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AIMS & SCOPE

Technology has always played an important role in medicine and there are many
journals today devoted to medical applications of ionizing radiation, lasers, ultra-
sound, magnetic resonance, and others. Plasma technology is relatively new to
the field of medicine. Experimental work conducted at several major universities,
research centers and companies around the world over the recent decade demon-
strates that plasma can be used in a variety of medical applications. It is already
widely used in surgeries and endoscopic procedures and has been shown to con-
trol properties of cellular and tissue matrices, including biocompatibility of vari-
ous substrates. Non-thermal plasma has been demonstrated to deactivate danger-
ous pathogens and to stop bleeding without damaging healthy tissue. Plasma can
also be used to promote wound healing and to treat cancer. Recently the under-
standing of various mechanisms by which plasma can interact with living sys-
tems, including effects of reactive oxygen species, reactive nitrogen species and
charges, has begun to emerge. The aim of the Plasma Medicine journal is to pro-
vide a forum where the above topics as well as topics closely related to them can
be presented and discussed. Existing journals on plasma science and technology
are aimed for audiences with primarily engineering and science backgrounds,
whereas the field of Plasma Medicine is highly interdisciplinary. We would ex-
pect that some of the prospective readers and contributors to the journal of
Plasma Medicine will have backgrounds in medicine and biology while others
might be more familiar with plasma science. The goal of Plasma Medicine jour-
nal is to bridge the gap between audiences with such different backgrounds,
without sacrificing the quality of the papers by their emphasis on medicine, biol-
ogy or plasma science and technology.
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ABSTRACT: Cold plasma discharges have been shown to have medically-relevant thera-
peutic effects when applied to living tissues, including blood coagulation and wound healing;
thus, plasma treatment of inflamed tissues in ulcerative colitis disease may be an effective ap-
proach to reduce adverse consequences if not cure the disease. Here we discuss results of the
first experimental study of cold plasma treatment of ulcerative colitis in a mouse model. As a
plasma source, a cold spark discharge has been used. The results show that plasma treatment
of experimental model of ulcerative colitis in mice has some beneficial effects by suppressing
the progression of the disease while no damage to colon tissues is observed; and these effects
are comparable to standard therapy.

KEY WORDS: non-equilibrium plasma, cold spark discharge, animal model, plasma therapy, plasma
medicine

I. INTRODUCTION

Recently, non-thermal atmospheric pressure plasmas have emerged as a promising new
tool in medicine. Compared to conventional thermal plasma!-, cold plasma is selective
in its treatment while no macroscopic tissue damage is observed.. Non-thermal plasmas
generate free radicals, charged species, and ultraviolet radiation, which may be used for
targeted chemical modification and catalysis®’ unlike thermal plasmas which employ
high temperature that causes significant thermal tissue desiccation, burning, and scar
formation. An example of thermal plasma is the Argon Beam or Argon Plasma Coagu-
lator (APC) developed mainly to cauterize wounds®. On the other hand, cold plasma
discharges have many potential medical applications that include sterilization of liv-
ing tissue without macroscopic damage’, blood coagulation'®, induction of apoptosis in
cancer and other cells''2, and control of cell attachment'®. Another promising field of
cold plasma applications in medicine is gastroenterology, where strong antibacterial ef-
fect can be successfully combined with healing and anti-inflammatory effects. Thus, the
focus of this study is to evaluate whether cold plasma in vivo is detrimental to gastro-

2151-805X/11/$35.00 © 2011 by Begell House, Inc. 3



4 Chakravarthy et al.

intestinal tissue in health and disease conditions and whether cold plasma provides any
therapeutic benefit in an animal model of murine experimental colitis. The disease in
this model produces experimental colitis reminiscent of human ulcerative colitis, which
is a form of inflammatory bowel diseases. Inflammatory bowel diseases (IBD) consist of
two major chronic, relapsing and debilitive forms of diseases known as ulcerative colitis
and Crohn’s disease that affect the gastrointestinal tract. The etiology of these diseases
remains a mystery though genetic, environmental and immunological factors are found
to play a major role in the induction, chronicity and relapses of these diseases. Crohn’s
disease may appear in any part of the gastrointestinal tract from the mouth to anus and
affects the entire thickness of the bowel wall. On the contrary, ulcerative colitis is an
inflammatory disorder affecting colonic mucosa and sub-mucosa'*. There are no known
curative therapies for these diseases; however, recent advances in IBD therapeutics have
shown that certain biological therapies have been successful in maintaining remission
particularly in Crohn’s disease'>!S.

This study was designed to evaluate the effects of cold plasma treatment of both
healthy colon tissue and experimentally-induced ulcerative colitis disease in a live ani-
mal model. The goals of the study were to examine whether cold plasma treatment ad-
versely affects the mucosa in normal condition, and to evaluate if cold plasma treatment
results in acceleration or worsening of the disease during its induction phase. Additional
pilot experiments were conducted to study whether cold plasma discharges provide
therapeutic effects, and whether these effects are comparable to a standard therapy, or
cold plasma treatment enhances the beneficial effect of a standard therapy.

II. MATERIALS AND METHODS
A. Cold Pin-to-Hole Spark Discharge (PHD) Plasma

Currently, the primary reason of gastroenterological inflammatory diseases, and particu-
larly ulcerative colitis, is still unknown; however, two major candidates are bacterial in-
fections and autoimmune disorders. In order to be able to address these problems using
plasma, the treatment should meet several conditions, namely:

*  Average plasma temperature should be low, i.e. close to room temperature, when

there is no or minimal thermal damage due to contact of plasma with tissues;
* Have strong bactericidal effect;
* Be able to provide anti-inflammatory effect.

Another set of criteria which are important in the present mouse model experiments
refer to plasma system engineering problems:
*  Electrode system (“plasma probe”) should be small (maximum outer diameter
is approximately 2 mm) in order to cause minimal mechanical damage to colon
tissue of a mouse;

Plasma Medicine



Cold Spark Discharge Plasma Treatment of Inflammatory Bowel Disease 5

* Plasma should be easily ignited inside of a colon, and should not be sensitive to

the distance between electrode and inner colon wall.

All these conditions may be satisfied if one is using cold spark discharge plasma.
Dr. Gostev and colleagues reported that this cold discharge!”!® (authors used similar
system as in the current study, but of about 10 times greater in size) is extremely ef-
fective in sterilization of bacteria both in liquid!® and on tissue surface?, and due to
production of significant amount of nitric oxide (NO) has pronounced “healing” effect
through faster tissue regeneration, and other beneficial effects'”-'#222, The pin-to-hole
electrode configuration makes the discharge ignition process not sensitive to the pres-
ence of surrounding tissues and natural liquids, in contrast to direct methods of creating
arc, dielectric barrier, or corona discharges where treated surface is used as a second
electrode. Also, PHD treatment allows operator to provide relatively high energy input
resulting in shorter treatment time and less discomfort to an animal.

In our study we have used modified PHD system which consists of central cop-
per needle covered by dielectric material which is inserted into a grounded stainless
steel cylindrical electrode (Figure 1). In order to cause minimal mechanical damage to
colon tissues external electrode is covered by polyethylene sleeve. The discharge was
ignited by applying high positive potential to the central electrode. In order to provide
high discharge energy while keeping average gas temperature low, the electrode system
was powered through a capacitor. This resulted in a formation of dense energetic spark
which exists for about 3.5 ps. Due to low repetition frequency of about 7 Hz and short

pulse duration, the average gas temperature did not exceed room temperature.

Insulator
Cylindrical electrode (-)

Zmm

Plastic enclosure  Pin electrode (+)

FIGURE 1 General schematic of the Pin-to-Hole spark Discharge (PHD) plasma sys-
tem, and photograph of the discharge in operation.
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6 Chakravarthy et al.

The main average PHD plasma characteristics are the following:
e Peak voltage: 3.2 kV;

e Pulse duration: 3.5 us;

e Frequency: 7 Hz;

*  Energy per pulse: 0.1 J;

¢ Plasma diameter: ~2 mm;

*  Typical waveforms are shown in Figure 2.
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FIGURE 2 Typical voltage and current waveforms of cold Pin-to-Hole spark Discharge
(PHD) plasma.

Although the average gas temperature is low, plasma temperature itself in order to
cause production of significant amount of NO is expected to be relatively high. We have
estimated plasma temperature using Boltzmann plot method*** which may be applied
for estimation of gas temperature of sparks®. This method uses the relative ratio of
emission intensities on multiple spectra lines. Under plasma conditions at local thermal
equilibrium, the plasma temperature is derived from the following equation:

LI P
Yag, T T

where | is the relative ratio of the emission intensity, 4 - the wavelength, A - the
transition probability, g, - the statistical weight of the upper level, E - the energy of the
upper level, C - a constant for various atoms. We used spectral lines of copper (material
of central electrode) to estimate the temperature in the center of the discharge. The tran-
sition probabilities, the statistical weights of the upper level and the energy of the upper

Plasma Medicine



Cold Spark Discharge Plasma Treatment of Inflammatory Bowel Disease 7

levels of the copper lines are shown in Table 1. The copper emission lines from the
spark discharge were measured using Acton SpectraPro 500i spectrophotometer; Figure
3 shows the result obtained which indicates that plasma temperature of about 7200 K,
which is sufficient to generate significant amount of NO.

TABLE 1. Parameters of copper spectral lines®

Wavelength Transition probability  Statistical weight,  Upper energy level
A, NM A x 108st g, E.eVv
510.55 0.02 4 3.822
515.32 0.60 4 6.195
521.82 0.75 6 6.196
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FIGURE 3 Spectrum obtained from spark discharge plasma in room air with the copper
spectral lines used for plasma temperature estimation identified.

As can be seen from spectrum of radiation (Figure 4), PHD plasma radiates intensely
in the UV range. In order to be sure that plasma will cause minimal DNA damage to
cells due to direct exposure to UV, the outer tubing was made of about the size of plasma
diameter, i.e. about 1.5 mm, longer than electrode system, covering the discharge from
the sides. In addition to that we have measured total amount of UV irradiated by plasma
using IL1700 photometer (International Light Technologies) to be about 5+1 uW/cm?.
Recent studies show that DNA damage induced by UV-C and UV-B radiation occurs
after about 0.4 mJ/cm? and 10 mJ/cm? respectively?’. Considering the fact that most of

Volume 1, Number 1, 2011
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UV radiation of PHD plasma comes from UV-C band, minimum 60 seconds of plasma
treatment should be safe, causing none or minimal and reversible DNA damage to colon
tissue.

30000

20000

Light intencity, a.u.

10000

200 300 400 500 600 700

Wavalength, nm

FIGURE 4 PHD plasma spectrum in room air

Lastly, it was necessary to check if miniaturized PHD plasma system indeed pro-
duces significant amount of NO, thus delivering the therapeutic effect (so-called, “NO-
therapy”**3!). The NO production was measured using gas chromatograph Agilent 3000
MicroGC, calibrated with 700 ppm NO balanced with nitrogen. The discharge cell was
inserted inside of a syringe tip, and plasma treated room air was collected with slow
plunger pulling during plasma treatment. Then, collected air was analyzed chromato-
graphically. The results of our measurements (see Figure 5) show that NO concentration
is varied from 900 to 1200 ppm depending on plasma treatment dose, which allow us to
expect that plasma treatment of colon ulcer may cause “healing” effect.

Although one can argue that plasma characterizations mentioned above were made
in different atmosphere (room air), and therefore the results could differ from real ex-
perimental situation when plasma is ignited inside of intestine, we do not expect qualita-
tive difference between these two conditions. This assumption is based on data on gas
composition inside of a colon, which is mostly consists of air-like mixture (up to 80%
of N, and 2.3% of O,) with small additives of hydrogen, methane, and carbon dioxide™.
Moreover, before the treatment procedure, the colon was cleansed with saline, and also
room air was introduced into the colon during probe insertion. Therefore, air is expected
to be a dominant plasma-forming gas.

Plasma Medicine
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FIGURE 5 Nitric oxide production by PHD plasma

B. Dextran Sodium Sulphate (DSS) Induced Experimental Colitis in Mice

The DSS model was used in the current study to produce ulcerative colitis in mice which
is representative of human ulcerative colitis’***. The disease is induced in an animal
through a daily oral administration of 2.5% DSS dissolved in drinking water at concen-
tration of 2.5%. Animal develops an acute form of inflammation beginning on the third
day and they have a full blown colitis on the day of DSS feeding cycle. The primary
characteristics of acute inflammation are the increased number of neutrophils in the mu-
cosal layer, shortening of the epithelial crypts, hyalination in the lamina propria, accom-
panied by severe weight loss, diarrhea, and blood in the stool. This form of the disease
gives an opportunity to use it as a model in efficacy studies of drugs and compounds™.
The most striking feature of this model is that it works using a very simple pathway
to produce the disease as DSS overcomes the barrier of the epithelium to expose the
mucosa to the flora present in the intestine resulting in an inflammatory response; this
in turn leads to activation of macrophages and monocytes. The model also shows close
links to the disease in human beings and it is simple to induce and reproduce’-3.

To quantify the disease induced by the DSS model a Disease Activity Index (DAI)
have been used?. A scale of 0 to 4 is used to quantify the disease with 4 being the lethal
stage of the disease. DAI is scored on the parameters of weight loss, consistency of the
stool and presence of blood in the stool. This index has been shown to be in a linear cor-
relation with the histology score based on changes in the architecture of the crypt®.

C. Animal Study Design
All experiments were done on live animals. The study consisted of 3 stages:

1. Toxicity study of plasma treatment of a colon.

Volume 1, Number 1, 2011



10 Chakravarthy et al.

2. Study DSS model disease progression after plasma treatment.

3. Comparison of effectiveness of plasma treatment with conservative therapy

In all the experiments Female Swiss Webster mice approximately aged six to eight
weeks of 25 to 30 grams in weight were used. Prior to plasma treatment animals were
anesthetized with 0.4 ml Nembutal®. The effect of the anesthetic was checked using the
toe relax by pinching. The colon was cleansed with saline before inserting the probe.

I1l. RESULTS AND DISCUSSION
A. Toxicity of Plasma Treatment of Colon Tissue

The primary objective of the study was to ascertain if cold plasma treatment would
cause any damage, to colon tissue or to the animal itself. To ascertain this effect, 12
mice were divided into 4 groups of three animals in each group. The first group was a
control group which did not receive any treatment and the other three groups remained
as experimental groups. In experimental groups a laparotomy was performed and the
colon was exposed and kept moist covered with a saline gauze. The plasma probe was
introduced through the anal verge up to 4 cm into the colon (Figure 6). Plasma treatment
was administered for 0, 4, 30 and 60 seconds in the respective group (for “0” time point,
the probe was inserted into the colon with no plasma gnited). To check colon tissue dam-
age, mice were intravenously injected with 30 mg/kg of Evans Blue (EB), ten minutes
after the administration colon was washed with 1 ml physiological saline and EB pres-
ence was analyzed spectrophotometrically. Animals were euthanized with an over dose
of Nembutal® and colon tissue samples were surgically removed and were preserved in
formalin for further histopathological analysis.

Spectrophotometrical analysis of the saline fluid collected from the colon showed
no traces of EB, indicating that plasma did not affect the tissue integrity. Histology
analysis also showed that no macroscopic damage was induced to the colon tissues by
plasma treatment or probe manipulation (Figure 7).

FIGURE 6 Photograph of cold spark plasma inside of the mouse colon: the colon here is
not punctured and the light generated by plasma is seen through the thin tissue.

Plasma Medicine
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FIGURE 7 Colon tissue histology shows no detectable damage

B. DSS model Disease Progression After Plasma Treatment

The next step was to check the response of the disease progression to plasma treatment;
hence 24 animals were divided into 4 groups each receiving 0, 4, 30 or 60 seconds of
plasma treatment every alternate day for 7 days. All animals were fed 2.5% DSS for
7 days in parallel with plasma treatment. DAI was scored everyday to see which dos-
age of plasma was most effective in controlling the progression of the disease. For the
plasma probe to be inserted and to go through the colon, the colon has to be cleansed of
stool specks. To do so, the animals were fed a polyethylene glycol based laxative along
with DSS one day before plasma treatment. However, the stool consistency on the next
day was compromised as the laxative made the stool consistently loose. Hence, data
extracted from the study were bifurcated and were analyzed using a three pronged ap-
proach considering:

a. Weight, stool consistency, and presence of blood in the stool.
b. Weight, and presence of blood in the stool (without stool data)

¢. Mean hemoccult (visible blood in the stool)

Results of the experiment (Figure 8) show that, in the control group the DAI scored
using weight, stool consistency, and blood visibility in the stool reaches a value of 2.3
by the end of 7 days. The group which received 60 seconds of plasma treatment reached
a DAI of 1.6 on day 7. Hence, the disease is not controlled very well in the 60 second
plasma group; on days 3, 4 and 5 one minute of plasma treatment stabilized the disease
and prevented it from progression. However, as the severity of the disease increased the
plasma treatment effectiveness ceased. 4 seconds of treatment resulted in disease reduc-
tion during the end stage of the study and it is comparatively better than the 60 second

Volume 1, Number 1, 2011
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I Control
B 4 sec treatment
I 30 sec treatment

2.0 4
B 60 sec treatment

DAL

1.0 4

Day

FIGURE 8 Progress of colitis, mean DAI: results of the second stage of the study (con-
sidering weight, stool consistency and hemmocult)

treatment. Here the disease was well controlled through the course of the study. The
most efficient dosage of plasma as shown by the study is 30 seconds exposure. This
group showed high resilience against the progression of the disease, and as compared to
the control, showed great ability in stopping the progression of the disease even when
DSS is being fed in parallel. The maximum DALI in this group was 1.2 as observed on
day 7, the day of maximum disease prevalence.

The laxative that was administered to the animals on days prior to plasma treatment
might have compromised the score based on stool consistency as this makes the stool
comparatively loose, and therefore on Figure 9 only hemoccult data have been considered
as one of expected effects of plasma treatment is blood coagulation inside the inflammed
colon. As the prime facet of tissue degradation of colitis is through bleeding out of the tis-
sue which can be observed on the stool study. Hence this data is critical to check if plasma
can actually clot and coagulate the blood inside the colon. Data shows that a statistically
significant difference was obtained between untreated animals in control group and ani-
mals treated with plasma for 30 seconds. On the final days of study hemoccult reached
DAI of 4 in the control group while the “30 seconds” group had a DAI of just over 0.5. It
can be inferred from the data that the “30 seconds” and “4 seconds” groups are showing
blood coagulation inside the colon.

C. Comparison of Effectiveness of Plasma Treatment With Conservative
Therapy of Ulcerative Colitis

The goal of the last stage of the study was to investigate the effectiveness of plasma
treatment as an adjuvant to conventional antioxidant drug (5-amino salicylic acid (5-

Plasma Medicine
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I Control
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| I 30 sec treatment
I 60 sec treatment

DAI

1 2 3 4

6 7

w

Day

FIGURE 9 Progress of colitis, mean DAI: results of the second stage of the study (con-
sidering hemoccult only)

ASA)) treatment. Based on previous results, where it was shown that 30 seconds of
plasma treatment gives the best results in controlling and reducing the disease progres-
sion compared to all other groups, this treatment dose was selected for the next step. In
this set of experiments 24 animals were divided into 4 groups: control group 1, where
no plasma or drug treatment was performed, and groups where mice were treated ei-
ther with plasma alone (group 2), 5-ASA alone (group 3), or drug and plasma together
(group 4). All four groups of animals were fed with DSS for six days. On days 2, 4, and
6 they received 2.5 % DSS dissolved in water and for days 1, 3, and 5 (one day before
plasma treatment) they received 2.5% DSS dissolved in 15% poly ethylene glycol based
laxative to clean the colon. Plasma probe was introduced into the colon 4 cm from anal
verge in groups 2 and 4, where group 2 received 30 second dose of plasma treatment
only, while group 4 received same dose of plasma treatment in together with 0.1 ml of
5-ASA treatment. Animals in groups 3 and 4 were treated with 0.1 ml of 5-ASA. The
DAI was scored everyday during the tenure of the study. On the seventh day of DSS
treatment and final plasma treatment DAI was measured and animals were euthanized
with an over dose of Nembutal®.

