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ABSTRACT: Plasma medicine is an emerging field of research that aims to increase under-
standing and utilization of the interaction of plasmas with living tissues and cells. Low-tem-
perature atmospheric-pressure plasma is a multi-component system that includes such biologi-
cally active agents as charged particles, reactive nitrogen and oxygen species, metastable-state
molecules or atoms, and UV radiation. The main objective of this study was to investigate
the effects on human blood cultures of exposure to the plasma components for different time
periods (20 s, 40 s, 60 s, and 80 s). The present study recorded the scoring of micronuclei in
both mono- and bi-nucleated lymphocytes as well as the apoptosis and necrosis of cells for
each time period of exposure. Three blood samples for each experimental dose were compared
with a non-exposed (control) group. In addition, the levels of interleukin-1f (IL-1B) and tumor
necrosis factor alpha (TNF-a) were analyzed for each experimental dose and for the control
samples. The results showed that the exposure of blood samples to the plasma jet yielded
significant incremental differences in micronuclei, IL-1B, and TNF-a, except in the first dos-
age group. Based on these results, we conclude that plasma can be used to repair tissues, cure
diseases, and treat tumors.
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I. INTRODUCTION

Advances in life science increasingly utilize unrelated technologies and knowledge.
Microelectronics, optics, material sciences, and nanotechnologies have become key
technologies in modern medicine. Now, a similar trend is expected concerning plasma
technology. Plasma medicine is emerging worldwide as an independent medical field
comparable to the launch of laser technology into medicine years ago.!

During recent years, the application of low-pressure, atmospheric-pressure plasma
has been well established in several industrial processes. New applications of plasma in
medicine will exceed these current uses because their main focus is the direct applica-
tion of physical plasma to the human or animal body.’
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One of the most important advances under development is the plasma treatment of
chronic wounds to enable selective antimicrobial activity without damaging the sur-
rounding tissue, combined with a controlled stimulation of tissue regeneration. Other
promising fields in plasma medicine include tissue engineering, treatment of skin dis-
ease, and tumor treatment based on specific induction of apoptic processes.

The main characteristic of plasma sources for use in medical therapy is its direct
application to the human body. Therefore, plasma effects on mammalian cells are of
primary interest. /n vitro tests to characterize plasma—cell interaction should include
characterization of basic cellular parameters like morphology, viability, or proliferation
of special cellular responses, such as influences on DNA or cellular proteins.**

The most important aspect of field of the atmospheric-pressure plasma jet (APPJ) is
its interaction with DNA in terms of safety and the estimation of potential risks. To ad-
dress these questions, several research studies have used comet assay and electrophore-
sis to investigate the APPJ treatment of suspended human cells (cell cultures) in terms of
DNA fragmentation. Preliminary results have shown that APPJ significantly influences
DNA, but a tendency of repair within 4 to 24 hours after plasma treatment has also been
revealed. Because of the importance of this new technology, current investigations are
using additional techniques, such as micronucleus assay and flow cytometry, to obtain
more detailed information about basic plasma influences on the genetic code of cells.>®’

Apoptosis, one of the major types of cell death, can be modulated by programmed
control mechanisms. In contrast to acute traumatic cell death, apoptosis is important
not only in the turnover of cells for regeneration in all types of tissues but also during
the normal development, differentiation, and senescence of an organism.? In contrast to
its significant roles in physiological processes, defective apoptotic processes have been
implicated in a variety of diseases, such as atrophy, autoimmunity, neurodegenerative
disorders, acquired immune deficiency syndrome, and uncontrolled cell proliferation
(as found in cancer).’

