma pulse frequencies were assessed. All investigated systems (i.e. dry wide-
bottom plate, wet wide-bottom plate, and mouse skin) demonstrated the same sets of
emission structures (Fig. 8A) that correspond to the presence of -NO radicals (NO(A2Z*
-X?10)), -OH radicals (OH(A?Z+-XTI)), electronically excited N, (see below), N,* ions
(N,"(B’L,-X’%,) — first negative system (FNS)), and atomic -O (3°P, , 3-3°S, at 777 nm).
The electronically excited N, include the so-called second positive system (SPS)—N,(CI1,,
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Fig.8 OES characterization of DBD plasma on cell culture well plates and mouse skin. (A) Example of
full spectrum of the DBD plasma at 1000 Hz pulse frequency; the spectra look similar for all investigated
conditions. (B) Reduced electric field values for dry well, wet well, and mouse skin. (C) Best fit of the
measured and simulated spectra of NZ(C3HU-B3Hg, Av=0) rotational structure for the 1000 Hz discharge
generated above the mouse, to determine the gas temperature (Ty,,); it was found to be the same for all
investigated conditions. (D) Vibrational temperature of the N, electronically excited levels, measured at dif-
ferent discharge frequencies
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—B3Hg) and the first positive system (FPS)—NZ(B3Hg—A3Hg)), and the presence of atomic
-O indicates the formation of O and the involvement in the -NO radical generation.

The reduced electric field (E/n) values were roughly the same (within the error bars)
for the dry (369+11 Td) and wet (360+26 Td) wide-bottom well plates, and were
slightly reduced for the mouse system (334 +7 Td) (Fig. 8B). For all investigated system
arrangements, T, was found to be 328 +10 K, as measured from a fitted spectrum of
N,(G511,-B;lI1,, Av=0) (Fig. 8C). Interestingly, the vibrational temperature (7.;,) of the
N, electronically excited levels was significantly higher on the mouse skin (3856 +268 K)
compared to the cell culture plates (3198 +345 K), regardless of the applied plasma pulse
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Fig. 9 Quantification of radical species from optical emission intensities. (A) Example of optical emis-
sion intensities: SPS — second positive system of N2(C31'l B31'I) FNS - first negative system of

+(B22 XZZ) FPS — first positive system of N,(B;lI, -A’TL); OH(A X) — rotational structure of
OH(A22+ XZH) transition; O(777 nm) — atomic oxygen trlplet (3P, 23—3550) (B) -OH radical, atomic -O,
and -NO radical specie densities (in arbitrary units) were derived from the intensity ratios, for the various
DBD plasma treatment systems, as a function of pulse frequency
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frequency (Fig. 8D). This could be due to O; accumulation in the enclosed, well plate sys-
tem. N, electronically excited states can be directly quenched by O; molecules [54], or
more probably, via a two steps mechanism which includes O; dissociation with the forma-
tion of -O atoms, and consequent quenching of N,(C;I1,) by -O [54] forming -NO radicals
[55].

While the DBD plasma pulse frequency did not affect the gas or vibrational tem-
perature, we observed an increase in the emission intensity upon pulse frequency of all
detected transitions (Fig. 9A). This can be simply explained by an increase in the plasma
pulse frequency, which leads to an increase in the number of generated plasma breakdown
events. Based on the intensity ratios, we can obtain information on the density (but only
in relative units) of ground states of -OH, atomic -O, and -NO using the corona approxima-
tion described in the “Experimental methods” part. For DBD plasma treatment of both
the cell culture plates and the mouse skin, the -OH and atomic -O density increased with
increasing plasma pulse frequency (Fig. 9B, C). In fact, this is in-line with our previ-
ous experiments, where we investigated which DBD plasma-generated species were most
responsible for immunogenic cancer cell death (ICD) [8, 9]. Using electron paramag-
netic resonance (EPR) spectroscopy, we identified aqueous -OH, -O/O;, and -NO as the
most critical plasma-generated species for inducing cancer ICD signals, which increased
as plasma treatment intensity (pulse frequency) was increased [9]. In this work, we not
only identify the presence of -OH and -O in the gas phase, but also observed their pulse
frequency-dependent trends (Fig. 9B, C). Interestingly, for all systems, the -NO density
decreased with increasing plasma pulse frequency. This could be prescribed to accumula-
tion of Oj in the systems that leads to an efficient -NO oxidation to NO, via the reaction:
0;+NO—NO,+0, [56]. In the context of our previous work on DBD plasma-induced
cancer ICD, these data suggest that -NO may not be a major effector for this specific bio-
logical response. However, these data highlight the importance of determining which
plasma-generated species are most critical for a specific biological response, as the opti-
mal generation and delivery of different species may require different plasma treatment
strategies.