The disease progression for all four experimental groups is shown on Figure 10.
The control group showed a steady increase through the course of seven days with the
DALI reaching 2.7 on day 7. The plasma treatment group was administered 30-second
plasma treatment and obtained data are in direct correlation with the data acquired in the
previous study and also show a constant increase of disease progression. However, the
disease curtailed to near 1.8 on the DAI scale. The group 4 showed very positive results
as both in combination proved to be effective in controlling the disease and keeping the
DAI on a level of 1.2 on the DAI scale.

Volume 1, Number 1, 2011



14 Chakravarthy et al.

i I Control
1 30 sec plasma treatment
3.0 -| I 5 ASA treatment
B 5-ASA + 30 sec plasma treatment

DAI

1 2 3 4 5 6 7

Day

FIGURE 10 Progress of colitis, mean DAI: results of the third stage of the study (consid-
ering weight, stool consistency and hemmocult)

Figure 11 is designed to express the mean hemoccult charted on a scale of 0 to 4
with 4 being the advanced stage of the disease. The plasma treatment resulted in a sig-
nificant drop on the hemoccult scale as compared to the control. This shows that plasma
actually was working in clotting the blood that was being pumped out of the inflammed
region in the colon. The combination treatment further reduced the hemoccult score as a
two pronged approach is taken against the disease.

The most important aspect of the study is to verify the hypothesis that plasma can be
used as an add-on to the conventional drug treatment to cure the disease faster and with
renewed vigor. Experimental results show that in the group which received combination
treatment, disease progression was further decreased as compared to the groups which
received the drug or plasma alone (Figure 10). The bars show a statistical significance
in the two groups as plasma and 5-ASA reduce the disease as compared to the control
group on days 5 and 7.

The results of our first invasive in-vivo experiments of cold plasma treatment of
colon tissue in case of ulcerative colitis mouse model show that plasma can significantly
reduce severity of the disease progression. In fact, while untreated (control) animals
undergo weight loss, loss of stool consistency, and excessive bleeding, showing disease
progression up to DAI number 3.1 (when 4 corresponds to lethal stage of the disease),
plasma treated ones appeared to have significantly lower disease progression rate with
reduced reaction to inflammation.
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B Control

[ 30 sec plasma treatment
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44 [ 5-ASA + 30 sec plasma treatment

DAI

Day

FIGURE 11 Progress of colitis, mean DAI: results of the third stage of the study (consid-
ering hemoccult only)

Cold plasma treatment apparently has positive effect on inflammed colon tissue
when applied for ulcerative colitis treatment. First, analyzing contribution of hemmoc-
ult level to the DAL, it is shown that plasma may cause effective blood coagulation in
colon ulcers. Indeed, Fridman et al. have experimentally shown that treatment of normal
whole blood both in in-vitro and in-vivo cases with floating electrode dielectric barrier
discharge (FE-DBD) plasma leads to initiation of natural coagulation cascade followed
by fast, on the order of seconds, formation of blood clot!®?. However, contribution of
various plasma species and detailed mechanism of this effect remain unclear.

Another possible effect of cold spark plasma is related to nitric oxide production.
It is well known today, that NO plays an important role in wound healing and tissue
regeneration by regulation of blood vessel tone and blood coagulation, immune system
and early apoptosis, etc.”® Exogenic delivery of NO-donors (compounds that contain and
release or synthesize nitric oxide upon contact with tissue) to the wound promotes and
speeds up healing processes®. At the same time, overdosage of NO is known to have
cytotoxic effect, however exact concentrations of exogenic NO that provide either heal-
ing of “killing” effects are not yet established”®?!, especially, for gaseous NO.

Additionally, the role of NO may be related to “deactivation” of oxidants with for-
mation of acidic environment. One possible explanation of pathogenesis of ulcerative
colitis is given by so-called “Radical Induction Theory”, which suggests that the main
cause of inflammation is excess un-neutralized H,0,**. Hydrogen peroxide is produced
within colonic epithelial cells, and then easily diffuses through cell membranes, and
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through formation of highly reactive hydroxyl radical extensively causes oxidative dam-
age to the cells. In this situation, increased acidity may play an important role in process
of inhibition of inflammation: currently used drugs, for example, 5-ASA, which is acid,
probably acts as an “antioxidant”. To check this hypothesis, we have treated 100 pul of
H,O, water solution with initial concentration of about 30 mg/l with spark discharge
plasma (Figure 12). In order to simulate closed environment of the treated colon, dis-
charge cell and solution holder were incased using tygon tube.

gasin

insulator l l

pin electrode

<4 =

20
cylindrical electrode

plasma

[H.0 ], mg/L

104 |
gas out

| | perforated tube T T T T
\\ ] 2 4 6
H,0, solution

metal holder Treatment time, min

FIGURE 12 Scheme of the experimental setup and the results of hydrogen peroxide
PHD plasma treatment

The result of the experiment shows that hydrogen peroxide was decomposed com-
pletely within 6 minutes of treatment. Similar effect may appear significantly faster in
the colon tissues, since amount of treated liquid in this case is much lower. Possible
mechanism of the destruction may be related to chemical reaction of H,O, with NO with
formation of nitric acid:

H202 + NO — H20 + NOz,
H,0 + 3NO, = NO + 2HNO;.

IV. CONCLUSIONS

Experimental study presented in this paper points to a possibility of internal cold plasma
treatment of inflammatory disease model — a DSS mouse model of ulcerative colitis.
Major results presented may be summarized as follows:

1. In the first stage of the plasma study, the primary goal was to understand
the interaction of cold plasma with a living animal. The study showed
that the cold plasma alone in graded doses did not cause any damage to
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the colonic tissue or the animal based on Evan’s Blue extravasation and
histological analysis.

2. The second stage of the plasma study posed the challenge of ascertaining
the graded dose at which the progress of the disease (ulcerative colitis)
can be controlled. It is concluded that plasma did not adversely affect the
animals and did not increase the progress of the disease. Surprisingly, it
reduced the disease from progressing rapidly as compared to the control.
The exact mechanism by which cold plasma induced its beneficial effect
remains unknown.

3. The final stage of the plasma study was designed to evaluate and check the
activity of plasma as an adjuvant to the industry standard drug 5-ASA in
controlling the disease. Combination therapy of 5-ASA and cold plasma
showed that there is a significant therapeutic relevance when it comes to
adding plasma to the drug in controlling colitis in the DSS model during
the induction phase.

4. Possible explanations of observed positive effects of plasma treatment
were proposed. First, it was noticed, that plasma treatment caused signifi-
cant decrease of blood oozing from ulcerated colon tissues. Also, reduced
progression rate of the disease may be related to “antioxidant” and “heal-
ing” effects of plasma produced nitric oxide.

Although presented results are very promising, many questions remain unanswered
and further development of the model and accurate extensive study are both needed.
First, possible adverse long-term effects of plasma treatment should be carefully inves-
tigated. Another set of questions is related to mechanisms of plasma interaction with tis-
sues, including effects of NO, UV, temperature, acidity, other active neutral and charged
plasma components. However, this study clearly demonstrates feasibility that the cold
plasma treatment may be safely applied not only for sterilization of living tissues, but
also to achieve a medically relevant therapeutic effect(s), which opens new possibilities
of cold plasma applications in the field of medicine.
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ABSTRACT: We studied the decontamination of surfaces and inactivation of bacteria and
yeast in liquids by low-temperature plasma generated in the DC corona discharge of an open-
air type in the point-to-plane or point-to-point arrangement. We found that the inactivation in
liquid suspensions is slightly more efficient with the point-to-plane discharge in comparison
with the point-to-point one. In the case of agar surface decontamination, two types of inhibi-
tion zones were observed, which indicates the different mechanism of action for the point-to-
point and point-to-plane dicharges. This knowledge may be important in the future selection of
microbicidal agents and in the development of efficient methods for low-temperature plasma
decontamination or sterilization.

KEY WORDS: decontamination, inactivation, corona discharge, bacteria, yeast
I. INTRODUCTION

The action of the plasma generated by electric discharges is one of the possible methods
of inactivation of bacteria and other microbes, mediated by the bactericidal action of UV
light and reactive particles. The method is not yet frequently used in practice, but it is po-
tentially important, especially for the decontamination or even sterilization of heat-labile
or otherwise sensitive materials. The various experimental arrangements, advantages,
and status of research in this field were reviewed in detail in many works, e.g.,."” This
contribution is a part of our systematic study of properties and differences of various
types and arrangements of DC discharges and their microbicial effects.

II. APPARATUS, METHODS, AND THE MICROORGANISMS UNDER STUDY

We studied the inactivation of microbial suspensions on wet surfaces and in liquids by
low-temperature plasma generated in the DC corona discharge. The used simple appa-
ratus of an open-air type enabling the point-to-plane or point-to-point arrangement was
previously described in Ref. 6 and is schematically shown in the Figure 1.

The negative point-to-plane corona discharge was generated on the point electrode
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FIGURE 1. Schematical arrangement of used apparatus and the negative point-to-plane
(a) and point-to-point (b) corona discharge.

represented by the tip of a hypodermic needle and situated 4 mm over the sample. The
plane anode was the conducting surface of an agar cultivation medium. The bipolar
point-to-point corona discharge was generated on a pair of hypodermic needles arranged
at an angle of 30 deg with tips approximately 4-6 mm apart and situated 4 mm over the
sample.

For the surface decontamination, 1 ml of the microbial suspensions were inoculated
onto the surface of Sabouraud or Mueller-Hinton agar (Lab M, Ltd.), diluted to obtain
a microbial concetration of 10° cfu/cm?. After the suspension soaked, the samples were
exposed to the corona discharge and incubated at 37 °C for 24 h, and the inhibition zones
were measured. In the case of liquid samples, a 0.25 pl drop of an appropriate microbial
suspension in physiological saline, adjusted to the concentration of ca. 10¢ cfu/ml, was
placed on the hydrophobic surface of a sterile silicone disk and exposed to the discharge.
The disk was then washed in 1 ml of physiological saline; this saline was inoculated
onto Sabouraud or Mueller-Hinton agar, incubated as above, and the number of colonies
was counted.

The microorganisms under study were “wild” strains of the following species iso-
lated at the Institute of Immunology and Microbiology: a yeast, Candida albicans, a
gram-negative bacterium, Escherichia coli, and a gram-positive bacterium, Staphylo-
coccus epidermidis.

Ill. EXPERIMENTS

The experiments were performed under the following parameters. The point-to-plane
discharge was adjusted to the current | = 0.05 mA and its voltage was U = 4.6 kV or
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U =9 kV for the surface or liquid sterilization, respectively. The point-to-point corona
discharge was adjusted to the current | = 0.2 mA and voltage U = 10 kV. The different
parameters for particular discharge types were determined by the different character and
geometry of discharges. The values represent a compromise between discharge stabil-
ity (transition into spark) and its energy, and enable the qualitative comparison of both
discharge types.

The samples on the surface of agar were exposed for 8§ min. The samples of liquid
suspension were exposed for different times from 0.5 min up to 8 min, with the step of
30s.

V. RESULTS

For liquid samples exposed to the point-to-plane discharge, we found that all bacterial
and yeast suspensions yielded no growth on Mueller-Hinton or Sabouraud agar after
2 min of exposure. In the case of point-to-point discharge, the complete inactivation was
observed after 2 min for S. epidermidis, 2.5 min for E. coli, and 4 min for C. albicans.
Although the parameters and power of both discharge types were different, for the liquid
decontamination, a comparable inactivation effect may be concluded.

More interesting results were obtained after exposure of inoculated agar surfaces. In
the case of point-to-plane discharge, we obtained circular and sharply bordered inhibition
zones with diameters of 5-6 mm, which were completely clear and contained no growing
microbes. However, after exposure to point-to-point discharge, we obtained two types of
asymmetric fan-shaped zones of incomplete inhibition. In the case of C. albicans yeast
and gram-positive bacterium S. epidermidis, the inhibition zones were well bordered
and almost clear of any surviving colonies, whereas for the gram-negative bacterium
E. coli, we obtained larger fan-shaped zones containing a reduced number of surviving
colonies and very small, if any, zone of total inhibition only. The areas of total inhibition
were approximately of 3 cm? for C. albicans and 1 cm? for S. epidermidis. The zone of
incomplete E. coli inhibition was of 10 cm?. The representative photographs of the zones
obtained for point-to-plane and point-to-point discharges are shown in Figures 2 and 3,
respectively. As contrasted to the inactivation in suspension, the inhibition effect of the
point-to-point discharge differs from the effect of the point-to plane arrangement. This is
probably caused by the different plasma-chemical processes in the discharge.

V. CONCLUSIONS

We found that the microbial inactivation in liquid suspensions is slightly more effi-
cient using the point-to-plane discharge geometry than in the point-to-point arrange-
ment. In the case of surface decontamination, it can be concluded that the mechanisms
of microbial inactivation are different in these two discharge types. While in the case
of point-to-plain discharge the inhibition zones are similar, in the case of point-to-point
discharge, the appearance of two different inhibition zones occurs. This fact supports the
conclusion that the sterilization agents are of a different nature in the point-to-point and
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FIGURE 2. Representative photographs of the inhibition zones after 8 min of exposure
to the negative point-to-plane corona discharge at | = 0.05 mA and U = 4.6 kV. Tested
microorganisms were C. albicans (a), S. epidermidis (b), and E. coli (c)

FIGURE 3. Representative photographs of the inhibition zones obtained after 8 min of
exposure to the point-to-point bipolar corona discharge at | = 0.2 mA and U = 10 kV.
Tested microorganisms are C. albicans (a), S. epidermidis (b), and E. coli (c)

point-to-plane discharges, displaying different efficiency and probably different mecha-
nisms of action on microorganism’s structures. We still have no explanation of this dif-
ference, which should be the subject of the future study, because it may be important
for the selection of adequate microbicidal agents and for the development of efficient
low-temperature plasma decontamination methods.
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ABSTRACT: Non thermal atmospheric plasma is a new promising candidate in anticancer
therapy. We have already reported the absence of skin damage induced by our plasma treat-
ment. Preliminary results suggested that this treatment could also induce an antitumor effect
on U87 malignant glioma xenografts, and we conducted this work to evaluate the antitumor
efficacy of plasma in this model. Antitumor effects were assessed by tumor volume measure-
ment and bioluminescence imaging (BLI). Plasma treatment was applied during five consecu-
tive days in open air with a ps-duration pulsed floating electrode dielectric barrier discharge
(FE-DBD), which delivered about 0.75 W at 200 Hz on the mouse skin. Our results showed a
significant tumor volume decrease of 56% for treated mice at the end of the treatment, with a
concomitant decrease of BLI intensity. Moreover, this tumor volume reduction translated into
an increase of mouse life span of 60%, median survival being 9.5 and 15.0 days for control and
plasma-treated mice, respectively. In conclusion, our study demonstrates a marked antitumor
effect of plasma treatment in U87 glioma xenografts. These results, obtained in both a radio
and chemoresistant model, are very promising and highlight the potential of plasma treatment
as an anticancer treatment with little or no toxic side effects.

KEY WORDS: cancer therapy, dielectric barrier discharge (DBD), non thermal plasma, glioma, xenograft
model antitumor assay

I. INTRODUCTION

In Europe, estimated new cancer cases in 2006 were about 3.2 million and represented
1.7 millions of deaths.! In many tumor types, survival has not significantly increased in
the past decades, despite the emergence of new targeted chemotherapy. New treatment
concepts or cytotoxic drugs are urgently needed to improve cancer patient outcome. In
this context, we evaluated the interest of a local treatment with non thermal atmospheric
pressure plasma as a new antitumor treatment. We choose to perform this evaluation on
U87-MG, a high-grade glioma model, which is a representative model of brain tumor
typically used for treatment efficacy screening. Malignant gliomas are the most com-
mon primitive human brain tumors and represent one of the most aggressive tumor
types.>® Indeed, despite aggressive treatment including chemo- and radiotherapy, the
median survival for patients of newly diagnosed malignant glioma is restricted to 8—15
months.>?
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Over the past few years, non thermal atmospheric pressure plasma has emerged as
a novel promising tool in medicine.* Non thermal plasma is a partially ionized gas, con-
taining electrons, positive/negative ions, radicals, various excited molecules, energetic
photons (UV), and generating transient electric field. Electrons present in non thermal
plasma are highly energetic, with a typical temperature above 10,000 K, while ions and
neutral species remain at room temperature.

Numerous applications of plasma have been investigated, including sterilization and
bacterial decontamination.>® Chemically reactive species and especially short-lived rad-
icals such reactive oxygen species (ROS) are of major importance for bacterial decon-
tamination.” Atmospheric plasmas have also proved their efficacy in blood coagulation
by catalyzing the natural blood coagulation processes.® Moreover, treatment of biologi-
cal tissue and cells has been investigated. Pioneer studies exploring plasma effects on
cells have shown an instantaneous detachment of Chinese hamster ovarian (CHO-K1)
cultured cells from the surface for low doses of plasma (<0.2 W), while higher doses
induce severe damage and necrosis.”!'' Cell detachment after plasma treatment was also
observed in other models.'*"

An induction of apoptosis on 3T3 mouse fibroblast was observed 24 hr after plasma
needle treatment,!® and induction of in vitro tumor cells death was reported by several
authors.'!* For example, Fridman et al. have shown an apoptosis induction of the mela-
noma cancer cell line with the use of an FE-DBD plasma.'* Kim et al. have also reported
that plasma treatments induce cell death in a melanoma cell line, and that this effect
was potentiated by association of plasma with antibody-conjugated nanoparticles."
DNA damages, cytoskeletal damages, membrane cell charging, and permeation have
been proposed to participate in apoptosis induction.'*!® However, apoptotic processes
involved remain rather unclear and need further investigations.

These encouraging results dealing with in vitro induction of apoptosis on different
cell lines led us to explore effects of plasma treatment on xenograft tumor, the first in
vivo approach on potential antitumor effect of non thermal treatment. Results of this
treatment were unpredictable due to the fact that interaction between plasma and tumor
cell might be quite different in in vitro and in vivo experiments. In particular, the pres-
ence of the skin and the use of a 3D tumor model might introduce crucial changes and
modify the in vivo antitumor effects of plasma.

To develop plasma for in fine clinical applications, plasma tolerance and effects on
organisms have to be determined. Fridman et al. have shown that plasma can be applied
directly to a living tissue, and have determined the maximum tolerated dose of plasma
DBD on mouse skin by histology analysis.® We have previously shown the safety of our
plasma treatment protocol for the whole mouse organism and the absence of skin dam-
ages of the treated zone.!” Moreover, an in vivo antitumor effect of plasma treatment was
also observed in a small cohort of mice."’