Several investigation methods allow cytokines to be used as radioprotective or radio-
sensitizing agents. They can also be used to minimize the effects of irradiation indirectly
by neutralizing other harmful cytokines. Several studies recorded the radioprotective
effects of IL-1p and TNF-a. Natural levels of IL-1p and TNF-a confer radio-resistance
by promoting repair and restoring the host defenses.!®!" IL-1p has been hypothesized to
induce hematopoietic growth factors and endogenous antioxidant mechanisms such as
metallothionein, cerruloplasmin, and MnSOD. "

Il. MATERIALS AND METHODS

A. Characteristics of the Plasma Machine

The most important devices for generating non-thermal atmospheric plasmas are the at-
mospheric pressure plasma jet (APPJ),'>!* the plasma needle,'® the plasma pencil,'*!” the

miniature pulsed glow-discharge torch,'® the one-atmosphere uniform glow-discharge
plasma,' resistive barrier discharge,” and dielectric barrier discharge.?!
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The plasma generator used in the present experiments consists of a negative direct
current (dc) source, a Blumlein-type pulse-forming network (E-PFN), and a dynamic
spark gap switch. A triggered spark gap switch is used as a closing switch for the E-PFN.
The E-PFN has four stages of the LC ladder, composed of 5 nF of capacitor and 3 uH of
inductor. The characteristic impedance (2\L/C) and the pulse width (2NVLC) of E-PFN,
calculated from capacitance (C) and inductance (L) of the LC ladder and number (N) of
LC ladder stages, are approximately 49 Q and 1.0 ps, respectively.

The configuration of this apparatus is as follows: The charging resistance is 50 k€;
this value corresponds to a charging RC time constant of 1 ms, which is 40 times faster
than the repetition rate of the pulse.

A schematic of the pulsed atmospheric-pressure plasma jet (PAPPJ) device for gen-
erating high-voltage (HV) pulsed, cold atmospheric plasma jets is shown in Figure 1.
The HV wire electrode, which is made of a copper wire, is inserted into a hollow barrel
of a syringe. The distance between the tip of the HV electrode and the nozzle is 0.5 cm.

Dieleciric cylinder (a)

Gas inlet (He/Ar) _l TR —

“-—‘—E_ N

Ground elecirode
High voliage pulses

FIG. 1: (a) Schematic diagram of the plasma jet generator. (b) Image of the plasma jet
with argon gas.

HYV pulsed dc voltage (amplitudes up to 25 kV, repetition rate up to 25 Hz) is ap-
plied to the HV electrode and helium gas is injected into the hollow barrel. This device
uses a medical syringe (made out of an insulating material cylinder). The gas is fed into
the system via a flow meter. The applied voltage to and the discharge current through
the discharge chamber are measured using a voltage divider (homemade) connected
between the two electrodes, and a current monitor, which is located on the return to the
ground. The signals from the voltage divider and the current monitor are recorded using
a digitizing oscilloscope (Lecroy, USA) with a 200-MHz bandwidth.

The HV pulses are applied between the needle electrode positioned inside a dielec-
tric cylinder (a simple medical syringe) and a metal ring is placed on the exterior of
this cylinder. To obtain electric discharges at atmospheric pressure, high-voltage pulses
(tens of kV), which have limited duration (hundreds of nanoseconds) and are repeated
(tens of pulses per second), in addition to an inert gas (argon), are introduced into the
cylinder. The gas flows are in the range of 0.5-10 L min''. The discharge takes place
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between the metallic needle top and a metallic ring fit on the outer surface of the syringe.
Under optimal conditions, plasma is emitted as centimeter-long jets, just millimeters in
diameter or even smaller.

The working gases are supplied by high-pressure cylinders. Gas pressure regula-
tors are used to reduce the pressure of gases to a workable level. Then, gas flow con-
trollers deliver the gases with the desired flow. For voltage amplitudes of 15-18 kV,
the plasma jet is very weak. The plasma jet disappears at voltage amplitudes lower
than 15 kV.

When argon is injected from the gas inlet and a high-voltage pulse (26 kV volt-
age) is applied to the electrode, the plasma jet is generated, and a plasma plume
reaching a length of 21 mm is launched through the end of the tube and into the
surrounding air. The length of the plasma plume is adjusted using the gas flow rate
and the applied voltage.