Conclusion

Industrial applications of DBDs have expanded beyond their original application to
include surface modifications, pollution control, and most recently medicine. In life sci-
ences applications, DBD systems use the biological target as the secondary electrode for
direct plasma generation and treatment, and therefore, are sensitive to the surface prop-
erties of the target. Since most biological studies progress from in vitro experiments
with cells in plasma cell culture plates to in vivo experiments on animal research models
such as mice, the DBD plasma interaction with the biological target could greatly dif-
fer. Therefore, in this study, we investigated the DBD plasma behavior in both in vitro
(cell culture well plates) and in vivo (mouse skin) settings. DBD plasma application on
both cell culture plates as well as mouse skin generated the same reactive species, namely
-OH, atomic -O, and -NO, as measured with OES. Well plate geometry and surface wet-
ness (i.e., wet vs. dry well plates) both affect DBD plasma discharge behavior, especially
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in the uniformity of the plasma across the bottom of the well. Here, the plasma gener-
ated on wet wide-bottom well plates was most visibly similar to that generated on mouse
skin. Interestingly, in all in vitro and in vivo experimental settings, we observed that the
DBD plasma intensity per surface area of treatment demonstrated an exponential one-
phase decay with increasing application distance. Thus, monitoring DBD plasma intensity
per surface area could be applied to account for the different treatment systems used in
plasma medicine studies. This behavior was similar to the change in energy per pulse of
the DBD plasma across a range of application distances. The energy per pulse is used to
quantify the delivered plasma treatment energy, which we hypothesized is a major effector
in dictating biological response [27].

Taken together, this study highlights that regardless of the system, quantification of
DBD plasma intensity per surface area may be a valuable method for in situ monitoring
during biological treatment, though further studies and validation are still required. The
simplicity of this method could facilitate active plasma treatment control and monitoring
‘plasma treatment dose’, especially during complex cases of biomedical treatments both in
the lab and potentially in the clinic.

Appendix|

Constants used for excited species calculations.
See Tables 2 and 3.

Table 2 Einstein transition

fici q o Transition Einstein Excitation Ref
coe .ClentS and excitation coefﬁcient, 371 energy, eV
energies
NO(AZZ*—X1T) 9.8x10° 5.48 [57, 58]
OH(A%Z—XIT) 8.6x10° 4.01 [58, 59]
0 (3°P-3°S) 28.6x 10° 10.74 [58, 60]

Table 3 Rate coefficients
(1071 cm® s71) for NO(AZZY),
OH(A’X™"), and O(3°P)

Quencher NO(A%L") OH(A%Z™) 0(3°P) Ref

quenching by Ny, O,, and H,0 N, 0.0037 0.378 59 [61-63]
0, 1.51 1.35 9.4 [61, 62, 64]
H,0 7.7 6.56 49 [62, 65, 66]
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Appendix Il

DBD plasma on dry cell culture plates with different pulse frequencies and application
distances.
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Appendix Il

DBD plasma on wet cell culture plates with different pulse frequencies and application
distances.
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Appendix IV

DBD plasma on mouse skin with different pulse frequencies and application distances.
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Appendix 'V

Quantification of DBD plasma surface area and volume on in vitro well plates, both dry
(dotted lines) and wet (dashed lines), and in vivo mouse skin at different application distances.
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