The U87-MG glioma cell line was chosen to perform this in vivo antitumor ef-
ficacy study. This cell line is characterized by a high radio and chemoresistance, and is
an adequate model to explore a significant antitumor effect. Moreover, heterotopically
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grafted, this cancer cell line presents a hemispherical growth that is a well-suited con-
figuration for treatment with plasma and allows an accurate following of tumor growth
by caliper measurement. This plasma treatment was performed in open air with a ps-
duration pulsed FE-DBD that delivered less than 0.75 W on the mouse skin at 200 Hz. In
this configuration, discharge ignites when the powered electrode approaches the tumor
surface at a distance of less than ~3 mm.

In this work, we first characterized the plasma generated by the developed FE-DBD
system through electrical measurements. Plasma homogeneity during tumor treatment
was analyzed with an [CCD camera. Then, we investigate whether five consecutive days
of plasma treatment during 6 min per day induced an antitumor effect on U87 glioma—
bearing mice by tumor volume measurement and bioluminescence imaging.

II. MATERIAL AND METHODS
A. Experimental Setup
For all experiments, we used a dielectric barrier discharge (DBD) plasma. Figure 1

presents the whole experimental equipment, and Figure 2 represents the DBD power
supply schematic.

regulated silver plate

FIGURE 1. Picture representing the whole experimental equipment used to produce
DBD plasma. To perform plasma treatment, mice were placed on a temperature-regu-
lated silver plate.
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FIGURE 2. Schematics of the DBD setup and of the pulsed power supply.

The electrical driver articulates around three main subassemblies, namely, a DC
power supply, a solid state switch, and a voltage pulse transformer. The 300 V amplitude
DC power supply is used to store energy in a 700 nF capacitor. The fast discharge of
this capacitor is triggered at a variable repetition rate through an IGBT switch in the
primary coil of a transformer that allows to produce a voltage pulse amplitude reach-
ing up to 23 kV in the present setup. The high-voltage (HV) pulse is applied on an HV
voltage electrode consisting of a 10 mm high, 17 mm diameter aluminium cylinder. This
HV electrode is inserted inside a 1 mm thick, 60 mm high, and 19 mm outer diameter
borosilicate glass tube. The bottom base of this glass tube is glued with a 1 mm thick
borosilicate disk, 19 mm in diameter, which acts as the dielectric wall of the DBD reac-
tor. This system generates air plasma from the external surface of the dielectric barrier
disk and a living organism that is placed on a ground plate electrode. This DBD system
can produce discharges with frequency that can vary from a single shot to 1300 Hz. The
energy stored in the DC powered capacitor multiplied by the generator repetition rate
provides the maximum available power.

For a pulse repetition rate of 200 Hz, the maximum power available is ~6.3 W, lead-
ing to a maximum power density of 2.7 W/cm?, when considering a uniform distribution
of the discharge over the 2.3 cm? surface of the glass disk. This rough estimate indicates
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the maximum mean power density, since it neither accounts for the random filamentary
nature of the DBD discharge nor for the power losses associated with the impedance
mismatching between the driver output and the DBD reactor. For all tests discussed in
this paper, non thermal plasmas were generated in ambient air at atmospheric pressure.

B. Diagnostics

A HV probe (Tektronix P6015A, 75 MHz bandwidth) and a current probe (Tektronix
TCP202, 50 MHz bandwidth) were used to characterize the voltage and current wave-
forms delivered across the DBD reactor. Both probes were connected to an oscilloscope
(Tektronix TDS510A).

Discharge homogeneity was analyzed with the use of an ICCD camera (PI-Max,
Princeton Instruments) equipped with a 60 mm lens. Experiments were performed both
in single-shot or multishot acquisition mode on few discharges, and by image accumu-
lation over a few thousands of discharges, this latter measurement being much more
representative of the mouse plasma treatment.

C. Animals and Tumors

Female athymic NCr/Sed nude (nu/nu) mice, five to six weeks of age, were purchased
from Charles River (St. Germain sur I’ Arbresle, France) and housed for one week before
experimentation. For all experiments, animals were housed in plastic cages inside a con-
trolled ventilated rack and had access to food and water ad libitum. Animal procedures
were performed according to institutional and national guidelines (EC directive 86/609/
CEE, French decree No. 87-848). Tumor grafts, plasma irradiation, and biolumines-
cence imaging were carried out under general gaseous anesthesia obtained with 3%
isoflurane (Aerrane, Baxter, Deerfield, Connecticut) in air.

Tumor xenografts were originally obtained by subcutaneous injection of a suspen-
sion of U87-Luc human malignant glioma cells (10° cells in 0.1 mL 0.9% NaCl) into the
hind legs of mice. This cell line purchased from Caliper is stably transfected with firefly
luciferase gene. U87 xenografts were then maintained in vivo by sequential passages of
tumor fragments in nude mice grafted in the inguinal pit.

D. Treatment Procedures

Treatment started when tumors reached a volume of 150 = 50 mm* (D ). Mice were ran-
domly assigned into two groups. In the control group, mice were not treated. In the plas-
ma group, mice received plasma treatment for five consecutive days. Tumor treatments
on mice were performed at 200 Hz in open air each day during 6 min (three periods of
2 min separated by 1 min). To perform plasma treatment, anesthetized mice were placed
on a humidified, temperature-regulated silver plate, and the plasma reactor was posi-
tioned at a distance of 2 mm from the tumor (Fig. 1). These treatment parameters and
procedure ensure reproducibility of plasma treatment and limit side effects on mice.
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E. Antitumor Effect of Plasma Treatment

To follow tumor growth, tumor volume was determined every day with the interna-
tional current standard technique for tumor volume measurement.'®!” Two perpendicular
diameters were measured with a caliper. Tumor volume (V in cubic millimeters) was
calculated as V = (length ~ width?)/2.'8!* Mice were anesthetized and killed by cervical
dislocation when a tumor reached 1000 mm?, thus defining the “survival times.” The
percentage of increase in the life span was calculated as (T-C)/C ~ 100, where T and
C are the survival times of the treated and control animals.

Tumor response to plasma treatment was also assessed by BLI before D and 48 hr
after treatment completion (D,). Bioluminescence allows the evaluation of very early
stages of antitumor effect prior to physical reduction of tumor volume since biolumi-
nescence intensity is closely dependant on tumor activity.” Mice were intraperitoneally
injected with 2 mg beetle luciferin (potassium salt, Promega) and were then anesthe-
tized. Ten minutes later, bioluminescence imagings were carried out using an ORCA
IT BT C4742-98-26 LW (Hamamatsu Photonics, Massy, France). Data acquisition was
achieved using HiPic software (Hamamatsu Photonics). Merging of bioluminescence
images and regions of interest quantification were obtained using Imagel] software
(http://rsb.info.nih.gov/ij/index.html).

F. Statistical Analysis

Unless otherwise noted, data were reported as mean = SEM (standard error of the mean).
Statistical analysis was performed using GraphPad 5.0 software (GraphPad Prism 5.0
Software MacKiev GraphPad Software, Inc. 1994-2005). For each parameter analyzed,
treated and nontreated tumors were compared using the nonparametric Mann-Whitney
U test. Kaplan-Meier curve analysis was performed using the log-rank test. Differences
were considered significant at p values <0.05.

I1l. RESULTS
A. Plasma Characterization

Figure 3 presents the voltage and discharge current signals measured for a 200 Hz rep-
etition rate operation. The voltage waveform exhibits a 4.5 pus rising front up to a 23 kV
amplitude, and a damped oscillation vanishing over about 25 ps. This voltage waveform
was measured to be constant whatever the pulse repetition rate is up to 1300 Hz, and
also for gap thicknesses ranging from 0.5 mm to a few millimeters; this latter condition
corresponding to the absence of the DBD plasma associated with streamer formation
across the air gap. The current probe, surrounding the cable connected to the HV elec-
trode, measures the total current, which is the sum of the displacement current across
the dielectric barrier and the actual discharge current flowing across the air plasma. The
discharge current presented in Figure 3 is thus inferred from the probe measurement
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FIGURE 3. Voltage (dark line) and current (gray line) measured during a treatment with
the discharge repetition rate at 200 Hz.

by subtracting to the total current waveform, the displacement current signal measured
when no plasma is produced, which is for an air gap larger than 5 mm in our experi-
mental conditions. This method for actual plasma discharge current measurement was
inspired by the results published by Lu and Laroussi.?' With the relatively slow rise time
of the voltage pulse delivered by our electronic driver, the discharge current consists
of a superposition of current spikes having duration of a few nanoseconds; the limited
bandwidth of the probe used in this work results in the temporal integration of these
spikes, which are measured as 20 ns long current pulses. Time-resolved ICCD imaging
experiments, not presented in this paper, have shown that streamer production in the air
gap is observed during about 20 us after the current signal onset. The insert in Figure 3
presents the evolution of the instantaneous power delivered across the plasma during the
whole voltage pulse application. Peak power reaches about 1 kW while the whole tem-
poral integration of the power signal indicates that, for a 200 Hz repetition rate, 0.75 W
are coupled to the DBD plasma. This corresponds to a maximum power density applied
on the mouse skin of 0.33 W/cm?. This value is below that required for a safe treatment
without any significant damage on the skin for a three times 2 min exposure.'’
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Figure 4 presents two ICCD images recorded during application of the air plasma on
the mouse skin at a 200 Hz repetition rate and for a gap of about 2 mm. Figure 4A and
the corresponding radial profile Figure 4C are obtained for a 10-discharge averaging,
while Figures 4B and 4D correspond to an average over 5000 discharge events. The
radial profiles, extracted from the ICCD images, are averaged along the vertical axis
over a distance of 0.5 mm above the mouse skin, and correspond to the same space loca-
tion. Each profile was then normalized to allow for a more straightforward comparison
of their radial shape along the 14 mm wide zone, corresponding to the visible light air
plasma emission region observed by the ICCD camera, in the horizontal axis direction.
Both for 10 and 5000 discharge accumulations, the images and the corresponding pro-
files exhibit some rather flat background intensity level over which narrow and intense
channels superimpose. Nevertheless, the calculations performed from the image profiles
indicate that a significant reduction of about 40% of the standard deviation of the mean
intensity value, from pixel position 50 to pixel position 200 in Figures 4C and 4D,
is achieved for the 5000-accumulation recording in comparison with the 10-discharge
averaging measurement. It must be remembered that plasma treatment of tumor is per-
formed during 6 min at 200 Hz, thus involving the accumulation of 72000 discharges.
The mouse’s breathing and the accumulation of such a large number of discharge result
in the averaging of the gap thickness and the homogenization of the plasma action over
the mouse skin.
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FIGURE 4. ICCD images recorded during application of the air plasma on the mouse
skin at a 200 Hz repetition rate and for a gap of about 2 mm. Image in (A) and the cor-
responding radial profile (C) are obtained for a 10-discharge averaging, while (B) and
(D) correspond to an average over 5000 discharge events.
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B. Plasma Induces Short-Term Antitumor Effects

To explore the antitumor effect of plasma, treatment was applied every day for five con-
secutive days. We explored plasma treatment efficacy by tumor volume determination
and by bioluminescence assay.

We first evaluated plasma antitumor activity after plasma treatment completion. To
this end, treatment started when tumors reached a volume of 150 + 50 mm?, correspond-
ing to D,. Mice were randomly assigned into two groups, namely, the control (CTRL)
and plasma (PLASMA) groups. Tumor volume was measured at day six (D), corre-
sponding to 48 hr after the last plasma treatment. As shown in Figure 5, at the beginning
of treatment, mean tumor volumes of CTRL and PLASMA groups were similar (p =
1.0). At D, mean tumor volume was 585 + 101 mm’ in CTRL group, whereas the mean
volume of plasma-treated tumors only reached 259 + 45 mm?®. This significant reduction
of tumor growth (~56%, p = 0.03) showed a marked plasma antitumor effect as early
as the end of our treatment protocol (Fig. 6). However, tumor volume determination
by caliper reflects total tumor tissue mass including areas of necrosis and edema, and
so does not necessarily assess the effect of a treatment on the number of viable tumor
cells.

Therefore, bioluminescence imagings were performed at D and D,. Figure 7 repre-
sents the ratio D /D, of BLI intensity, corresponding to the evolution of tumor activity
between the beginning and the end of the treatment. As expected, plasma treatment
induced a lower increase of BLI ratio than the increase obtained in the CTRL group.
Indeed, in the CTRL group, we observed a 24-fold BLI intensity increase during the
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FIGURE 5. Tumor volume at the beginning of plasma treatment. Tumor volumes were
measured with a caliper at the beginning of plasma treatment (D,). The column repre-
sents the mean (x SEM) of tumor volume. *p < 0.05, n = 8 for each group.
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FIGURE 6. Effect of five consecutive plasma treatments on tumor volume. Plasma was
administered when tumor reached 150 + 50 mm? and consisted of five daily fractions
(6 min, 200 Hz). Tumor volumes were measured with a caliper on the sixth day. The col-
umn represents the mean (x SEM) of tumor volume. *p < 0.05, n = 8 for each group.

'S
o
1

w
o
1

—
i

——

[=]

Evolution of bioluminescence
intensity (BLI at D6/BLI at DO)
N
o

CTRL PLASMA

FIGURE 7. Tumor bioluminescence intensity at the end of plasma treatment. Plasma
was administered when tumor reached 150 + 50 mm?® and consisted of five daily frac-
tions (6 min, 200 Hz). In vivo bioluminescence imaging were performed before and then
24h after five consecutive days of treatments. Columns represent the mean (z SEM) of
tumor bioluminescence intensity at day six normalized to tumor bioluminescence inten-
sity before treatment. n = 8 for each group.
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treatment period, while in the PLASMA group, BLI intensity only increased sevenfold
during the same treatment course. This reduction of BLI ratio (~70%) is consistent with
the effect of plasma treatment on tumor volume at D described above.

C. Plasma Induces Long-Term Antitumor Effects

To evaluate long-term treatment effects, tumor growth was followed every day until the
tumors reached 1000 mm3 (Fig. 8). In the CTRL group, tumors grew exponentially and
the mean time to reach 1000 mm?® was 9.6 + 0.9 days. Plasma treatment was adminis-
tered for five consecutive days from D, to D,. During the treatment course, tumors did
not significantly grow, mean tumor volume remaining stable between D and D, (Fig. 8).
After treatment completion, we observed a raise of tumor growth in plasma-treated mice,
but tumor growth seemed less rapid than in the CTRL group. The mean time to reach
1000 mm?® was 15.0 + 0.8 days. Tumor growth delay, corresponding to the difference of
times needed to reach 1000 mm? between CTRL and PLASMA groups, was 5.4 days for
plasma-treated tumors, illustrating a significant antitumor effect of plasma. Moreover,
we have included in our study a few mice bearing two xenografts (in each inguinal pit),
the first one receiving plasma treatment, and the second one being used as a control, to
determine whether plasma effects are localized. We have observed that kinetic growths
of CTRL and plasma-treated tumors were similar to those of mice bearing only one tu-
mor, highlighting a plasma effect limited to the treated zone.
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FIGURE 8. In vivo antitumor efficacy of plasma treatment. Plasma was administered
when tumor reached 150 + 50 mm?® and consisted of five daily fractions (6 min, 200 Hz).
Tumor volumes were measured every day with a caliper until tumor reached a volume
of 1000 mm?. Each point represents the mean (£ SEM) of tumor volume. n = 8 for each

group.
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The plasma effect was also evaluated using Kaplan-Meier curve analysis (Fig. 9),
considering the percentage of tumor not having reached 1000 mm? as the survival end-
point. Median survival was 9.5 days in the CTRL group. When mice received plasma
treatment, the survival curve clearly shifted to the right, and the median survival was
15.0 days in the PLASMA group (versus CTRL p = 0.002). This translates into an in-
crease of life span of mice of ~58%.

IV. DISCUSSION

Non thermal atmospheric plasma has emerged as a novel, promising tool in medicine.
Indeed, the existence of various components in plasma such as electric field, UV radia-
tion, uncharged species, electrons, and ions, which could interact with the treated tis-
sue, makes plasma a good candidate for cancer treatment. Our preliminary data showed
the safety of plasma treatment for the whole mouse organism and the absence of skin
damages with our treatment parameters.!” An antitumor effect of plasma treatment was
also observed using a small cohort of mice.!” To confirm these promising results, we
performed this study on a larger number of U87-bearing mice.

In our experiments, we treated mice during five consecutive days for 6 min each day
at 200 Hz. This treatment protocol did not show any life-threatening effects on mice. We
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FIGURE 9. Response of subcutaneous glioma xenografts to plasma antitumoral treat-
ments. When tumor reached 150 + 50 mm?3, mice were randomly assigned into two
groups, namely, CTRL and PLASMA, eight mice per group. Plasma treatments were
delivered for five consecutive days (6 min, 200 Hz). Results are expressed as Kaplan-
Meier plots, considering the percentage of tumor not having reached 1000 mm? as the
survival endpoint.
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evaluated plasma discharge homogeneity during mice treatment with an ICCD camera.
It has been shown that the accumulation of a few thousands of discharges result in a
significant homogenization of the plasma treatment over the mouse skin, while single-
shot or a reduced number of discharge event operations would result in a very inhomo-
geneous skin surface treatment, inherent with the microsecond-duration DBD plasma
including very narrow streamer channels. One promising issue to achieve a much higher
spatial homogeneity, which may be required if the plasma treatment is fractioned in a
great number of short duration exposures, each involving a reduced number of discharge
accumulation, being to develop nanosecond DBD plasmas.?

In this study, we chose to evaluate the potential antitumor effect of plasma on U87
high-grade glioma. Malignant brain tumors remain a therapeutic challenge, i.e., despite
aggressive surgery, radiotherapy, and chemotherapy, prognosis of patients with high-
grade glioma remains poor and their life expectancy is reduced to few months.>* In
the U87 model, our plasma treatment showed a significant reduction of tumor volume
(~56%) at the end of the treatment period, as compared to nontreated mice. This result
was confirmed by BLI imaging, which exhibited a lower increase of BLI intensity for
treated tumor as compared to CTRL, with a reduction of BLI ratio of ~70%. This dem-
onstrates an important effect of plasma on tumor activity, since BLI represents a gene
expression closely dependent on proliferation and metabolism of all tumor cells. This
result also showed that plasma treatment on a tumor of 200-300 mm?® (corresponding
to a tumor length of ~10—-11 mm and thickness of ~7-8 mm) induces an effect on the
majority of tumor cells, reflecting a high penetration depth of plasma effect. All of these
illustrate a marked plasma antitumor effect as early as five days after treatment onset. To
the best of our knowledge, plasma has already shown an antitumor activity, but only in
in vitro experiments. Here, we described an in vivo antitumor activity of plasma, which
is in accordance with previously published data reporting an apoptosis induction on the
CHO cell line and the melanoma cancer cell line. %415

Several reports have demonstrated the high resistance of U87-bearing mice to the
cytotoxic effect of radiation therapy. The tumor control dose 50% or TCD (the radia-
tion dose necessary to locally control 50% of the tumor) of U87 malignant glioma in
vivo was as high as 75.2 Gy for single-dose radiotherapy treatment,** and this TCD_,
was even higher when radiation treatment was daily fractionated and applied at low
dose (2 Gy per day).” This treatment schedule of 2 Gy per day during two weeks has
been reported to produce an increase in life span of about 200% in U87-bearing mice.*
In our study, plasma showed an increase of 60% of mice life span, which reflects a high
cytotoxic effect of plasma treatment. Even if this increase in life span was smaller for
plasma treatment than for radiotherapy, our treatment was applied during only five con-
secutive days at three times 2 min at 200 Hz. Given the very good tolerability of plasma,
frequencies and treatment protocol duration could be increased to improve plasma ef-
ficacy. Indeed, we observed a stabilization of tumor volumes during treatment course,
suggesting that a more prolonged treatment should be of valuable interest.