A Lecroy 200 MS/s 4-channel digital storage oscilloscope model (9304c) records
voltage and current waveforms via a high-voltage probe and a pulse-current transformer,
respectively, and to calculate the discharge power. The measured peak value of the dis-
charge current is approximately 10.5 A during the pulse. Figure 2 shows the current and
voltage waveforms measured as a function of time at an input energy of 6.76 J (maxi-
mum applied voltage 26 kV). Figure 3 shows the power input as a function of time; the
maximum power is approximately 150 kW at 167 ns.

The high reactivity of plasma result from different components such as electro-
magnetic radiation (UV/VUYV) visible light, IR, high-frequency electromagnetic fields,
etc. on the one hand, and as a result of ions, electrons, and reactive chemical species,
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FIG. 2: Typical discharge current and the voltage waveforms.
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FIG. 3: The power waveform of the device.

primarily radicals, on the other. In addition, argon gas is fed through the annular region
between the two electrodes (high-intensity lethal plasma effects).?

B. Chemicals

The chemicals for the blood culture were purchased from Gibco (Carlsbad, CA, USA);
heat-inactivated fetal calf serum (FCS) was purchased from Sigma-Aldrich (St. Louis,
MO, USA), a human IL-1B ELISA kit was purchased from AviBion (Finland); and a hu-
man TNF-o ELISA kit was purchased from Anogen Co. (Ontario, Canada).

C. Blood Sampling

To overcome possible inter-individual variability in response to treatments, a blood
sample was obtained from one healthy female donor (age 36 years, non-smoker) who
provided informed consent for participation in the study. The donor was selected accord-
ing to the current International Program on Chemical Safety (IPCS) guideline for the
monitoring of genotoxic effects of carcinogens in human.”® Venous blood was collected
under sterile conditions in a heparinized vacutainer tube (v = 5 ml; Becton Dickinson,
USA) containing lithium heparin as an anticoagulant.

D. Experimental Design

The heparinized blood was divided into five groups; three samples were processed
(n = 3) for each culture. The APPJ was applied directly to the heparinized blood samples
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(four groups) at a distance of 3 cm from the blood surface in each tube at the four expo-
sure periods selected for study (20 s, 40 s, 60 s, and 80 s). One non-exposed sample was
reserved to represent the control group. The blood groups were incubated at 37°C for 4 h
before the initiation of cultures and biochemical investigations. Group C was the control
group, and the exposure groups were D, (20 s exposure), D, (40 s exposure), D; (60 s
exposure), and D, (80 s exposure).

E. Blood culture

Blood cultures were set up for 72 h according to the protocol described by Evans and
O’Riordan (1975).2

1. Micronucleus Assay

The micronucleus assay was performed as described by Fench (2000)* and Kirsch-
volders et al., (2001)* with some modifications. We recorded mononucleated and bi-
nucleated cells for the presence or absence of micronuclei.

Moreover, apoptic and necrotic cells were detected in 1000 scored cells for each
sample.

2. Determination of IL-1B

IL-1B was determined according to the method described by Orgenium laboratories (IL-
1B ELISA kit) from AviBion Human IL-1p ELISA.

3. Determination of TNF-a

TNF-a was determined according to the method described by Anogen laboratories
(TNF-a ELISA kit).”’

F. Statistical Analysis

Data are presented as distribution analyses, percentages, means + SE. Data were ana-
lyzed using two-way analysis of variance and an “F” test according to Abramowitz and
Stegum.? The level for statistical significance was p < 0.05.

lll. RESULTS

The results show non-significant differences between the control group and D1 for all data pre-
sented in Tables 1-3. The percentage and the probability values between means of mononucle-
ated, binucleated, apoptic, and necrotic cells in cultured human blood are recorded in Table 1.
APPJ exposure for the D2, D3, and D4 groups resulted in significantly increased
frequencies of mononucleated cells with one and two micronuclei, binucleated cells
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TABLE 1. The incidence of mononucleated and binucleated cells with and/or without
micronuclei and of apoptic and necrotic cells in exposed and control blood groups
(count in 1000 cells).