The high cytotoxic effect observed in this study could be mediated by several com-
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ponents of plasma and involved different mechanisms. We have previously shown an
increase of BLI intensity after the first day of plasma treatment,!” reflecting a possible
tumor reoxygenation. This increase of oxygen supply and tumor reoxygenation could
be linked to tumor temperature increase®’ and the diffusion through the skin of NO, a
potent vasodilatator.?®? This tumor reoxygenation generally observed after radiotherapy
induced a tumor cell sensitization to chemo-/radiotherapy, and such an effect could be
transposed in our case.** Moreover, the authors have demonstrated a cytotoxic effect of
UV-C radiation on in vitro U87 cell lines.*! However, UV-C penetration through the skin
was limited (2 pm),*? and cannot reach the subcutaneous tumor in our model considering
mouse skin thickness. Furthermore, electric fields are an important component of plas-
ma and have also shown to induce an antitumor effect on U87 in vivo xenografts. This
new antitumor strategy is currently evaluated in clinical trial for patients with recurrent
glioblastoma.*** The presence of nanosecond electric pulse in plasma could induce an
arrest of cell proliferation and contribute to the observed antitumor effect.

All these parameters (i.e., species, temperature, electric fields, etc.) could be toxic
to cells, inducing membrane damages and changes in intracellular signaling pathways,
finally leading to cell death. It is rather probable that, as observed for radiotherapy, effi-
cacy of plasma treatment was tumor cell type dependent, and different parameters could
be implicated in this effect as tumor hypoxia, cell cycle phase, and DNA repair capaci-
ties.*>3¢ Specific plasma can be created to produce either neutrals or charged particles:
in particular, with the adjunction of gas mixtures such air/argon to raise up long-lived
(O,, NO) and short-lived (OH, O) particles. This will help us to elucidate the critical
mechanism(s) involved in plasma cytotoxic effects and thereafter to increase plasma
treatment efficacy.

In the future, to improve plasma antitumor efficacy, it should be kept in mind that
plasma treatment presents a broad range of effects. In particular, it has been shown that
cells become transiently permeable during plasma exposure.*”*® This property could be
of valuable interest to increase intracellular chemotherapy penetration and/or transfect
therapeutic DNA into cancer cells. A concomitant administration of targeted chemother-
apy with plasma treatment could improve efficacy of chemotherapy and plasma alone.

V. CONCLUSIONS

In conclusion, our study demonstrates a marked antitumor effect of plasma treatment
in U87 glioma xenografts with a significant decrease of tumor volume at the end of
treatment and an increase of mouse life span of 60%, thus confirming our previous
data. These results, obtained in a radio and chemoresistant model, are very promising
and highlight the potential of plasma treatment as an anticancer treatment with little or
no toxic side effects. However, many questions remain unanswered, and further stud-
ies are required to elucidate mechanisms involved in this decrease of tumor volume; in
particular, by apoptosis and cell cycle analysis. Moreover, studies to identify the main
components of plasma implicated in the cytotoxic effect will allow us to develop plasma
types with a greater efficacy. Indeed, our lab developed a pulsed plasma gun delivering
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a very fast moving plasma bullet in a 200 um inner diameter flexible dielectric capillary
a few tens of centimeters long.* In the future, this plasma gun could be used for in situ
cancer treatment by endoscopic application.
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ABSTRACT: Nonthermal air plasma killed G361 melanoma and SCC25 oral cancer cells tar-
geted by antibody-conjugated gold nanoparticles. Although plasma alone is effective in killing
cancerous cells, it also affects normal cells during the treatment process. For enhanced effects,
gold nanoparticles and cancer-specific antibodies were pretreated before plasma treatment.
Gold nanoparticles taken up by the cancerous cells are stimulated by the plasma treatment.
Stimulation of gold nanoparticles results in an increase in death rate of cancerous cells. The
selectivity of the killing process is achieved by conjugating gold nanoparticles with antiepi-
dermal growth factor receptor and transferrin receptor antibodies. These conjugates can bind
specifically to cancer cells. Gold nanoparticles stimulated by plasma kill these cancerous cells
effectively. In this way, the killing efficiency of the plasma treatment process in the presence
of conjugates is amplified about 18 times compared to the plasma treatment in the absence of
conjugates. This technique shows the possibility of using plasma therapy for killing cancer
cells selectively and effectively.

I. INTRODUCTION

Human oral squamous carcinoma (OSC) and melanoma are oral cavity cancers. Espe-
cially, OSC is responsible for the majority of malignancies in the oral cavity. The conven-
tional methods for the treatment of oral cavity cancers are based on surgical extirpation,
radiation, chemotherapy, or a combination of these treatments. These methods have some
limitations. For example, surgical removal of oral cancer can result in facial distortion
with physical and psychological consequences. Use of chemotherapy is limited due to its
side effects (toxicity) and the development of high resistance to chemotherapeutic agents
at later stages of malignancy.' Therefore, the treatment of OSC oral cancer cells favors
the use of new methodologies that are not only effective in killing cancerous cells, but
also must be selective so that normal cells remain undisturbed during the treatment.
Recently, it has been shown that well-designed nonthermal plasmas are effective in
killing cancer cells.? Plasma alone, however, is unable to achieve selectivity because it
kills both normal and cancerous cells. Recent advances in nanotechnology have resulted
in the use of gold nanoparticles as diagnostic and drug delivery tools.** More applica-
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tions of gold nanoparticles are found in cancer therapy when the plasma interacts with
gold nanoparticles. Gold nanoparticles can be used by conjugating with a cancer-specific
antibody to achieve the selectivity in plasma treatment. Conjugated nanoparticles can
bind selectively to target cells, which are then affected by the plasma. In this regard, we
have previously demonstrated the enhanced effects of antifocal adhesion kinase (FAK)
conjugates and plasma.’

In this study, we have further investigated the synergistic effect of gold conjugates
and plasma for the selective treatment of oral squamous carcinoma cells. In many oral
cancer cells, the epidermal growth receptor (EGFR) and transferrin receptor (TFR) have
been known to be overexpressed. These receptors are regarded as an attractive target for
cancer therapy.®® Therefore, anti-EGFR antibody and anti-TFR antibodies were conju-
gated to gold nanoparticles for targeting oral cancer.

II. MATERIALS AND METHODS
A. Nonthermal Air Plasma Source

Figure 1A shows the schematic diagram of the experimental setup. The plasma source
was designed to operate in ambient air with 22 kHz, with a few kilovolt sinusoidal volt-
age source. The plasma source consists of a polytetrafluoroethylene (PTFE) dielectric
and Cu electrodes on both sides of the PTFE. The plasma source was a Cu-PTFE-Cu
stacked structure of circuit board. The electrode structure was formed by a conventional
chemical etching process. The plasma was generated by the fringing field near the front-
face electrode.” Figure 1B shows voltage and current waveforms of the plasma device.
A high-voltage probe (Tektronix P6015A) and a current probe (Pearson current monitor
Model 4100) were used. The capacitive load of the plasma source made the voltage lead
the current waveform 90 deg in phase. An applied voltage of 4.2 kV (rms) induced the
typical DBD type current waveform, showing several current peaks in positive rising
and negative falling times of the voltage waveform due to the accumulation of charges
on the dielectric surface. These random current peaks result from movement of charged
particles in a very short time (~nanoseconds), which is a characteristic of filamentary
discharges. Making plasma consumed 4.26 W, as calculated from the measured voltage
and current waveforms. For the 40 s treatment, an energy density of about 27 J/cm? was
estimated within the area of the plasma.

Optical emission spectroscopy was used to find the rotational temperature of the
discharge. An optical emission spectrometer, consisting of a 750 mm focal length
monochromator (Dong Woo Optron Co. Ltd. 750, Monora 750i) with a built-in high-
sensitivity photomultiplier tube (PMT, R928 Hamamatsu) and a grating 2400 gr/mm
blazed at 240 nm was utilized. The second positive system of nitrogen dominated in
the 300—400 nm range. The rotational temperature of the second positive nitrogen C-B
transition bands was also analyzed (Fig. 2B). To find the optimum fit between measured
and simulated spectrums, the technique described by Phillips!® was used. The inset of
Figure 2B shows how the optimum fit was found by varying the estimated rotational
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FIGURE 2. Plasma treatment on the
G361 cells. (A) Uptake of gold nanopar-
ticles. (B) Plasma treatment without gold
nanoparticles. (C) Plasma treatment with
gold nanoparticles

temperature and line width. Finally, the rotational temperature of the discharge was
determined to be 330 K, and this value agrees with the temperature determined near the
plasma source by the fiber optic temperature measurement technique.
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B. Cell Culture

Human melanoma (G361), human tongue squamous carcinoma (SCC25), and mouse
fibroblast (NIH3T3) cell lines were purchased from the ATCC (Rockville, Maryland).
These cells were grown in Dulbecco’s modified eagle’s medium supplemented with
25 mM HEPES, 100 pg/ml penicillin/streptomycin, 4 mM L-glutamine, and 10% fetal
bovine serum at 37°C in a 5% CO2 humidified-air incubator.

C. Plasma Treatment and Cell Viability Assay

After 4 “ 10° G361 and SCC25 cells were incubated on cover slips for 24 hr, cover slips
without media were placed 2 mm from the plasma source and exposed to a 30 s plasma
treatment. Cells treated with plasma were washed immediately with phosphate buffered
saline (PBS), stained with trypan blue, and then counted using a hemocytometer.

D. Immunocytochemistry

Cells were treated with the mouse anti-TFR (anti-EGFR) antibody-conjugated gold
nanoparticles (TFR-GNPs, EGFR-GNPs) and then fixed in 4% paraformaldehyde for
10 min. Cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min and then
incubated with goat FITC-antimouse secondary antibody for 1 hr. Samples were ob-
served under a fluorescence microscope (Axioskop, Zeiss, Germany).

E. Conjugation

An aqueous solution of 11-mercaptoundecanoic acid (MUA) (0.1 mg/ml) was added to
the colloidal gold suspension and incubated overnight. MUA-modified gold nanopar-
ticles were reacted with a mixture of 1 mM N-hydroxysuccinimide (NHS) and 1 mM
N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide (EDC) solution for 20 min. NHS-
terminated gold nanoparticles were incubated with 250 pg/ml anti- EGFR anti-TFR
antibodies in PBS buffer (1 mM, pH 7.0) for 6 hr.

F. Western Blot

Cells were lysed in ice-cold lysis buffer [300 mM NaCl, 50 mM Tris-Cl (pH 7.6), 0.5%
TritonX-100, 2 mM PMSF, 2 pl /ml aprotinin, and 2 pl /ml leupeptin] and incubated
at 4°C for 30 min. A quantity of 5c pg of proteins were loaded onto 7.5% SDS/PAGE.
The gels were transferred to a nitrocellulose membrane and reacted with anti-EGFR and
anti-TFR antibodies (Santa Cruz Biotechnology, Inc.). Immunostaining was performed
using SuperSignal West Pico enhanced chemiluminescence substrate and detected with
LAS-3000PLUS (Fuji Photo Film Company, Kanagawa, Japan).
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[ll. RESULTS AND DISCUSSION

In order to see the synergistic effect of gold conjugates and plasma, it was required to
verify the uptake of gold nanoparticles by cancer cells. Figure 2A shows an immunos-
taining image of the G361 human melanoma skin cancer cells after 24 hr incubation
with 30 nm gold nanoparticles. Green fluorescence was taken under the fluorescent mi-
croscope due to a fluorescein conjugated, affinity-purified secondary antibody, which
was made to bind with the gold nanoparticles. The figure shows spindle shape cell mor-
phology and a nucleus surrounded by cytosol where a lot of gold nanoparticles reside.
The colloidal gold nanoparticles can get into and out of the cell during the metabolism.
A part of gold nanoparticles, which remained for 24 hr incubation, was observed. In
this case, the gold nanoparticles can be placed within the cytosol. The position of gold
nanoparticles can be controlled by binding the gold nanoparticles with the specific an-
tibodies.

To show that plasma can stimulate the gold nanoparticles inside of the cell, G361
melanoma cancer cells were treated with the plasma for 30 s following 24 hr incubation
together with colloidal gold nanoparticles. Figure 2 shows trypan blue—stained cells af-
ter the plasma treatment without (Fig. 2B) and with (Fig. 2C) gold nanoparticles. In the
case of treatment with gold nanoparticles (Fig. 2C), the cell morphology was changed
to a round shape and cells formed aggregates. On the other hand, when treatment was
performed without gold nanoparticles, the cells retained their shape.

In order to obtain quantitative results after the plasma treatment, all treated cells
were harvested, stained with trypan blue, and counted with a hemocytometer. Figure 3A
shows the death rate and proliferation (growth) rate of G361 melanoma cells after plasma
treatment with and without colloidal gold nanoparticles. In the case of low-dose plasma
exposure (4.5 kV), the cell death rate for the two kinds of treatment (with and without
gold nanoparticles) was not significantly different. However, when the applied voltage
was increased, the death rate increased significantly in the cells treated with gold nano-
particles. When gold nanoparticles were used, the death rate increased more than twice
(from 14% to 36%) immediately after the plasma stimulation. This shows that plasma
stimulates gold nanoparticles to attack cancer cells. This also implies that addition of
gold nanoparticles can reduce the required voltage for effective cell killing and improves
the selectivity of plasma treatment. It must be noted that gold nanoparticles became ef-
fective after being exposed to plasma. If the cells in the presence of gold nanoparticles
are not treated with plasma, gold nanoparticles have no effect on the cells.

We assumed that low-dosed plasma treatment would have no effect on the immediate
death rate after plasma treatment. However, when the number of cells was checked 24 hr
after the plasma treatment, the cell proliferation was significantly reduced. Figure 3B
summarizes the proliferation rates of G361 cells with and without gold nanoparticles
with 24 hr incubation after the plasma exposure. The plasma treatment of cells without
gold nanoparticles decreased the proliferation rate to 54%. However, the proliferation
rate of cells with gold nanoparticles was reduced to 15% after plasma treatment. This
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indicates the therapeutic value of plasma alone and synergetic effect of plasma and gold
nanoparticles for cancerous cell treatment.

To further investigate, gold nanoparticles were conjugated with EGFR and TFR. The
EGFR is a transmembrane glycoprotein that constitutes one of four members of the erbB
family of tyrosine kinase receptors (170 kDa). Binding of EGFR to its conjugate ligands
leads to autophosphorylation of receptor tyrosine kinase and subsequent activation of
signal transduction pathways that are involved in regulating cellular proliferation, differ-
entiation, and survival. Although EGFR is present in normal cells, it is overexpressed in
a variety of tumor cell lines, and has been associated with poor prognosis and decreased
survival. EGFR activation also plays a role in resistance to chemotherapy and radiation
treatment in tumor cells. Over the past two decades, much of chemotherapy research has
focused on developing anticancer agents that can obstruct EGFR activity.""!* The TFR
is a cell membrane—associated glycoprotein involved in the cellular uptake of iron and
in the regulation of cell growth. Iron uptake occurs via the internalization of iron-loaded
transferrin mediated by the interaction with the TFR.! It is reported that the expression
level of TFR in cancer cells may be up to 100-fold higher than average expression level
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of TFR in normal cells. The high expression level of TFR in cancer cells and its central
role in the cellular pathology of human cancer make this receptor an attractive target
for cancer therapy.? Therefore, targeting the TFR is a promising strategy actively being
explored as a drug alternative to offset dangerous side effects. Figure 4 shows the high
expression of EGFR and TFR in SCC25 oral squamous carcinoma cells compared with
NIH 3T3 normal cells. This suggests that both receptors could be suitable for target
proteins.

SCC25 G361 HGF-1

EGFR e

B - actin . S —

SCC25 G361 HGF-1

=

TFR -
B - actin A | —

FIGURE 4. Western blotting analysis for EGFR and TFR in different cells. (A) Expres-
sion level of EGFR. (B) Expression level of TFR. B-actin was used for loading control.

The uptake of conjugates was observed before plasma treatment. Figure 5 shows
the binding images of EGFR-GNP and TFR-GNP conjugates on the SCC25 cells. Fig-
ures 5A and 5B show EGFR-GNP conjugates, while Figures 5C and 5D show TFR-GNP
conjugates. The green fluorescence of Figures SA and 5C detected gold conjugates, while
Figures 5B and 5D show corresponding phase contrast images. Because the EGFR and
TFR are located on the cell membrane, the uptake images look like a shell covering cell
membrane. It is important to mention that the attachment of gold nanoparitcles on the
cells can be controlled by selecting an appropriate antibody for conjugates. The colloidal
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FIGURE 5. Immunocytochemistry. (A) Fluorescent image of SCC25 cells binding with
EGFR conjugates. (B) Phase contrast image of (A). (C) Fluorescent image of SCC25
cells binding with TFR conjugates. (D) Phase contrast image of (C).

gold nanoparticles reside within the cytosol (Fig. 2A), while EGFR-GNP and TFR-GNP
conjugates surround the cell membrane (Fig. 5).

In order to confirm the lethal effect of plasma plus EGFR-GNP or TFR-GNP, cells
were divided into four groups: cells cultured in pure media (Fig. 6A); cells cultured in
media containing gold nanoparticles (Fig. 6B); cells cultured in media containing TFR-
GNP (Fig. 6C); and cells cultured in media containing EGFR-GNP (Fig. 6D). When these
four groups of cells were treated by plasma for 30 s, the death rates were 5%, 21%, 66%,
and 92%, respectively (Fig. 6E). In the case of cells treated with TFR-GNP, although the
death rate right after plasma treatment was 66%, most alive cells were finally dead after
4 h incubation. Considering the instant death rate of 92% in the EGFR-GNP—treated
group, the death mechanism might be necrosis, whereas in the TFR-GNP—treated group,
apoptosis might be induced for 4 hr as well as necrosis. In our preliminary research,
human normal gingival fibroblast showed a 5% death rate (data not shown) when they
were treated with TFR-GNP and EGFR-GNP plus plasma, because they did not express
TFR and EGFR on the cell surface (Fig. 4). While the death rate of the control group
was 5%, those of TFR-GNP and EGFR-GNP were about 13-fold and 18-fold higher,
suggesting that the combination treatment of plasma and TFR-GNP or EGFR-GNP has
a strong selective treatment of SCC25 cells. Although the present results are promising,
it is unclear how plasma stimulates GNP or what exact death mechanism was involved.
Thus, those mechanisms are expected to be traced in the next research.
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FIGURE 6. Enhancement of cell death by plasma treatment plus TFR-GNP and EGFR-
GNP in SCC25 cells. (A) Control cells. (B) Cells treated with colloidal gold nanoparticles.
(C) Cells treated with TFR-GNP. (D) Cells treated with EGFR-GNP. (E) Death rates.