Groups Control D1 D2 D3 D4
Mononucleated | 92.2% 90.8% 72.1% 75.9% 54.7%
cells 922 +£4.36 [907.7+3.94 | 721+1.532° 759.31£2.912abc | 547+3.6120cd
Mono+ 1 Mn 0.83% 1.1% 4.47% 4.77% 4.8%
8.33£0.34 | 11+2.00 44.67+2.032° | 47.7042.972> | 48+1.532
Mono+ 2 Mn 0.07% 0.07% 0.6% 0.97% 0.5%
0.67+0.66 |0.67+0.34 [6+£1.032° 9.67+0.66%°¢ | 5+1.53Pd
Binucleated 6.47% 7.3% 15.97% 9.2% 6.97%
cells 64.70+3.85 | 73+7.24 159.7+1.202° | 92.3+1.342b¢ | 69.7+0.88°¢
Bi+ 1 Mn 0.17% 0.27% 1.73% 3.01% 1.63%
1.67+0.34 |2.67+0.34 | 17.33+0.882" | 30.67+0.882P° | 16.33+1.342¢
Bi+ 2 Mn 0.00% 0.03% 0.2% 0.2% 0.13%
0.00+0.00 |0.33+0.34 | 2+2.00 2+1.16 1.33+0.88
Apoptic and 0.27% 0.47% 4.93% 5.83% 31.27%
necrotic cells 2.67+0.66 |4.67+1.46 |49.33+0.662° [58.33+0.332P¢ | 312.7+0.44abcd
Mononucleated cell= Mono a: Significant difference from group (control).
Binucleated cell= Bi b: Significant difference from group (D1).
Micronuclei= Mn c: Significant difference from group (D2).
d: Significant difference from group (D3).

with one micronucleus, or apoptic and necrotic cells compared with the control and D1
groups. However, the incidences of mononucleated cells were significantly decreased
for the same groups compared with the control and D1 groups. The percentage values
of binucleated cells significantly increased in groups D2 and D3 compared with the
control, D1, and D4 groups.

Table (2) shows the percentage values of normal, aberrant, apoptic, and necrotic
cells. In addition, the total number of micronuclei that expressed in mononucleated and
binucleated cells were represented.

The frequencies of the normal cells showed gradually decreasing counts from the
D1 group to the D4 group, whereas the number of aberrant cells increased up to the D3
group. In the D4 group, the lowest number of aberrant cells was recorded and the high-
est number of apoptotic and necrotic cells, compared with D2 and D3 groups. The total
number of micronuclei significantly increased in the D2, D3, and D4 groups compared
with control and D1 groups, while in the D4 group the lowest percentage of micronuclei
was recorded, compared with the D2 and D3 groups.

Table 3 represents the IL-1p and TNF-a data in exposed and control blood cultures.
The levels of IL-1p non-significantly increased in the D1 and D2 groups but signifi-
cantly increased in D3 and D4 groups compared with the control group.
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TABLE 2. The frequencies of the total numbers of normal cells, aberrant cells, apoptic
and necrotic cells and micronuclei in exposed and control blood groups.

Groups Control D1 D2 D3 D4
Normal cells 98.7% 98.07% 88.07% 85.2% 61.67%
(Mono+Bi) 986.7+1.46 | 980.7+3.53 | 880.7+2.732° | 851.7+3.342°¢ | 616.7+3.342Pcd
Aberrant cells 1.07% 1.47% 7% 9% 7.07%

(Mono + Bi) 10.67+0.88 | 14.67+2.19 | 70£2.09% 90+3.51abe 70.70+2.672P4

Mono+ 2 Mn 0.07% 0.07% 0.6% 0.97% 0.5%
0.67+0.66 |0.67+0.34 6+1.032° 9.67+£0.662P¢ | 5£1.53P4

Total apoptic 0.27% 0.47% 4.93% 5.83% 31.27%

and necrotic 2.67+0.66 |[4.67+1.46 |49.33+0.66%° | 58.33+0.332P¢ | 312.7+0.442>cd

cells

Total number 1.13% 1.57% 7.8% 10.17% 7.7%

of Mn 11.33+1.46 | 15.67+2.19 | 78+4.362° 101.7+4.262b¢ | 77+5.01264

Mononucleated cell= Mono
Binucleated cell= Bi

Micronuclei= Mn

a: Significant difference from group (control).
b: Significant difference from group (D1).
c: Significant difference from group (D2).
d: Significant difference from group (D3).

TABLE 3. The levels of IL-18 and TNF-a in human blood cultures exposed to APPJ.

Groups IL-1B (pg/ml) TNF - a (pg/ml)
Control 3.10+0.04 28.59+0.19
D1 3.28+0.11 29.06+0.58
D2 3.41£0.13 30.33+0.09°
D3 3.94+0.0320¢ 30.73%0.112be
D4 4.97+0.173bed 31.55+0.292bc

Mononucleated cell= Mono
Binucleated cell= Bi

Micronuclei= Mn

a: Significant difference from group (control).
b: Significant difference from group (D1).
c: Significant difference from group (D2).
d: Significant difference from group (D3).

In contrast, the mean values of TNF-a data showed increases incrementally in the
D1 to D4 groups. The D4 group showed significant increases in IL-18 and TNF-o com-
pared with the D2 and D3 groups.
The previous levels of IL-1p and TNF-a were represented in Figs. 4 and 5.

IV. DISCUSSION

The plasma jet has been proposed as a novel therapeutic method for anticancer treat-
ment. However, its biological effects and mechanisms of action remain elusive.” In the
future, sophisticated evaluation of biological plasma effects will be facilitated by a com-
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FIG. 4: represent the levels of IL-1 f and TNF-a in human blood cultures exposed to
APPJ.

bination of plasma technology and plasma diagnostics with cell biological, biochemical,
and analytical techniques based on in vitro models using microorganisms as well as cell
and tissue cultures.*

To achieve the sustained success of plasma medicine, for any potential application,
optimal plasma composition (i.e., radicals, irradiation, temperature, etc.), useful applica-
tion rate (time periods for exposure), and acceptable relations between desired therapeu-
tic effects and adverse reactions must be determined.? In the present study, we inves-
tigated the relation between the dose rate and the cellular responses (division, genetic
damage, and apoptosis) and immunological induction and responses. We showed that
micronuclear assay is suitable tool for these investigations, and that IL-13 and TNF-a
act as the protypic multifunctional cytokines, which are potent immune-modulators,
mediating a wide range of immune responses.

A micronucleus is formed during the metaphase/anaphase transition of mitosis (cell
division). Scoring of micronuclei can be performed relatively easily and on different cell
types relevant for human biomonitoring.

An in vivo/ in vitro analysis of lymphocytes in the presence of cytochalasin-B (add-
ed 68 h after the start of cultivation) allows the researcher to distinguish easily between
mononucleated cells and binucleated cells that have completed nuclear division during
in vitro culture. Moreover, apoptic cells, necrotic cells, the nucleoplasmic bridge, and
nuclear buds can be scored and detected according to new criteria with the cytokinesis
block micronucleus assay.?

Recently, several studies have reported that APPJ and nitrogen jets induce apoptosis
of cancer cells by generating DNA damage. However, the molecular mechanism by
which plasma induces apoptosis and which signal(s) stimulate plasma-induced apopto-
sis remain unclear.’!

APPJ can generate reactive oxygen species (ROS) such as ozone, atomic oxygen, super-
oxide, peroxide, and hydroxyl radicals. There is growing evidence that the redox environ-
ment of a cell is able to control apoptosis by dissipation of mitochondrial transmembrane
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Micrograph of peripheral blood lymphocytes showing

(A) Normal cells (mononucleated and binucleated cells).