IV. SUMMARY

In this work, we have proposed a nonthermal air plasma coupled with antibody conju-
gated gold nanoparticles for selective and effective melanoma and oral cancer therapy.
In the absence of conjugated gold nanoparticles, nonthermal air plasma kills cancerous
cells effectively, and its use results in reduction of proliferation rate, however, it also
affects normal cells. This problem of killing normal cells by nonthermal air plasma can
be taken care of by using gold nanoparticles. It shows that cells incubated with gold
nanoparticles are vulnerable to plasma treatment. It is also shown that the efficiency
of the treatment process can be enhanced when the gold nanoparticles are conjugated
with anti-EGFR and anti-TFR antibodies. In the presence of EGFR-GNP conjugates, the
treatment process became about 18 times more efficient as compared to the case when
the plasma alone is used for treatment of cancerous cells. These results suggest that the
attack against TFR and/or EGFR by means of plasma may be a prominent strategy for
oral carcinoma cells.
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ABSTRACT: The understanding of basic mechanisms of plasma effects on living cells is one
of the main preconditions to develop systematically innovative therapy options in the new
and emerging field of plasma medicine. In this study, proteomics have been used for the first
time to analyze the influences of physical plasma on vital constituents of mammalian cells.
Treatment of human keratinocytes (HaCaT cells) by an atmospheric pressure argon plasma jet
resulted in changes of charges of several cell proteins, but not in mass changes. These first re-
sults indicate plasma-induced reactions of functional groups or ligands, but no fragmentation,
degradation, or complexation of cell proteins. Hereby, the importance to examine internal cel-
lular changes caused by plasma treatment to elucidate the influence of plasma on the metabo-
lism of human cells next to morphological changes, cell performance, and cell viability could
be demonstrated. Starting from now, proteomics will become a useful tool for basic research
in the field of plasma medicine.

KEY WORDS: plasma medicine, proteomics, two-dimensional gel electrophoresis, cellular proteome, at-
mospheric pressure plasma

I. INTRODUCTION

During the last years, increasing research interest to use physical plasma for biological
and medical applications has led to the development of the new research field of plasma
medicine as an intersection of plasma physics and life sciences.? However, to open up
innovative options in medical therapies, basic understanding of the mechanisms of how
physical plasma interacts with living system on the cellular level is essential.

Proteins are the main components of the physiological metabolic pathways of
cells. The proteome is the entirety of proteins expressed by a living system, e.g., a cell,
primarily dependent on the genome but influenced by several internal and external
factors. Consequently, the cellular proteome is an indicator for the state of a particular
cell type, at defined conditions at any given time. Proteomics is the use of technigques
to define the protein pattern of a living system, e.g., a cell.® Because the proteome is in
a constant balance of new synthesis and degradation of proteins, it undergoes perma-
nent alteration in its composition, depending on environmental and internal conditions
of the cells. Proteomics is able to give us information regarding the proteins after all
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posttranslational modifications, and determines the present interior situation of the
cells. Current proteomic strategies offer qualitative and quantitative analysis of the
protein entirety and allow assessment of protein modifications with high coverage.*®
Therefore, the use of proteomics to investigate mechanisms of nonlethal plasma ef-
fects on living cells could open up a new dimension of basic understanding of plasma-
cell interactions.

II. MATERIAL AND METHODS
A. Plasma Source

For plasma treatment, an atmospheric pressure plasma jet (INP Greifswald, Germa-
ny) was used (Fig. 1, left). Briefly, in the center of a quartz capillary (inner diameter
1.6 mm) a pin-type electrode (1 mm diameter) is mounted. Argon (technical, 5.0) as the
feed gas flows through the capillary (gas flow up to 10 standard liters per minute). A
high-frequency (HF) voltage (1.1 MHz, 2-6 kV) is coupled to the center electrode. The
plasma is generated from the top of the center electrode and expands to the surrounding
air outside the nozzle. The delivered power of the plasma was measured calorimetri-
cally. The thermal output from the plasma jet is almost independent of the power at
about 150 mW.® For the experiments presented here, a gas flow of exactly 3.8 standard
liters per minute was used, resulting in an apparent plasma jet of about 7 mm length and
1-2 mm width.6 Probe measurements have shown that electrical charges are present in
a plasma tip. Axial temperature profiles of the plasma jet were obtained by fiber optic
temperature measurement (Luxtron, model 755). A temperature-dependent fluorescent
signal of luminescent magnesium fluorogermanate, which was excited with a Xe flash-
lamp, was monitored (Fig. 2).” Optical emission spectroscopy (OES) of the plasma was

plasma jet

- HF electrode (pin]

capillary (quartz)

feed gas

FIGURE 1. Schematic setup of the APPJ plasma source (left), and APPJ treatment of
suspended cells in a Petri dish (right).
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FIGURE 2. Gas temperature of the APPJ (continuous operating mode) and temperature
measurement setup at an argon gas flow rate of 5 standard liters per minute dependent
on the input power and the axial distance from the capillary nozzle of the plasma source
(yellow points: tip of the visible range of the plasma jet).®

performed using a fiber spectrometer (StellarNet EPP2000-UVN). The plasma was im-
aged on the optical fiber of the spectrometer via two pinholes (d = 1 mm) and a quartz
glass lens. By moving the optical setup along the plasma, spectra were taken at different
but well defined axial positions with a spatial resolution of about 1 mm (Fig. 3).° The
spectral sensitivity of the detector was taken into account by calibrating it against a deu-
terium and a halogen lamp.

B. Cell Treatments

Immortalized human keratinocytes (HaCaT) were cultivated in cell culture medium
RPMI 1640 (Roswell Park Memorial Institute, Lonza, Verviers, BE) supplemented with
1% penicilline/streptomycine (Biochrom, Berlin, Germany) and 8% fetal calf serum (Sig-
ma-Aldrich, Deisenhofen, Germany) at 37°C and 5% CO, in a humidified atmosphere.®
RPMI is a culture medium for eukaryotic cells. It contains inorganic salts, glucose, amino
acids, and vitamins. HaCaT cells were a gift of DKFZ Heidelberg, Germany.

1.8 Mio HaCaT cells in a 75 cm? tissue culture flask were grown for four days at
37°C and 5% CO, in a humidified atmosphere. On the fourth day, the cells were detached
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FIGURE 3. Optical emission spectra measured at different axial positions of the Ar-
plasma jet.t

and suspended in a 5.5 cm diameter Petri dish containing 4 ml RPMI.

Two different experiments were performed related to a control: a 60 s plasma treat-
ment and 60 s gas treatment. The entire Petri dish containing the cell suspension was
plasma treated in a meandered track using an automatic program. The speed of the
plasma jet over ground was 10 mm/s, resulting in a complete treatment time of 60 s.
The plasma jet was adjusted in such a way that the visible plasma tip contacted the
liquid surface (Fig. 1, right). The temperature was around 50°C in the visible plasma tip
(Fig. 2, green line). For gas flow treatment, the same procedure was used, but without
plasma ignition. The gas temperature was about 22°C. All cell treatments started after a
5 min warm-up period. During the treatment, there was no increase in temperature of the
culture medium. Lethality of the cells was not observed under these conditions.

C. Proteomics

Immediately after plasma treatment, the cell suspension was centrifuged and the pellet-
ized cells were suspended with urea buffer (8 M urea, 2 M thiourea) and frozen in liquid
nitrogen. Protein extraction was performed by a thawing and freezing procedure. Brief-
ly, frozen samples were processed by shaking the tubes in a thermomixer for 10 min
at 30°C at 1400 rpm and frozen immediately again in liquid nitrogen. This procedure
was carried out five times. Afterward, the cell debris was removed by centrifugation
(20,000 " g, 60 min, 4°C). The supernatants were transferred into new tubes, and the
protein concentrations were determined with a Bradford assay (Bio-Rad, Munich, Ger-
many).® This sample preparation is a standard and well-proved method.*
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Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is the composi-
tion of two high-resolution electrophoresis procedures to provide much greater reso-
lution than either procedure alone. In the first-dimension gel, solubilized proteins are
separated along a pH gradient according to their isoelectric point (pl). The pl is equal to
that pH where a given molecule has no net electrical charge. After this first separation,
the proteins are separated in the second dimension dependent on their molecular weight.
The result of the 2D-PAGE separation is a 2D gel presenting the pattern of the proteome
of the cell type investigated.

For the 2D electrophoresis, the samples were rehydrated on IPG strips (24 cm;
GE Healthcare, Munich, Germany) with a pH range from 4 to 7. Following a standard
protocol previously described by Brigulla et al., the IPG strips were subjected to iso-
electric focusing.™ In the second dimension, proteins were separated on 12.5% SDS-
polyacrylamide gels. The resulting gels were stained with colloidal Coomassie brilliant
blue according to the manufacturer’s instructions (GE Healthcare) and scanned with a
light scanner (Epson Perfection V750 Pro).

Using Delta 2D software (Version 3.6, Decodon GmbH, Greifswald, Germany) al-
lows to positionally correct gel images (image warping), spot detection, quatitation, and
normalization of spot patterns of numerous gel images by overlay.?? After defining a
master gel, each gel can be compared with the mastergel while the non—master gels are
warped automatically using the differences in spot positions between each gel and the
master gel. The software calculates and adjusts the same protein spots on gels exactly.
Manual corrections may be made. Identical spots are shown black, and spots that appear
only in one gel are labeled with different stains.

[ll. RESULTS AND DISCUSSION

To analyze differences of the proteome of plasma-treated and untreated human keratino-
cytes (HaCaT cells), images of the 2D gels from the different preparations were overlaid
(image warping) and variously colored using the software Delta-2D (Fig. 4: untreated,
blue; plasma treated, orange).

Proteins that are not affected by plasma treatment appear black in this projection,
which means that they are always in the same position in the different 2D gels. Fur-
thermore, it is possible that constitutively expressed proteins change their position after
treatment due to chemical modifications or changes in molecular mass. Plasma-affected
proteins appear blue if they are only visible in the untreated control, implying that they
are repressed after plasma treatment, or they appear orange if only visible in the plasma
treated preparation, implying that they are induced by plasma treatment.

Comparing the proteome images of untreated and plasma treated keratinocytes
(Fig. 4), there can be found mainly horizontal shifts of protein spots. These differences
of proteins in the first separation dimension indicate changes of the charge state of those
proteins resulting in a pl shift. Such changes of the protein charges could be caused by
variations of functional groups or ligands by oxidation, methylation, phosphorylation,
etc. However, because no mass-dependent vertical shifts of protein spots in the second
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FIGURE 4. Dual-channel overlay image of 2D gels of the protein pattern of untreated
(blue) and plasma-treated (orange) keratinocytes. Black spots indicate identical non-
modified proteins from both preparations. Blue and orange spots indicate modified pro-
teins being different in the different gels (labeled additionally by red arrows)

dimension of the 2D-PAGE separation are obvious, structural protein changes such as
fragmentation, degradation, complexation, etc., caused by plasma treatment, at least
under the conditions tested here, can be excluded.

To eliminate effects caused by carrier gas flow, HaCaT cells were exposed to argon
gas flow without ignited plasma in an additional experiment. In Figure 5, the same con-
trol as in Figure 4 is compared with a cell suspension that was treated only with the gas
flow. The spots changed by plasma treatment were unaffected by gas flow, i.e., all spots
are black, so it can be concluded that the gas flow itself has no effect on the cells.

As was published elsewhere, radiation emitted from the APPJ plasma contains mo-
lecular bands of OH-radical and lines of excited argon atoms between 500 and 1000 nm.
In the UV-Aregion between 350 and 400 nm, bands of nitrogen emission have been mea-
sured because of increasing mixing of the feed gas argon with the surrounding ambient
air. There was no detectable emission in the UV-C range <250 nm (Fig. 3).® Therefore,
effects resulting from the well-known intensive biological activity, especially of UV-C
around 254 nm, which is based on direct impact on DNA, can be largely precluded.
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FIGURE 5. Dual-channel overlay image of 2D gels of the protein pattern of untreated
(blue) and argon gas treated (orange) keratinocytes. Black spots indicate identical non-
modified proteins from both preparations. Blue and orange spots indicate modified pro-
teins being different in the different gels.

Moreover, APPJ emits a significant amount of VUV radiation, mainly the second
continuum of the argon excimer Ar,” between 120 and 135 nm.** The absolute VUV ra-
diance of the APPJ reaches maximum values of 2.2 mW mm sr’.2® Because the plasma
jetis operated in its own argon atmosphere, a considerable amount of VUV radiation can
reach an object to be treated in principle. However, because of the fact the cells in the
experiment presented here are suspended in a liquid environment, the biological effects
of VUV irradiation seem to be unlikely because of its short effective reach and high
absorption by air and liquids.*

Finally, temperature is one of the most critical factors in connection with plasma
treatment of living systems. A slight heating from 37 to 38.5°C was shown to be a
stimulus for keratinocyte proliferation.? In principle, temperature should not exceed a
threshold of 40°C if living systems are treated. In the experimental setup used in this
study, the temperature at the tip of the plasma jet was around 50°C (Fig. 2).° In principle,
this is very close to biological intolerance. However, plasma-caused target heating is
not only dependent on gas or plasma temperature, but is also a function of contact time.
So, it could be demonstrated that fast-moving atmospheric microwave plasma with a
temperature of about 3000°C can be used for decontamination of heat-sensitive hollow
packaging materials that are melting above 70°C.* Because the cell treatment was real-
ized by moving the APPJ for 60 s along a meandered pattern across the complete surface
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of the cell suspension in the Petri dish (area 23.8 cm?), inducing an additional stirring of
the cell suspension, the contact time should be short enough and cooling effects should
be sufficient to exclude temperature effects. A substantial warming of the Petri dish con-
taining the cell suspension was not detectable after plasma treatment. However, further
experiments should address this problem in a more detailed manner.

V. CONCLUSION AND OUTLOOK

For the first time, proteomics have been used to investigate the influence of atmospheric
pressure plasma on mammalian cells. With it, a very powerful bioanalytical technique
has shown its usefulness for basic research in the field of plasma medicine. The pilot
experiments presented here indicate the possibility to detect minute changes within vital
cells after plasma treatment in a sophisticated manner. Moreover, based on the prepara-
tive electrophoretic separation realized by the 2D-PAGE technique, single proteins of
interest can be identified by MALDI-TOF-MS (matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry). This was already performed with the gels pre-
sented here and is still part of an ongoing investigation.

With the experimental setup used in this study, only effects on cellular proteome im-
mediately after plasma treatment have been demonstrated. To get more detailed insight
into possible biochemical mechanisms influencing cell performance, cell reactions have
to be investigated up to 72 h after plasma treatment. This will be the only way to get
insight into the integral cellular answer and to seize hold on the wobbling expression
patterns of proteins and the extent of cellular repair mechanisms in the course of time.
Currently, we are preparing this type of experiment, and results will be presented in due
time.

One intention of such an examination is the identification of reference proteins to
assess a cell status after plasma treatment more easily and to verify the harmlessness of
physical plasma to mammalian cells during medical approaches, e.g., in wound healing
or dermatology. Hence, proteomics will be a valuable tool to screen effects of plasma
treatment on cellular proteome under varying conditions. From its further use in plasma
medicine research, detailed knowledge of interactions between physical plasma and cell
structures or functions will be obtained. With the first results presented here, the impor-
tance to examine internal cellular changes caused by plasma treatment to elucidate the
influence of plasma on the metabolism of human cells next to morphological changes,
cell performance, and cell viability could be demonstrated.
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ABSTRACT: There is an increasing interest in the study of direct plasma generated in liquid/
bioliquid as it finds more applications in both industry and academic research. For all the ap-
plications, it is important to get a better understanding of the key physical mechanisms of the
breakdown process. In the present paper, streamer propagation during an electric breakdown
process of dielectric liquid was analyzed quantitatively using two different mechanisms based
on electrostatic expansion and local heating. It was proposed that at the early stage of the
streamer propagation, the electrostatic force due to the charging of a liquid-gas interface under
a high electric field might be the major driving force for filament growth. Over a submicro-
second time scale, the local heating might dominate the streamer propagation process, and the
growth of the filament could be caused by the continuous evaporation of liquid at the tip of the
streamer. Analysis of linear instabilities that lead to the bushlike growth of the streamers was
carried out. Both classic Rayleigh-Taylor instability and electric field-induced instability were
identified. It was shown that with an increasing applied voltage, the electrostatic instability
was enhanced, whereas the Rayleigh instability was suppressed.

KEY WORDS: electric breakdown, plasma, streamer propagation, stability analysis, Rayleigh instability

NOMENCLATURE

C, specific heat, C speed of sound, e electron charge, E electric field, h peak-to-peak
amplitude, H depth of wave influence, k wave number, kI ionization rate coefficient, L
length, m mass, M Mach number, n number density, P pressure, R interelectrode dis-
tance, I radius, U velocity, V volume, t time, T temperature, Z internal energy, Greek
Symbols: o specific heat ratio, y surface tension, A H evaporation heat of water, € per-
mittivity, k electric conductivity, A thermal conductivity, p density, ¢ surface charge
density, T time, v collision frequency, T time constant, @ voltage,  oscillation frequency,
y curvature, Subscripts: b breakdown, ¢ crest, e electron, E electrostatic, I ionization,
HD hydrodynamic, n neutral, t trough, T tension.

I. INTRODUCTION

There is an increasing interest in the study of electric breakdown in water and other
liquids as it finds more applications in both industry and academic research, ranging
from dielectric insulation to water sterilization, organic contaminants destruction, and
material synthesis.' For all the applications, it is important to get a better understanding
of the key physical mechanisms of the breakdown process. In most cases, the electric
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breakdown of liquids is initiated by the application of a high electric field on the elec-
trode, followed by rapid propagation and branching of streamers. The overall mecha-
nism is complex since it involves different physical processes including field emission,
bubble formation, ionization, heating, vaporization, etc. Thus, it is difficult to include
all the effects in a single analytical model. A number of proposed theories for the initia-
tion of the breakdown of dielectric liquids are available in the literature.” !> The initial
bubble formation could be attributed to pre-existing cavities in water, direct ionization,
field-assisted emission, or joule heating induced by local field emission. However, the
exact mechanism is still unclear.

Despite different mechanisms proposed, all the initiation theories lead to the forma-
tion of a low-density region so that self-sustained electron avalanche could be possible.
Thus, the next question is what the driving force is to sustain and expand the cavity to
form complex geometrical structures. Similar to the initiation process, the propagation
is complicated because it involves interactions between plasma, gas, and liquid phases
of the media. Recent experiments demonstrated the existence of different modes of
propagation where both a primary streamer mode with a slow velocity and a secondary
streamer mode with a high velocity were observed.'?> Several models have been pro-
posed to correlate the electric field to streamer velocity.'*'¢ Different effects, including
liquid viscosity, trapping of positive and negative carriers in the conducting channel, and
local electric charge at the streamer head, were taken into account. But again, there is not
yet a commonly accepted model.

The objective of the present study was to develop a theoretical framework for un-
derstanding the propagation of streamers of electric discharge in water subjected to
high voltage. The breakdown process is usually characterized by two typical features
of breakdown, namely, the rapid propagation of discharge streamers and high tendency
of branching and formation of random dendritic structures. Therefore, the present study
consists of two components, i.e., a quantitative model for possible mechanisms to produce
the driving force needed to sustain and promote the propagation, and a stability analysis
of a single cylindrical filament with surface charges in an external electric field.

IIl. MODELS

Despite the fact that the mechanism is not fully understood, the propagation of streamers
during electric breakdown of water clearly involves the displacement of adjacent liquid
along their paths. The process requires a driving force, which is to be discussed in this
section. Two quantitative models have been developed. One is based on the electrostatic
effect on the streamer-water interface, and the other a more traditional local heating ef-
fect. Comparison was made to examine the validities of the two models.

A. Electrostatic Model

A schematic diagram of the present electrostatic model is shown in Figure 1A. A thin
needle electrode with a rounded tip was aligned perpendicular to a ground plate elec-

Plasma Medicine



Analysis of Streamer Propagation for Electric Breakdown in Liquid/Bioliquid 67

trode. High voltage @, was applied to the needle electrode. According to Kupershtokh et
al., liquids could become phase unstable under a high electric field so that gas channels
could form along electric field lines."” The time required for breakdown ignition in the
channels can be estimated as 1, = (k, n )", where K is the direct ionization rate coeffi-
cient, and n, is the molecule density." Under atmospheric pressure, n is on the order of
10" cm?, while K, is on the order of 10'° to 10 cm’/s in the reduced electric field E/n
of 10° Vecm®."® Hence, 7, is on the order of 0.1 to 1 ns. For negative discharges, due to
the higher momentum transfer collision frequency and thus a low mobility in the liquid
phase, electrons tend to deposit on the gas-liquid interface and charge it negatively. For
positive discharges, the high mobility of electrons would leave the interface charged
positively. Under both circumstances, it is possible that the charged interface would
be pushed to displace the liquid under an external electric field by electrostatic force.
A simplified calculation can be made to examine whether or not the electrostatic force
would be sufficient to overcome the resistance of water at the interface. The pressure
due to the surface tension y on a water interface of a spherical bubble with a radius of
curvature r can be approximated by the Young-Laplace equation p =2y/r. Withr ~1 pm,
and y = 72.8 x 10 N/m, the surface tension pressure is ~15 kPa. The ultimate strength
of water of approximately 30 MPa must be exceeded for rupturing the liquid.!"” Con-
sidering forces due to charged particles only, and ignoring those due to field gradients
and material property gradients, the electric force at the interface becomes simply the
electrostatic force L, which is the product of charge density per unit area ¢ and the
electric field E, i. e., L = ecE, where e is the charge per electron. For E = 10® V/cm,
should have a value of 10'? charges/cm?. For electrons with an average energy of 1 eV,
the electron thermal velocity can be estimated as 6 x 107 cm/s. So a modest electron
density of 10" cm™ will provide the flux necessary to charge the surface to the breaking
point within 1 ns. Although these estimations for water rupturing also neglect both loss
mechanisms and the energy requirements to overcome the hydrodynamic resistance,
the electrostatic mechanism still seems a likely candidate for streamer propagation, and
such forces may dominate at a nanosecond time scale.

The growth of a plasma filament is determined by conservation equations of mass,
momentum, and energy. To quantify the breakdown process described above, the equa-
tions for the formation and propagation of the plasma-filled filaments are defined as®
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FIGURE 1. (A) Initiation of bubble formation; (B) schematic diagram of a cylindrical fila-
ment in water.

where t is time, p and P are the radial density and pressure inside streamer, respec-
tively, U is the velocity of streamer, T is the temperature, A is the thermal conductivity,
A H is the evaporation heat of water, I is the radius of streamer, Z is the internal energy
of ionized gas, E is the electric field strength, and « is the electric conductivity. It is
usually difficult to directly solve Egs. (1)—(3) because of the high nonlinearity of the
equations.

For simplification, the streamer was assumed to be a cylinder with a hemispherical
tip as shown in Figure 1B. The reference frame was fixed on the tip. The radius of the
filament is r . Although it appears from photographic evidences that the filament is usu-
ally of a conical shape, the cylindrical approach is still a good approximation when the
length of the filament is much greater than the radius. The electric conductivity « inside
the filament could be described as

“4)

where m is the mass of electron, and ven is the frequency of electron-neutral colli-
sions. Note that ven is proportional to the gas number density and the value of ven/p is
usually on the order of 10° s'Torr".!® Sunka et al. measured the broadening of the Ha
line profile, which is commonly used to characterize the density of plasma, reporting
the electron density inside streamers during the initial phase of water breakdown to be
on the order of 10'® cm3.2! With the room temperature saturated water vapor pressure of
20 Torr, the electric conductivity inside the filament can be estimated to be on the order
of 107 S/m, a value that is comparable to those for metals. Thus, the filament could be
regarded as equipotential with the electrode, and thus could be treated as an extension
of the electrode throughout the expansion. The external fluid provides drag force and
constant external pressure for the development of the filament. Gravity is neglected here
because the body force induced by gravity is much smaller than the electric forces.

The electric field outside a slender jet can be described as if it were due to an effec-
tive linear charge density (incorporating the effects of both free charge and polarization
charge) of charge density ¢ on the surface. Since the charge density in liquid can be ig-
nored compared to that on the filament surface, one can have the following equation for
the space outside the filament by applying the Laplace equation in the radial direction:
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with boundary conditions @Vzrzr“ = @, and ®%;_.= 0. R is the distance between
the anode and cathode. Because the filament could be regarded as an extension of the
electrode, R decreases as the streamer propagates through the gap.

Solving the above equation with an assumption of negative discharge, the radial
electric field E_and local surface charge density 6, can be written as
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There is no analytical solution for the electric field at the hemispherical tip of the
filament. A frequently used approximation is E = @ / r. Here, the equation for the
electric field at the tip of a needle in a needle-to-plane geometry developed by Lama and

Gallo was used,?
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Similarly, the local charge density at the tip is:
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From Egs. (6)~(9), one can conclude that the radial direction electrostatic pressure Ec
exerted on the sidewall of the streamer was weaker than the axial direction electrostatic pres-
sure on the tip. Note that both electrostatic pressures were roughly inversely proportional to
r,2, meaning that at the initial stage of the filament growth when r is small, the electrostatic
forces on both directions were strong and the filament would grow both axially and radially.
A direct consequence of both the axial and radial expansions of the streamer channel is the
launching of compression waves into adjacent liquids.'* At some critical point, the electro-
static force would reach a balance with hydrodynamic resistance acting on the surface in the
radial direction first, while the filament continued to grow in the axial direction.

Experimentally recorded propagation speeds of the filaments varied depending on
the measurement techniques, ranging from a few kilometers to one hundred kilometers
per second.'*?*?* In spite of the discrepancy observed by different groups, the propaga-
tion was clearly in the supersonic regime, and the formation of shockwaves had to be
taken into consideration (see Fig. 2). The drag force on the tip of the streamer, which is
a stagnation point, equals to the force produced by the total hydrodynamic pressure,

2 , a—1

1
P, =P, [—M] —"— |+=p(CM,)’
hd [ PSR T B ) 2P( 2) (10)
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Shockwave

FIGURE 2. Force balance for the present electrostatic model.

20 Mf—a_l
a+1 a+1

P
where P, is ambient pressure, l ( ) is the pressure behind shock
front, a is the specific heat ratio of water, M, is the Mach number of streamer, M, is the
Mach number after the shock front, and C is the speed of sound in liquid. The relation-
ship between M, and M, can be written as*

, _(@=1)M7+2
P 2eM! +Hl-a
Equating the hydrodynamic pressure to the sum of the electrostatic pressure and

the pressure produced by surface tension at the tip can give the following equation for
streamer propagation:

(11)

@2
48r80 21,2 ‘ =Pl( 2 M12 1\ A (CM ) + (12)
1, In"(4R /1,) \a+1 a+1} 2 1,

The balance between the electrostatic force and the force produced by the total
hydrodynamic pressure in the radial direction can be given as
2

_ 1 I
€,8 2ln (R/ro) P+ 2P(CM2) + 0 (13)

Note that there are three unknowns, M, M,, and r, in the above equations. So it
is possible to solve Egs. (11)—(13) simultaneously when the applied voltage @ and the
interelectrode distance R are specified.

To demonstrate the validity of the present model, the filament radius predicted by
the model is shown in Figure 3. For a typical interelectrode distance of 1 cm, the filament
radius increased from 3 um to 50 um as the applied voltage rose from 5 kV to 30 kV.
The value was comparable to typical experimental values. For example, Baumung and
Bluhm reported that the light emission from the discharge was restricted to a channel of
100 um diameter, indicating the interaction of charged particles in the region."

Figure 4 shows the filament propagation speed as a function of @ and R. The calcu-
lated propagation speed from the present model was around 15 km/s, which was higher
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FIGURE 3. Variations of filament radius as a function of applied voltage and interelec-
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FIGURE 4. Variations of the Mach number of a streamer as a function of applied voltage

and interelectrode distance.

than the primary streamer speed, but lower than the secondary streamer speed reported
by Baumung and Bluhm." The Mach number increased moderately with the applied
voltage, a phenomenon that is understandable from the point of view of energy conser-
vation. The streamer propagation velocity was relatively independent of the interelec-
trode distance. For an applied voltage of 30 kV, the Mach number increased from 11.2 to
12.3 when the interelectrode distance decreased from 10 cm to 0.1 cm. This is consistent
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with the known property of negative streamers since the previous experiment showed
that for a given voltage the propagation, velocity was relatively constant as the streamer
crossed the gap, and it increased as the streamer approached the plane electrode.' This
phenomenon could be understood by Eq. (6), i.e., the interelectrode distance R was
decreased with the propagation of the streamers; as a result, the electric field at the tip of
the streamer was increased, leading to a higher propagation speed. However, the amount
of the increase in the electric field would not be significant because of the natural loga-
rithm in the equation.

B. Thermal Mechanism

In the electrostatic model described above, it was assumed that the translational tem-
perature inside the streamer was low, and the electrostatic force was the only driving
force for the growth of the filament. The assumption was valid only at the initial stage of
the filament development, since the temperature will keep rising as the molecules gain
more energy through electron-neutral collisions. The heating time t is approximately
T=1, + 1, where 7_ is the time for electron-neutral excitation, and 7, is the time for
vibrational-translational (v-t) relaxation. For electron-neutral excitation, T, = 1/v_ =1/
(nk.,), where v_ is the electron-neutral nonelastic collision frequency, n_is the electron
density, and k _ is the rate constant for electron-neutral collisions; k_ can be expressed
ask_=o_V , where cen is the cross section for vibrational excitation of H,O molecules
by electron impact and v, is the electron thermal velocity.

For electrons with an average energy of 1 eV, the cross section for vibrational excita-
tion is about 6 = 107 cm?*° k _ is thus about 10 cm*/s, as is typical (v = 6 K 107 cm/s).
Spectroscopic measurements indicated that the stark broadening of the Ha line cor-
responded to an electron density of about 10'® cm™ at a quasi-equilibrium state.?! Thus,
the typical electron-neutral excitation time can be estimated to be on the order of a few
nanoseconds. For the v-t relaxation, T = 1/(n K ), where n_is the density of vibrational
excited molecules, and kVt is the v-t relaxation rate coefficient. For water molecules at
room temperature, kvt is about 3 x 10 cm*/s."® Assuming that n_is on the same order
with the electron density, T, could be estimated to be on the order of several hundred
nanoseconds, suggesting that heating can take place inside the filaments under a submi-
crosecond time scale due to the energy transfer from the electrons to the translational
energy of the water molecules; and furthermore, the propagation of the streamers could
be caused by the continuous evaporation of water molecules at the tip. Here, the energy
dissipation was not considered, and the actual heating time might be longer, but still the
local heating mechanism under the submicrosecond time regime seems possible.

To quantify the process described above, it was assumed that a small cylindrical
portion of water evaporated at the tip of the streamer during time At so that the length of
the streamer grew from L to L + 8L, as shown in Figure 5. The diameter of the evapo-
rated water cylinder was assumed to be 2r . There was no definitive value for pressure
P, inside the small vaporized portion given the extremely high temperature. However,
P_ could be estimated to be on the order of 1000 atm because of the density difference
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Shockwave

2"0

FIGURE 5. Force balance for the present thermal model.

between liquid water and vapor. Such a high pressure could provide the driving force
needed for the growth of the filament. As in the previous section, one can get the force
balance along the axial direction at the tip of the filament assuming a steady state condi-
tion as

2k 2 k_l 1 2 2Y
P|[=—M’—=—— H—p(CM,)* +=L =P
l(kﬂ i k+1) 2p( 2) =P (14)

e

The energy required for the evaporation of water can be calculated as
E, =pV,(c,AT+ A H) (15)

where p is the density of water, V_is the volume of evaporated water, , is the spe-
cific heat of water. V can be written as

V, =nr’- 5L (16)

After evaporation, the overheated and overpressured water vapor will expand ra-

dially, while satisfying the force balance along the axial direction, until it reaches an

equilibrium with the outside hydrodynamic pressure. The process could be regarded

as adiabatic under a submicrosecond time scale, and thus one can have the following
equations:

P,VY =PV, 17
P, £,&,D; "
5 =l I (18)
P, pry(c, AT +AH, ) In(R /1))

where P and V are the pressure and volume, respectively, of the water vapor after
the expansion, r is the radius of the filament after expansion, and as is the specific heat
ratio of the water vapor. The force produced by P should be in balance with the forces
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created by both surface tension and total environmental hydrodynamic pressure as given
below,

Py =P1+lP(CMz)2+& (19)
2 I,

Another set of equations can be obtained through the consideration of energy con-
servation. The energy required to vaporize water was the electric energy provided by the
power supply. If the entire filament was viewed as a capacitor with capacitance C, the
required energy could be calculated as

Co;
E="1"
: (20)
The capacitance of the cylindrical filament is
C =2neg,L/In(R /1) 21)
So the energy change required to extend the length by dL becomes
OE =mnee, SLO; /In(R /1) (22)
By equating 3E to E, one has
ee, O
L= (23)
p(c,AT +AH, ) In(R /1)

Assuming a =~ 1 due to the low compressibility of water, and rearranging Eqgs. (11),
(14), (18), (19), and (23) to eliminate M,, r , and Pg, one can get a set of equations about
M, and r as follows:

2 ¢ AT+AH,_ )In(R/
pm2+2C —pyay [P L) IR T%) _ (24)
2M, £,&h, P
2 ks
p e,&,D; _p pC? 3 o(c,AT +AH, ) In(R /1) —0(25)
“ |on(c,AT +AH,_,)In(R / 1) YoM} 7 P NAR

For water vapor, o, can be assumed to be 1.3.*” For high-temperature underwater
discharges, the translational plasma temperature was measured to be between approxi-
mately 4000 K and 6500 K.?* An average value of 5000 K was used for AT in the present
study. Figure 6 shows the Mach number of filament propagation, M1, as a function
of @ and R. The propagation velocity was about 50 km/s, which was higher than the
secondary streamer velocity of 25 km/s reported by Baumung and Bluhm'?, but lower
than the value of 200 km/s reported by Woodworth et al.** The discrepancy in the two
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FIGURE 6. Variations of filament radius as a function of applied voltage and interelec-
trode distance.
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measurements probably came from the different techniques used for the velocity mea-
surements. The value of M, remained constant for various values of ® and R, indicating
that the propagation velocity of the streamers was independent of either the applied
voltage or interelectrode distance. A similar phenomenon was observed previously,'>*
where the propagation velocity of secondary streamers was constant over a wide volt-
age range. Figure 7 shows the filament radius as a function of @ and R. The radius
increased slightly as the streamers approached the other electrode, while it decreased
almost linearly as the applied voltage dropped. The absolute value of r, was about one
order smaller than that obtained from the electrostatic model. This could be understood
if one considers the energy requirements for the two mechanisms. For the evaporation of
water, the energy needed to break the hydrogen bonds between water molecules should
be much greater than that required to displace the same volume of water.

The different models based on the electrostatic force and evaporation gave different
results of the streamer propagation speed and filament radius. The electrostatic model
showed streamers with a larger radius and a lower Mach number, while the thermal model
demonstrated that the streamers could move much faster, but were thinner than those
determined from the electrostatic model. The different findings from the two models led
us to postulate that different mechanisms might be associated with the different modes
of the streamer propagation. At the initial primary streamer mode before any significant
heat was generated, the electrostatic force might have played a major role. The appear-
ance of the secondary streamer required more time, during which the electron energy
could be transferred to the translational energy of water molecules, and subsequently
evaporation could become the dominant force to drive the filament to move forward.
The transition time between the primary and secondary streamers was on the order of
100 ns," a value that is in accordance with the heating time as estimated above.
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FIGURE 7. Variations of the Mach number of a streamer as a function of applied voltage
and interelectrode distance.

Ill. STABILITY ANALYSIS

The breakdown process is usually characterized by two features, i.e., an initial develop-
ment of thin discharge channels and a subsequent branching of these channels into com-
plicated “bushlike” patterns. Apparently, the branching process is associated with the in-
stability of the filament. In this section, the linear stability analysis of the axisymmetric
perturbation of a filament surface with a certain electric charge density is presented. As
long as the wavelength of the perturbation is much smaller than the length of the fila-
ment, the stability characteristics can be approximated by considering perturbations to
a charged cylinder of constant radius as shown in Figure 8. The peak-to-peak amplitude
and wave number of the disturbance are h and k, respectively. H is the depth of wave
influence, and u is the velocity of liquid relative to the disturbance. Then, the surface of
the perturbation can be represented by the following equation:

r=r,+ %exp(ikz +ot) (26)

where o is the oscillation frequency of the instability. To analyze the linear stabil-
ity, the disturbance of the local electrostatic force, surface tension, and hydrodynamic
pressure were considered following a geometrical perturbation. Generally, the surface
tension tends to minimize the surface area and subsequently stabilize the disturbance,
while the local enhancement of the electrostatic force tended to push the disturbance to
grow. In the reference frame that moves together with the tip of the filament, the effects
of these three forces were considered separately for the pressure balance between the
crest and trough along the streamline (see Fig. 8).
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FIGURE 8. Schematic diagram of disturbance at the surface of a filament.