(B) Mononucleated cells with one and two micronuclei.

(C) Binucleated cells with one micronucleus and nucleoplasmic bridge.

FIG. 5: represent the levels of IL-1  and TNF-a in human blood cultures exposed to
APPJ.
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(D) Different stages of apoptic cells.

(E) Different stages of necrotic cells.

FIG. 5: Continued

potential.*?> The major free radicals such as ROS and nitric oxide (NO) play an important role
in a number of biological processes, such as the intercellular killing of bacteria by phagocytic
cells. They have also been implicated in cellular redox signaling. However, because of their
reactivity, excessive amounts of free radicals can lead to cell damage and death.*
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In the present study, the total number of normal and aberrant cells in D1 (20 s) group
were not significantly different compared with control group. In addition, an increase in
the number of micronuclei was recorded in the mononucleated cells, but its value was
within normal levels.

While the percentages of the normal cells gradually decreased in the D2 (40 s) group
and in the D3 (60 s) group, the aberrant cells and the micronuclei gradually increased
for these groups.

The D4 (80 s) group showed the lowest level of normal cells and the highest levels
of apoptic and necrotic cells.

These results are presented in view of the importance of cellular responses and the
rate of exposure to the APPJ. Cellular responses occur according to the type, amount, and
time of exposure to any stressor. Blood culture cells exposed to APPJ were responding to
a diversity of stressors such as UV irradiation, visible light, IR, high-frequency electro-
magnetic fields, ions, electrons, reactive chemical species, and primarily radicals. ROS
are generated and can assault intracellular organelles and membranes, proteins, DNA, and
lipids. Cells are equipped with a variety of defense mechanisms, including scavenging
enzymes such as catalyses and superoxides (SOD), repair machinery (micronuclei forma-
tion), and regeneration pathways. However, cellular damage can be too severe for cells to
adapt or survive, leading to cell death.”” According to the previous APPJ stressors and the
rate of exposure, the results pointed to three trends of responses, as recorded in D1 group,
D2 and D3 groups, and D4 group as compared with control group.

The primary source of TNF-a is thought to be the monocytes/macrophage, but vari-
ous cell types are known to express this cytokine: lymphocytes, basophiles, eosinophils,
mast cells, NK cells, T cells, B cells, astrocytes, and some types of tumors. TNF-a is
produced upon stimulation with cytokines such as IL-1, IL-2, or TNF-a itself and with
bacterial lipopolysaccharide (LPS), which is a potent inducer.”’ It has been reported that
TNF-a is responsible for mediating (LPS) toxicity, cell toxicity, and that it is involved in
cellular proliferation.** Various pathological conditions are associated with the produc-
tion of high levels of TNF-a.

On the other hand, IL-1f is a cytokine with a broad spectrum in terms of its impact
on immune response processes and on inflammatory cells. It is well known that the
response of eukaryotic cells to different types of radiation includes activation of DNA
repair mechanism, cell cycle arrest, mutagenesis, and lethality. All of these processes are
mediated by the induction of several cytokines such as TNF-q, platelet-derived growth
factor, fibroblast growth factor, and IL-1f3.%

Therefore, therapies may be developed by blocking harmful effects of IL-1 and
TNF-a and enhancing beneficial effects of IL-1 and TNF-a.

The data presented in Table 3 as well as Figs. 4 and 5 show that IL-13 and TNF-a
in the D1 group increased but within the normal range compared with the control group.

In contrast, the values of IL-1p and TNF-a in groups D2, D3, and D4 increased
significantly more than in the control and D1 groups. These increments were related to
the time periods of APPJ exposure, especially for the 80-s dosage rate.
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The present results confirm the assertion that APPJ is the most developed and effec-
tive plasma tool. Because of the contracted plasma resulting from this type of plasma
generation, APPJ is especially suitable for focused, small-area treatments.*®

Moreover, we conclude that medical plasma applications may be used as curative
tools (i.e., enhancing the immunological responses) and as treatment tools (i.e., inducing
apoptosis) through different rates of exposure.