A. Electrostatic Pressure

According to Egs. (6)—(9), the electrostatic pressure is proportional to the square of the
local curvature of the interface, which is different at the crest and trough of the pertur-
bation. Thus, the electrostatic pressures at the crest and trough, P, and P, , become,
respectively, ’ ’

2
P, =&,e,0p L 27)
and
ZZ
P, =¢.,0; T‘ (28)

where ¢_is the relative permittivity of water, and y_and y, are the mean curvatures at

the crest and trough, respectively. The expression for the mean curvature can be written
as29

1 d,(0,r) 1

= - =>—-3(3
SN T E T 29

Substituting Eq. (26) into Eq. (29), one can get expressions for M_and M,

1 h
- +1§°
AT in2 2 (30)
1 h
=k’ 31
Ze T dn2 2 G
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Subsequently, P, and P can be written as

E,

2 1 hk’

PE c =8,80(D§ 'ﬁz grsoq)g( 5 + ) (32)

| 4 (21, +h)*  2(21,+ h)
2 1 hk*
P, =¢,5,0 L= g6, D7 33
E.t r”0 =0 4 r~0 0((2r0 _h)2 2(21_0_ h)) ( )
Thus, the electrostatic pressure difference between the crest and trough becomes

2 2 P

AP,=P, —P, =— srsoqzoh L & Pohk i

’ 7 21, 2r,

B. Surface Tension

The pressures due to the surface tension across the interface at the crest and trough can
be written as

h
P = = —+—k2
Te =V Y(r0+h/2 2 ) (35)
and
P. = = (—_Ekz)
0 YT n—h/2 2 (36)

Thus, the pressure difference due to surface tension between the crest and trough
becomes
vh

AP =P =P, == nia

+vhk? (37)

Since 1, h, the above equation can be simplified as

h
AP, =_Z_2 +yhk> (38)

0

C. Hydrodynamic Pressure

When there is a disturbance on the interface of the filament, the flow speed of liquid will
be perturbed in the depth of wave influence, inducing a hydrodynamic pressure differ-
ence AP, between the crest and trough,

APy = 2tk S8 = =2 = puta (39)

1
2
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where Au/2 is the perturbation in the flow speed caused by the shape of the wave.
The dynamic pressure is related to the flow speed through Bernoulli’s equation. The
pressure difference from the electrostatic force and dynamic effect of the flow has the
opposite sign due to the surface tension. For a balance between two kinds of oppositely
directed pressure differences, one has

e.g,0’h N g.g,0 hk’ _

27 2r,

pulu+ @ —yhk’—

Ty

0 (40)

In order to solve Eq. (40), the perturbed flow speed Au must be expressed in terms of
experimentally measurable quantities. The following derivation was inspired by Kenyon.*

Assuming that the perturbed flow speed is constant over the depth of wave influ-
ence, the mass conservation equation through vertical cross sections between the crest

and trough becomes
(u +ﬂ) (H_£)=(u _ﬁ) (H+£) (a1)
2 2 2 2

where H is the depth of wave influence. The above equation can be reduced to
u-h=Au-H 42)

The theoretical expression for H was given by Kenyon®! as

1

=— 43
27k (43)
Using Egs. (42) and (43) to eliminate H and Au, Eq. (40) becomes
2 272
poo? =k [y ExoDo_ 2 BBk (44)

2}*03 r02 2,

Since this is a quadratic equation, there will be two different branches of the disper-
sion relation, and an instability occurs if Re(w) > 0. The first thing to note in Eq. (44) is
that when the applied voltage @, is equal to zero and the surface is flat, in other words,
when the radius of the filament r, goes to infinity, the above equation reduces to pu* =
vk, which is the equation for the classic 2D Rayleigh instability.

Figure 9 shows the instability growth rate  at a low applied voltage, where the
process is in Rayleigh mode. The dashed line represents the classic Rayleigh instability
for @, = 0 and r;—o0. For ® # 0 and r is finite, instability only happens at high wave
numbers. When the voltage increases under this mode, the growth rate is decreased
until fully suppressed at a certain critical value. The physical explanation for this can
be as follows. The Rayleigh instability occurs due to surface tension, which always acts
to break a cylindrical jet into a stream of droplets; on the other hand, the electrostatic
force, which is proportional to the square of the applied voltage, always acts in the op-
posite direction of the surface tension. When the applied voltage increases, the Rayleigh
instability would be suppressed when the two forces are balanced.
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30+

FIGURE 9. Instability growth rate w at low applied voltages; k and w are nondimension-
alized using streamer radius r, and time scale t = (pr/y)">.

As the voltage continues to increase, the instability enters the electrostatic mode,
where the electrostatic force exceeds the force created by the surface tension and be-
comes the dominant force. Figure 10 shows the instability growth rate o at a high volt-
age. Both the growth rate and the range of wave number increase as the voltage rises.
The physics of this mode is a consequence of the interaction of the electric field with the
surface charge on the interface; surface tension is a parameter of less importance for this
mode. The mechanism for the instability is that a perturbation in the radius of the fila-
ment induces a perturbation in the surface charge density and therefore a perturbation in
the electrostatic pressure. At a high voltage, the perturbation is amplified by the fact that
the electrostatic pressure PE is proportional to @2, causing the instability. In contrast to
the Rayleigh mode, the instability in the electrostatic mode is unavoidable at low wave
numbers (long wavelength). This may explain why the filament always tends to branch
into bushlike structures.

V. CONCLUSIONS

The electric breakdown of water involves both the generation and propagation of low-
density channels through the liquid. The different physical processes and interactions
between different phases of the media should contribute to the complexity of the prob-
lem. In the present study, different modes of the streamer propagation were considered
in simplified steps, with each step characterized by a driving force and the correspond-
ing hydrodynamic drag. The effects of the electrostatic force and local heating on the
streamer propagation were analyzed using simplified assumptions. It was shown that
both of them were dominant for the streamer propagation, but at different time scales.
Furthermore, a linear instability analysis was performed on a charged cylindrical stream-
er in an external electric field to understand the bushlike growth pattern of breakdown in
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FIGURE 10. Instability growth rate w at high applied voltages; k and w are nondimen-
sionalized as in Figure 9.

the liquid. It was shown that the stability may be caused by the competition between per-
turbations in the electrostatic pressure and surface tension caused by the disturbance of
the streamer geometry. With increasing applied voltage, the electrostatic instability was
found to grow, whereas the classic Rayleigh instability was found to be suppressed.
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ABSTRACT: In order to characterize the optimal condition for cell treatment with a plasma
jet, its UV-vis-NIR spectrum was evaluated. Furthermore, this study considers the ability of
cold atmospheric plasmas to impact cell migration rates as a function of (i) the length of the
plasma treatment time, (ii) the number of hours after treatment that cell migration is assessed,
and (iii) localization of the treatment zone. Data show that the ability of plasma to reduce cell
migration rates increases as a function of treatment time with a maximum of 30%, and that this
affect persists for 33 hours after plasma treatment.

KEY WORDS: cold atmospheric plasma, fibroblast cells, migration rates, localization

[. INTRODUCTION

The unique chemical and physical properties of cold atmospheric plasmas enable their
numerous recent applications in biomedicine.! A wide range of cold plasma applications
have been investigated including sterilization, the preparation of polymer materials for
medical procedures, wound healing, tissue or cellular removal, and dental drills.>” One
of the recent research trends is the investigation of cold atmospheric plasmas’ interaction
with living tissue at the cellular level.*® Initial experiments on the direct interaction of
cold plasmas with living cells demonstrated immediate detachment of treated cells from
the extracellular matrix.? Later, it was demonstrated that cell detachment occurs for sev-
eral different cell types including primary mouse fibroblast cells, PAM212 cancer cells,
and BEL-7402 liver cancer cells.>” The effects of mild intensity and short duration cold
plasma treatment below the threshold required for cell detachment have also been stud-
ied.%” Tt was observed that the migration rate of primary mouse fibroblast cells slowed
significantly after mild intensity plasma treatment.® Our more recent work’” was directed
at understanding the mechanism by which the plasma jet alters cell migration and induced
cell detachment. It was found that integrin expression at the cell surface reduced at plasma
treatment. Integrins (transmembrane proteins) are cell adhesion receptors having a dual
function, namely, intracellular (integrin occupancy coordinates the assembly of cytoskel-
etal filaments and signaling complexes) and extracellular (engaging either extracellular
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matrix macromolecules or counter receptors on adjacent cell surfaces). Integrins function
in maintaining cell adhesion, tissue integrity, cell migration, and differentiation.'*'2

Although several recent studies have begun to sort out the cellular and subcellular
events altered when cold plasmas interact with living cells, these studies have yet to
address the dose response (the relationship between duration of plasma jet interaction
with living tissue and a change in the migration rates) and permanency of the migration
effects induced in cells by cold plasmas. These types of studies are crucial to allow
us to develop safe and practical applications for cold plasmas. Thus, the UV-vis-NIR
spectrum of cold plasma jets'® used in current studies is evaluated. In this paper, we use
tertiary-passaged mouse dermal fibroblast cells to show the ability of plasma to reduce
cell migration rates, demonstrate the effect of the treatment time, and show the localiza-
tion of the treatment zone in a single well. Further experiments assess the impact of cold
plasma on the pH of the cell culture media immediately after plasma treatment.

II. METHODOLOGY
A. Materials

Wild-type tertiary mouse fibroblast cells were cultured in Dulbecco’s modified eagle
medium (DMEM) (Invitrogen Corp.) enriched with 5% serum, 1% NEAA, 1% L-gluta-
nine, and 1% Pen-Strep. Diluted cells (30% confluence) were plated in multiwell plates
(having a well diameter of about 32 mm) and treated with plasma on the third day in
culture. During the experiments, plates with cells were kept on the slide moat (heating
plate) (Boekel scientific, model 240000) to maintain the media temperature at 37°C.
Trypan blue stain 0.4% (Invitrogen Corp.) was used in “alive-vs-dead” testing.

B. Plasma Jet

The plasma jet operated at 4.5-5 kV, 26-28 KHz, and helium flow rate of about
17 L/min.%" The average discharge power [(1/T) [[Uldt, where U is the output volt-
age applied to discharge electrodes, I is the discharge current, and T is the period] was
~4.3 W. The plasma jet was targeted to the well center and had a diameter of about
4-5 mm at contact with the well. Cells were kept in the media during the treatment;
2 mL of media per well was used, and the depth of the media was around 2 mm. This
amount of media (2 mL per well) was chosen to prevent cell desiccation®). The distance
between the jet outlet and well surface was around 2 cm. Plasma treatment was conduct-
ed with durations from 100 to 500 s (i.e., 430, 860, 1290, 1720, and 2150 J of discharge
energy corresponding to 100, 200, 300, 400, and 500 s, respectively). For controlling
purposes, cells treated with pure helium for 100 and 300 s (no plasma) and untreated
cells were used. The spectrum of the cold atmospheric plasma jet in the air was moni-
tored by means of fibro-optical portable spectrometer (EPP2000 HR Model, StellarNet-
Inc) in the UV-vis-NIR range of wavelengths (200-900 nm) with a fibro-optical probe
(diameter 1 mm) oriented along and perpendicular to the jet as shown in Figure 1.

Plasma Medicine



Plasma-Controlled Cell Migration: Localization of Cold Plasma—Cell Interaction Region 87

a)

Intensity, arb. Units

250 350 450 550 650 750 850

Wavelength, nm

i ———
"y -.7--.-6" —
¥ 1-2mm «— (
"
probe “~— 0
1

| 2 3 4 5 6
Position, cm

FIGURE 1. (A) UV-vis-NIR spectrum of the jet with assigned elements; schematic of
the measurements at the end of jet is shown in the inserted picture. (B) Schematic of
the spectroscopic measurements along the jet, and given plasma jet parameters are
shown—intensities of O,, N,, N,*, He, and O are plotted in logarithmic scale.

C. Time-Lapse Studies

Further time-lapse studies were performed on an Olympus [X81 research microscope
(Olympus America, Center Valley, Pennsylvania) equipped with a Proscan motorized
stage (Prior Scientific Instruments Ltd., Rockland, Massachusettes) and placed in a tem-
perature- and CO,-controlled chamber (LiveCell Incubation System, Neue Biosciences,
Camp Hill, Pennsylvania). Using relief-contrast optics, images (schematic of the axial
point distribution is shown in Fig. 2) were taken per well every 10 min for 16 h and
40 min (100 images) and the next 16 h and 40 min to see the dynamics in ~33 h. Images
were transferred to a workstation equipped with Metamorph image analysis software
(Molecular Devices Corporations, Chicago, Illinois) where velocities of 10 cells were
calculated using the track cell module in each tracked location. A more detailed descrip-

tion can be found elsewhere.'
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FIGURE 2. (A) Schematic representation of the experiment is shown: reduction in mi-
gration rates’ dependence on the length of the plasma treatment. Four points were taken
inside the treated area and 40 cells analyzed. (B) “Alive-vs-dead” testing of the treated
cells with trypan blue stain with the same area in the well analyzed before and after
treatment. Cell migration rates for ~0-16.5 h (C) and ~16.5-33 h (D) after treatment
as functions of treatment duration. Error bars indicate the standard deviations of data
points.

[Il. RESULTS AND DISCUSSION

Figure 1 shows spectroscopic measurements of the cold atmospheric plasma jet along
the plasma jet with given parameters (output voltage ~4.6 kV, frequency ~26 kHz, and
helium flow rate ~17 L/min). The assigned spectrum measured at the jet’s end is shown
in Figure 1A (this spectrum characterizes radiation from the whole length of the plasma
column including the discharge inside the Pyrex tube). The presence of atomic helium
(He) and oxygen (O) was found in the range 450-900 nm; neutral nitrogen N, (second
positive system) and N,* (first negative system) degraded to shorter wavelengths; O,
(first negative system, degraded to longer wavelengths) and O, (however, its values
might be also attributed as a combination of O," and O species) were identified in the
range 200-450 nm." Thus, ionized nitrogen and highly reactive oxygen radicals are
presented during the cell treatment. There is no change in the subset of the identified
species was found with the increasing of the distance from the nozzle, although there
was some variability in the intensities of spectral lines along the jet. The dependences
of the intensities of O,, N,, N,", He, and O along the plasma jet are shown in Figure 1B
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(logarithmic scale). It was observed that the intensity of nitrogen lines increase with dis-
tance from the nozzle, while the intensity of He and O, decrease. The atomic O does not
show significant changes up to 6 cm. Based on these measurements, we can conclude
that the optimal condition for maximization of radiation intensity would be 2-3 cm from
the nozzle.

Next, we treated cells with cold plasma for times ranging from 100 to 500 s. A
schematic diagram indicating how these treatments were made is shown in Figure 2A.
Controls included cells treated with helium alone for the same times. Cells were treated
with plasma immediately after plasma treatment with trypan blue. We have shown pre-
viously that plasma treatments can cause cell death as assessed using trypan blue.!
Trypan blue is a vital dye that is excluded from entering live cells; dead cells fill with
the blue dye. Data shown in Figure 2B for cells treated with plasma or helium alone for
the times tested indicate that trypan blue is excluded from cells and, therefore, these
treatment times do not cause cell death.

When cell migration is assessed as a function of the duration of plasma treatment,
we found in Figure 2C that 100 s significantly reduced cell migration rates when as-
sessed from 0 to 16.5 h after plasma treatment. Treatment times up to 500 s did not
further reduce cell migration significantly when assessed between 0 and 16.5 h; how-
ever, when migration rates were assessed between 16.5 and 33 h, we again found that
100 s significantly reduced cell migration rates—but also, 500 s of treatment reduced
the migration rate even further compared to 100 s. Thus, the general trend becomes: as
treatment time increases, the cells migrate slower.

In order to address the effect of plasma treatment on the pH level of DMEM media,
we conducted treatments of media at standard experimental conditions described above.
One of the components of cell culture media is the acid-base indicator phenol red. At
acidic pH, the color of phenol red is yellow; at basic pH, phenol red is pink; and at
neutral pH, phenol red is red/orange. These features of phenol red, along with its lack of
toxicity, make it an excellent indicator of pH in cell culture media. No change of media
color was observed after the 60, 120, and 200 s treatments of media (data not shown),
indicating that the pH level of the media remained unchanged at plasma treatment.

In the current study, experiments were performed using tertiary dermal fibroblast
cells whereas previously we used primary dermal fibroblasts.® This change reduced vari-
ability in the cells within each culture and enhanced our ability to obtain statistically
significant data. The cell density was carefully controlled by the volume of cells plated
and maintaining the cells in culture for three days. It is known that fibronectin fibrils be-
gin to accumulate around cells after three days increasing cell confluence. These fibrils
can reduce cell migration rates.

The ability of cold atmospheric plasma treatment to impact cell migration was fur-
ther considered by evaluating cell migration rates as a function of the distance from the
plasma treated zone. A schematic of the experiment is shown in Figure 3A. Three loca-
tions of interest were considered, namely, inside the plasma treated area (red circle indi-
cates the treated area, diameter of around 5 mm) and further equidistant at the second and
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FIGURE 3. (A) The experimental setup for spatial distribution of the cell migration rates
for a single well is shown. (B—D) The dependence of cell migration rates versus distance
from the center of the treated zone for cells tracked during 0-16.5 h after 100 and 300
s plasma treatment, respectively (B, C), for cells tracked during 16.5-33 h after 300 s
plasma treatment (D). Cells treated with plasma, with helium only, and untreated cells
are shown. Data is given with standard deviations. The reduction in migration rate is
around 30% in the treated area after ~16.5 h (B, C). This trend remains after ~33 h (D)
of cell tracking.

third locations outside—each location between two neighbor points was ~3—4mm apart.
The average velocity of 10 cells per each tracked location was calculated after 16.5 h. To
increase the statistical significance of the results, data were taken symmetrically in six
different locations, thus giving 20 cells per point of interest. Experiments were repeated
several times with various treatment times of 100 and 300 s. Thus, overall, ~60 cells per
each location were analyzed. Figure 3B shows the spatial distribution of migration rates
after 100 s of plasma treatment (data shown for 20 cells at each point after 16.5 h of
tracking). Neither the only helium or control velocity distributions show any significant
changes. However, plasma treated cells showed a localized reduction in their migration
rates of around 30—40%. The standard deviation is indicated with vertical bars at the
data points; it does not exceed 5%.

Spatial characteristics of the effect on cell migration induced by the plasma treat-
ments are shown in Figures 3B and 3C for cells tracked between 0 and 16.5 h after
treatment (cells treated during 100 and 300 s) and in Figure 3D for cells tracked between
16.5 and 33 h after treatment (time duration of treatment 300 s). Again, for controlling
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purposes, only helium treated cells and untreated cells are shown. Figures 3B and 3C
show that cells treated with plasma (100 s and 300 s) have the slowest migration rates
in the treated area (~1 mm from the center of the plate), while cells outside the treated
area (5 and 8 mm from the center) migrate at the same rates as untreated cells. Also,
no reduction of cell migration was observed in the cells treated with the only helium.
It was observed that reduction (around 30%) in cell migration is persistent for 33 h
(see Figure 3D).

The reduction of the rates of cell migration can be related to the changes in the inte-
grin expression reported previously by Shashurin et al.’ It was found that plasma treated
cells have a reduction in M and K, integrins expression, whose functions are related to
cell motility and cell adhesions.®!'* A media bicarbonate buffering system was able to
maintain the pH level unchanged,' thus, we can conclude that this amount of plasma
treatment was not enough to affect it.

V. CONCLUSIONS

It was shown that the reduction in cell migration under cold plasma treatment is confined
to within 5 mm of the treatment zone, which is comparable with the diameter of the
plasma jet (4—5 mm). The reduction in cell migration after plasma treatment is shown to
be around 30%, which is in the agreement with previous data.® This change in cell mi-
gration has not only spatial effects, but also temporal, i.e., localization in the migration
rate persists at least for 33 h after treatment. The tertiary fibroblast cells used in these
experiments provided more statistically reliable data.
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ABSTRACT: Cold atmospheric pressure plasmas have emerged as a promising new tool for
medical applications. Compared to conventional thermal plasma, such as arc coagulators and
desiccators, cold plasma can be more selective in its application and may be used for effective
sterilization of skin and wound tissue, wound healing and tissue regeneration, cancer treatment
and blood coagulation. One of the key questions that has to be answered before these plasma
technologies are introduced in medical practice is the safety of plasma treatment of living tis-
sues, i.e. toxic dose levels of plasma exposure should be determined. It is well established
that porcine (pig) skin closely resembles human skin; hence we evaluated the potential toxic
effects of plasma treatment on intact and wounded skin in a Yorkshire pig model. Varying
doses of Floating Electrode Dielectric Barrier Discharge (FE-DBD) and microsecond Pin-to-
Hole Spark Discharge (PHD) plasmas were applied to determine a dosage regime where tissue
damage occurs.

KEY WORDS: Non-equilibrium plasma, cold plasma, dielectric barrier discharge, spark discharge, skin
toxicity, animal model, plasma medicine

I. INTRODUCTION

It is evident from the large number of recent reviews in the literature that there are many
potential applications of non-equilibrium plasma discharges in biology and in medi-
cine.""” This is, in part, driven by the continued development of novel plasma sources
and modification of existing ones'*!"*! and by advances in modeling, simulation, and
characterization of these sources, including characterization and quantification of bio-
logical effects'!'*>**. The major focus in applications of plasma in medicine has been
its antimicrobial effect, although some reports of wound healing applications have been
presented®!1:152%3536 Tn studying antimicrobial effects of plasma it is essential to evalu-
ate the potential damage plasma can inflict on living tissues.

This manuscript investigates toxicity in the direct application of two different types
of plasma to living tissue: (a) Floating Electrode Dielectric Barrier Discharge which is
an inherently non-thermal discharge that generates a multitude of reactive oxygen spe-
cies (ROS) and (b) Pin-to-Hole spark Discharge which is a thermal discharge that gener-
ates ROS together with reactive nitrogen species (RNS). Both discharges have been
considered before for antimicrobial treatment of living tissues. However, little work has
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been reported on the possible damage these discharges could inflict in the process. We
show that low doses of plasma (previously reported to be quite sufficient for steriliza-
tion, see'®” for example) do not cause any visible or microscopic damage to live pig
skin and wound tissue. Higher doses do, in fact, cause damage and the damage appears
to be related to the surface temperature of the tissue. Thus, if the plasma temperature
is reduced (through shorter pulses, for example) this heating and thus the damage may
potentially be avoided.

II. MATERIALS AND METHODS
A. Floating Electrode Dielectric Barrier Discharge (FE-DBD)

Non-thermal atmospheric pressure dielectric barrier discharge plasma was generated
using an experimental setup similar to the one previously described by the authors®**2.
In short, the discharge was generated by applying alternating polarity pulsed (500 Hz
— 1.5 kHz) voltage of ~20 kV magnitude (peak to peak), 1.65 us pulse width and a rise
time of 5 V/ns between the insulated high voltage electrode and the sample undergoing
treatment. One mm thick, polished clear fused quartz was used as an insulating dielec-
tric barrier covering the 2.54 cm diameter copper electrode. The discharge gap between
the bottom of the quartz and the treated skin or wound surface was fixed at 1.5 mm us-
ing a special electrode holder (Figure 1, a) or a modified planar electrode (Figure 1, b).
Discharge power density was measured to be 0.13 W/cm2 (at 500 Hz), 0.15 W/cm? (at
800 Hz), 0.17 W/cm2 (at 1 kHz), and 0.31 W/cm2 (at 1.5 kHz). Rotational and vibra-
tional temperatures were measured to be 313.5 + 7.5K and 3360 + 50K respectively®.

B. Microsecond Pin-to-Hole Spark Discharge (PHD)

Atmospheric pressure spark discharge was generated in a pin-to-hole electrode configu-
ration similarly as in*#. A needle anode (1.5 mm diameter) was coaxially fixed in an
insulator with gas inlet openings (room air at ~0.5 L/min), which is surrounded by an
outer cylindrical cathode (7 mm diameter) with an axial opening (2 mm diameter) for
plasma outlet (Figure 2). Both electrodes were made of stainless steel. For all experi-
ments, the plasma discharge was ignited by applying a 4 kV positive potential to the
central electrode. To provide high discharge energy while keeping average gas tempera-
ture low the electrode system was powered through a 0.33 puF capacitor. This formed a
35 ps dense energetic discharge with average energy of ~1.8 J/pulse. The average gas
temperature was measured using a K-type thermocouple as a function of distance from
the cathode (Figure 3). The plasma temperature was calculated as 9030+£320 K by the
Boltzmann method, which was adequate to produce nitric oxide, although the average
gas temperature was near room temperature*®’. The PHD plasma discharge radiates in-
tensively in the UV range: the measured total plasma UV irradiation with and without
gas feeding was 90 and 140 uW/cm? respectively*’. DNA damage by UV-C and UV-B
radiation occurs after about 0.4 mJ/cm? and 10 mJ/cm? respectively**#°. The discharge
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FIGURE 1. General schematics and photographs of the FE-DBD electrodes: conven-
tional (a), and modified planar (b).
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FIGURE 2. General schematic of the PHD electrode (left), and a photograph of the
discharge in operation (right).

produces hydrogen peroxide in liquid (PBS) with concentration up to 60 uM in about
30 seconds of treatment (210 pulses)*’. Plasma-produced nitric oxide in gas reached
2000 ppm and rapidly diffused into liquid and cells: 1400 - 1600 nM NO was detected
in PBS and 1000 nM NO was detected in endothelial cells immediately following 240
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FIGURE 3. PHD afterglow gas temperature measured with thermocouple as a function
of distance from the cathode.

plasma pulses*. These data suggest that this plasma may provide a novel method for
delivering NO locally and directly for enhanced wound healing.

C. Animal Model

We evaluated the potential toxic effects of the FE-DBD and PHD plasmas on both intact
and wounded porcine skin in 12 Yorkshire pigs. Standard operative procedure included
the following: the pig was anesthetized and the dorsum of the pig was marked and di-
vided for treatment areas (Figure 4, a). When intact skin toxicity was studied, the FE-
DBD electrode was placed 1.5 mm above the skin, and plasma was applied for different
doses by varying the power and time of treatment. Spark discharge was applied at fixed
power at a 5 mm distance from the skin for various amounts of time. When wounded
skin was studied, a dermatome knife was used to create a skin abrasion (Figure 4, b), re-
moving about 2x3 c¢m of the epidermis and dermis (approximately 3 mm = 1 mm deep),
followed by plasma treatment. Pigs were then sacrificed immediately or 24 hours after
the treatment. Tissue specimens from each treatment area were harvested and sent for
histopathologic analysis.

For the intact skin model (3 pigs) of treatment with FE-DBD, we had a total of 85
treatment areas on the three pigs that were harvested 24 hours after surgery. One area of
intact skin (n=3) was treated with a high frequency desiccator (positive control, Bovie®,
Figure 4, ¢), and one area of intact skin (n=3) was left untreated (negative control). The
remaining 80 areas were treated with 4 discharge frequency (power) settings for differ-
ent time points: from 30 seconds, and up to 15 minutes (Table 1).
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FIGURE 4. Marked treatment areas of the pig skin (a), creation of skin abrasion with
dermatome (b), and skin treatment with a high frequency desiccator Bovie®, positive
control (c).

TABLE 1. Number of areas for intact skin FE-DBD plasma treatment and correspond-
ing exposure dose (in J/cm?)

Treatment time, FE-DBD frequency, kHz (corresponding power density, W/cm?)

0.8 (0.15)

1.0 (0.17)
3 (5.1 J/cm?)

1.5 (0.31)
3 (9.3 J/cm?)

4 (9 Jicm?)

7 (10.2 J/cm?)

9 (18.6 J/cm?)

4 (18 J/cm?)

5 (20.4 J/icm?)

7 (37.2 J/icm?)

8 (27 J/cm?)

4 (30.6 J/cm?)

5 (55.8 J/cm?)

5 (45 J/icm?)

2 (51 Jicm?)

5 (93 J/cm?)

0.5 (0.13)
0.5 -
1 -
2 2 (15.6 J/icm?)
3 -
5 -
15 2 (117 Jicm?)

2 (135 J/icm?)

For the wounded skin model (4 pigs) treated with FE-DBD, we had a total of 56
treatment areas on 2 pigs harvested immediately after treatment, and 38 treatment areas
on 2 pigs harvested 24 hours after procedure. Animals were treated with two discharge
power settings for various amounts of time (see Table 2) using planar DBD electrode,
with a high frequency desiccator (n=8), or left untreated as control (n=7).

TABLE 2. Number of areas for intact skin FE-DBD plasma treatment and correspond-
ing exposure dose (in J/cm?)

Treatment time,

min

FE-DBD frequency, kHz (corresponding power density, W/cm?)

0.5 (0.13) 1.5 (0.31)
0.5 6 (3.9 J/cm?) 6 (9.3 J/icm?)
1 8 (7.8 Jlcm?) 8 (18.6 J/lcm?)
3 9 (23.4 Jlcm?) 9 (55.8 Jicm?)
9 (39 J/lcm?) 9 (93 J/cm?)
15 6 (117 J/cm?) 7 (279 Jlcm?)

For the intact and wounded skin model (5 pigs) treated with PHD, we had a total
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of 39 (intact skin) and 36 (wounded skin) treatment areas on 4 pigs that were harvested
immediately after the procedure, and 48 (intact skin) and 36 (wounds) treatment areas
on 4 animals that were harvested 24 hours after plasma exposure. Skin was treated with
spark plasma at 5 mm for 5 to 300 seconds (see Table 3).

TABLE 3. Number of areas for intact and wounded skin PHD plasma treatment

Treatment time, s

5 mm, intact skin

5 mm, wounds

5 2 (non-survival) 2 (non-survival)
4 (survival) 2 (survival)

15 2 (non-survival) 4 (non-survival)
4 (survival) 4 (survival)

30 2 (non-survival) 4 (non-survival)
4 (survival) 4 (survival)

60 2 (non-survival) 4 (non-survival)
4 (survival) 4 (survival)

90 2 (survival) -

120 6 (non-survival) -
4 (survival)

180 5 (non-survival) 4 (non-survival)
4 (survival) 4 (survival)

240 2 (survival) -

300 4 (non-survival) -

D. Histological Analysis

All specimens were analyzed with microscopic histological analysis. Specimens were
longitudinally sectioned and fixed for 24 hours in formalin. Sections for histology were
processed in a standard fashion and stained with hematoxylin-eosin. The pathologists
were blinded to all specimens and categorized each specimen into a burn grading sys-
tem for the intact and wounded skin data analysis. For intact skin, the specimens were
either classified as normal, minimal change, epidermal damage, or full burn through the
dermis. For wounded skin, the specimens were either classified as normal, presence of
a clot or scab, and full burn through the dermis.

E. pH and Temperature Analysis

In order to check the change of skin temperature and pH of the skin sample after plasma
treatment, fresh pig skin samples with average thickness of about 1 cm were placed on
aluminum foil and kept at constant initial temperature of about 37°C. Skin samples
were exposed to both discharges for the same amount of time as in in-vivo study. These
changes were monitored using infrared thermometer (OS53x-CR, Omega) and skin pH/
temperature meter (HI 99181, Hanna).
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All procedures were performed in compliance with the animal welfare and protec-
tion act following the Drexel University’s Institutional Animal Care and Use Committee
(IACUC) approval, Protocols #17030 (intact skin) and #17335 (wounded skin).

[ll. RESULTS AND DISCUSSION

Endpoints for toxicity analysis consisted of recording both gross and histological exami-
nation of the intact skin and wounded skin specimens. Gross observation was correlated
with the histological grading system as mentioned previously.

A. Treatment of Intact Skin

FE-DBD plasma treatment was evaluated on 3 pigs with intact skin at 4 different fre-
quency (power) settings, all harvested 24 hours after the procedure. The results for 3
discharge frequencies are shown on Figure 5 in terms of normalized number of observa-
tion of no or minimal changes in skin, epidermal damage, or burn after certain treatment
dose. Untreated skin appeared normal on gross histological observation. With minimal
change, there was a small area of erythema on the skin. With epidermal damage, there
was mild erythema that resolved itself usually within 20 minutes. With full burn through
the dermis, there was diffuse erythema that remained until time of harvest (Table 4).
Positive controls, i. e. samples treated with HF desiccator, all showed full thickness
burn. Representative photographs and histological images are shown in Table 4. One
can notice that resulting toxic effects (epidermal damage, burn) depends not only on the
exposure dose, but dose rate (frequency dependent): the higher the frequency, the lower
dose required for skin damage to occur.

The results of intact skin treatment with spark discharge plasma at 5 mm distance
from the skin are shown in Figure 6 and in Table 4. In this case a burn was observed af-
ter 3 minutes of treatment, while, for example, inactivation of bacteria in liquid requires
an exposure time of several seconds**.

Overall results of the skin toxicity trials on pigs are similar to those on human ca-
daver skin and on SKH1 mice*** — only rather high doses of plasma, those far greater
than needed for sterilization or blood coagulation, are able to damage skin; while doses
required to achieve desired medically relevant therapeutic effect are significantly below
the damage threshold.

B. Ex-vivo Treatment of Porcine Skin Samples

In order to estimate the effect of global increase of temperature and pH of skin after the
plasma treatment on induction of tissue damage, we have measured these parameters on
skin samples ex vivo. The results of temperature measurements (Figure 7, a) indicate,
that after about 3 minutes of treatment by both plasmas, skin temperature increases by
11-14 degrees, which is the critical temperature for skin burn®*°!, and is in good agree-
ment with our experimental observations (see Figure 5 and Figure 6). The effect of
the decrease of pH due to plasma treatment is probably negligible for both discharges
(Figure 7, b).
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FIGURE 5. Results of the intact porcine skin treatment with FE-DBD plasma operated
at 800 (a), 1000 (b) and 1500 (c) Hz frequency.

C. Toxicity of Wound Treatment

One of the potential applications of FE-DBD and spark plasma treatment is sterilization
and healing of wounds and/or coagulation of bleeding capillaries (see end of section I1.B
above). We were able to test the efficacy and toxicity of such treatment on a superficial
partial thickness skin wound similar to that of scraping one’s knee. Once the animal was
anaesthetized the wound was made with a small hand-held dermatome knife (Zimmer,
Franklin County, OH, USA) originally designed to remove precise-thickness skin grafts
from a donor surface. These are partial thickness wounds with the blade set to cut no
deeper than a millimeter into the skin. This exposes the top layer of skin and breaks
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FIGURE 6. Results of the intact porcine skin treatment with PHD plasma operated at
5 mm distance from the skin surface.

capillaries located in the skin, but not the bigger vessels. Thus, the bleeding is slow and
manageable. This is not a severe wound and the bleeding would normally self-terminate
quickly. Immediately after the wound is made we proceed with the selected treatment.

Results of the various FE-DBD and PHD plasma treatments of wound surface and
histological images of these skin samples are detailed in Table 5. Similar to the intact
skin, treatment with Bovie® knife quickly coagulates blood and desiccates the tissue but
causes quite significant damage (see Table 5). Although the wound may be closed, there
is a significant level of tissue damage which may prolong the wound healing process
over that if the wound was simply left with no treatment in this case. While the Bovie®
electrosurgery knife causes significant tissue damage, both plasma treatments can be
applied to the tissue for up to 15 minutes with no or minimal damage to this tissue
(Table 5). One other observation is that even after a short treatment, the blood appears
to be coagulated and (although this is not visible on the photograph below) the wound
looks to be covered with a thin layer of clear coagulum. We have seen such a thin trans-
parent cork formation before with treatment of blood and blood plasma samples®**.
This film was claimed to be a thin layer of coagulated blood plasma — both FE-DBD
and PHD seem to quickly form a layer of coagulated blood on the surface of the wound
which protects the wound from further external disturbances.
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TABLE 4. Representative photographs and histological images of the intact skin after
treatment with FE-DBD and PHD plasmas.

No treatment

g A

ity . %
Appearance: Normal skin
Histology: Normal skin

Positive control i 1
Bovie® ; g
I _.: y : s R v
Appearance: Burn: Immediate burning and charring of tissue
Histology: Disruption of epidermis and papillary dermis, areas of dermis coagulated,
no dermal nuclei, hair follicles still intact
FE-DBD j TR
45 Jjem?
5min @ 0.8 kHz
Appearance: Normal skin
Histology: Normal skin
FE-DBD
135 Jem?
15 min @ 0.8 kHz
Appearance: Epidermal damage; Difﬁ.le redness wit|
Histology: Small area of burn in epidermis
FE-DBD TR e .
37.2 Jiem* :
2min@ 1.5kHz

TR

Appearance: Burn Small Central area of Irscreasing redness surrounded by erythema after
1 min treatment. Area of necrosis forming centrally surrounded by area of erythema
Histology: Similar to Bovie®, burn through to dermis

IV. CONCLUSION

The purpose of this work was to determine the toxic doses of cold plasma treatment
of living tissue for both intact and wounded skin. In this study we have used a well-
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TABLE 4. Representative photographs and histological images of the intact skin after
treatment with FE-DBD and PHD plasmas. (Continued)

PHD
60s@5mm

Appearance: Normal skin
Histology: Normal skin

PHD
180s@ 5 mm ( 2 \
& - r
‘:.-\_— ‘F x -
N.ﬁm 5
Appearance: Bum
Histology: Similar to Bovie®*, burn through to dermis

T —O0=FE-DED, 1kH
@ PHD, 5 mm

—0=FE-DED, 1kH
** - ® - PHD, 5 mm
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FIGURE 7. The results of temperature (a) and pH (b) measurements of the porcine skin
ex-vivo treatment with FE-DBD and PHD plasmas.

established method for evaluation of tissue toxicity, where a Yorkshire pig intact or
wounded skin was exposed to a plasma source and macroscopic toxic effects were stud-
ied histologically. In order to evaluate the possible source of plasma toxicity, we have
used two plasma sources in which discharges are ignited and applied in completely dif-
ferent ways — direct non-thermal dielectric barrier discharge, and indirect thermal spark
discharge. The results of our study show that, despite the fundamental differences of
these two discharges, toxic effects (epidermal damage and tissue burn) are related to
global increase of temperature of the treated skin, and are highly dependant not only on
the dose of plasma exposure, but also on the dose rate — the lower the frequency of a
discharge, the higher plasma dose may be applied to skin without damaging it. Plasma
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TABLE 5. Representative photographs and histological images of the wounded skin
after treatment with FE-DBD and PHD plasmas.

Mo treatment

Positive control
Bovie®

FE-DBD
117 Jfem?®
15 min@ 0.5 kHz

FE-DBD
93 Jiem?
5min@ 1.5 kHz

PHD
180s@5mm

Appearance: Normal wound
Histology: Normal wound

.

3 .-..._-‘ -yt ’ubu.
Appearance: Eschar formation, burn formation immediately after treatment
Instant blood coagulation Necrotic tissue
Histology: Necrosis deep in the dermis. Disruption of the dermis.
No dermal nuclei. Hair follicles still intact

Appearance: No burn. Blood clot formation
Histology: Clot on surface. No damage to wound tissue. Intact hair follicles

Appearance: No burn. Coagulation.
Histalogy: Clot on the surface of the wound. No damage to wound tissue.

Appearance: No burn. Coagulation
Histology: Clot visible. No damage to dermis. Intact hair follicles.
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treatment of wounded tissue, on the other hand, did not result in any toxic effects to the
tissue itself, but in effective and fast blood coagulation. This blood clot, apparently,
protected underlying wound tissue from plasma damage. Overall, we have shown that
plasma treatment is safe for living intact and wounded skin when applied for doses sev-
eral times higher than required for effective inactivation of bacteria on surface of agar or
in liquid. In the future studies we plan to expand on these findings, analyzing the dose
and dose rate dependence; we also plan to reduce surface temperature by creating more
uniform shorter pulse plasmas.
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