Next, complementary studies must be conducted to determine the dose-response
curve for APPJ exposure to normal and cancer cells. Thereafter, a set of basic plasma
physical as well as biological performance parameters must be formulated and translat-
ed into legal rules and standards for use in different fields and for different applications.

In previous studies, only the chemical effect of free radicals produced by plasma
exposure on the component of the cells was recorded; the signal causing apoptosis as the
result of plasma exposure has not been determined. We hypothesize that the signal by
which plasma exposure causes apoptosis and stimulates the immune system originates
from metabolic biomagnetic resonance of the electromagnetic field and electromagnetic
waves with certain genes and biochemical molecules.

The plasma jet produces many bands and many frequencies of electromagnetic
waves, and some of these frequencies resonate with some genes and some biochemical
effector molecules, leading to the up-regulation and down-regulation of these genes
and enhancing of biochemicals. Some of these genes are FAS, TNF-RI Signaling, CTL,
AICD EGL-1, BCL2, CED-3, CED-4, APOF-1, TRAIL, FADD, TRADD, Caspases
genes family, SMAC, IAPS, BCL-XL, BAX , BAK, DH3 and P53.

It is well known that processes of inflammation and apoptosis take place as the result
of chemical responses to foreign microorganisms, to the internal workings of the cells
itself, or to neighboring cells, all of which are known as internal chemical effects. With
plasma exposure, the same effects and results can be obtained but as a result of external
physical effects. Therefore, more and more studies must be conducted to investigate
gene transcription associated with the processes of apoptosis and immune response as
they are related to doses of plasma jet exposure.

ACKNOWLEDGMENT

The authors greatly appreciate the assistance of Dr. M. R. Morsy consultant physician,
Air Force Hospital, with blood sampling.

REFERENCES

1. Shakaran RM, Giapis KP. Maskless etching of silicon using patterned microdischarges.
Appl Phys Lett. 2001;79(5):593-5.

2. Klaus-Dieter W, Thomas VW. Basic requirements for plasma sources in medicine. The Eu-
ropean Phys J Appl Physics. 2011;55(1):13807 doi:10.1051/epjap/2011100452.

3. Shashurin A, Keidar M, Bronnikov S, Jurjus RA Stepp MA. Living tissue under treatment of
cold plasma atmospheric jet. Appl. Phys. Lett. 2008;93(18):181501.

Volume 2, Number 4, 2012



204 Ahmed et al.

4. Lee HJ, Shon CH, Kim YS, Kim S, Kim GC, Kong MG. Degradation of adhesion molecules
of G361 melanoma cells by a non-thermal atmospheric pressure microplasma. New J Phys.
2009;11:115026, doi:10.1088/1367-2630/11/11/115026.

5. Stoffels E, Kieft IE, Sladek REJ. Superficial treatment of mammalian cells using plasma
needle. J Phys D: Appl Phys. 2003;36:2908, doi:10.1088/0022-3727/36/23/007.

6. Kalghatgi S, Friedman G, Fridman A, Morss Clyne A. Ann Biomed Eng. 2010;38:748.

7. Rojas E, Lopez MC, Valverde M. Single cell gel electrophoresis assay: methodology and
applications. J Chromatography B. 1999;722(1-2):225-54.

8. Ameisen JC. On the origin, evolution, and nature of programmed cell death: a timeline of
four billion years. Cell Death Differ. 2002;9:367-93.

9. Fadeel B, Orrenius S, Zhivotovsky B. Apoptosis in human disease: a new skin for the old
ceremony? Biochem Biophys Res Commun. 1999;266:699-717.

10. Weiss JF, Kumar KS, Walden TL, Neta R, Landauer MR, Clark EP. Advances in radio-
protection through the use of combined agent regimens. Int J Radiat Biol. 1990;57:709-22.

11. Neta R, Oppenheim JJ, Schreiber RD, Chizzonite R, Ledney GD, MacVittie TJ. Role
of cytokines (interleukin 1, tumor necrosis factor, and transforming growth factor beta) in
natural and lipopolysaccharide- enhanced radioresistance. J Exp Med. 1991;173:1177-82.

12. Weiss JF, Landauer MR. Radioprotection by antioxidants. Ann NY Acad Sci.
2000;889:44-60.

13. Schutze A, Jeong JY, Babayan SE, Park J, Selwin GS, Hicks RF, IEEE Trans Plasma Sci.
1998;26:1685.

14. Niemi K, Wang Sh, Schultz-von der Gathen V, Dbolele HF. the atmospheric-pressure plasma
jet a review and comparison to other plasma sources. Poster Conference Frontiers on Low
temperature Plasma Diagnosis, Lecce Italy, 2003.

15. Stoffels E, Flikweert AJ, Stoffels WW, Kroesen GMW. Plasma needle a non-destructive at-
mospheric plasma source for fine surface treatment of (bio) materials. Plasma Sources Sci
Technol. 2002;11:383.

16. Janca J, Zajickova L, Klima M, Slavicek P. diagnostic and application of the high frequency
plasma pencil. Plasma Chem Plasma Proc. 2001;21:565.

17. Laroussi M, Tendero C, Lu X, Alla S, Hynes WL. Inactivation of bacteria by the plasma
pencil. Plasma Process Polym. 2006;3: 470.

18. Leveille V, Coulombe S. Design and preliminary characterization of a miniature pulsed
RF APGD torch with downstream injection of the source of reactive species. Plasma
Sources Sci Technol. 2005, 14, 467.

19. Roth JR, Sherman DM, Ben Gadri R, Karakaya F, Chen Z, Montie TC, Kelly- Winterberg
K, Tsai PP-Y. A remote exposure reactor for plasma processing and sterilization by plasma
active species at one atmosphere. IEEE Trans Plasma Sci. 2000;28:56.

20. Laroussi M, Alexeff I, Richardson JP, Dier FF. The resistive barrier discharge. IEEE Trans
Plasma Sci. 2000;30:158.

21. Kanazawa S, Gogoma M, Moriwaki T, Okazaki S. Organic thin film deposition in atmo-
spheric pressure glow discharge. J Appl Phys D Appl Phys. 1988;21:838.

22. Lupu AR, Georgescu N, Calugau A, Cremer L, Szegli G, Kevek F. The effects of cold at-
mospheric plasma jet on B16 and colo 320 tumoral cells. Roum Arch Microbial Immunol.
2009 Jul-Sep;68(3):136-44.

23. Albertini RJ, Anderson D, Douglas GR, Hagmor L, Hemminki K, Merlo F, Natarajan AT,
Norppa H, Shuker DEG, Tice R, Waters MD, Aitio, A. IPCS guidelines for the monitoring

Plasma Medicine



Cytogenetic and Immunological Effects of Plasma 205

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

of genotoxic effects of carcinogens in humans. Int Programme Chem Safety Mutat Res.
2002;463:111.

Evan HJ, O’Riordan M. Human peripheral blood lymphocytes for the analysis of chromo-
some aberrations in mutagen tests. Mutat Res. 1975;31:135.

Fenech M. The in vitro micronucleus technique. Mutat Res. 2000;455:; 81-95.
Kirsch-volders M, Fenech M. Inclusion of micronuclei in non-divided mononuclear lym-
phocytes and necrosis/apoptosis may provide a more comprehensive cytokinesis block mi-
cronucleus assay for biomonitoring purposes, Mutagenesis. 2001;16(1):51-8.

Thomson A. In the cytokine Hand book (eds K. J. Tracey), (1994)

Abramowitz M, Stegun 1. A. Handbook of mathematical functions. New York: Dover Pub-
lications; 1972. pp. 918.

Ahn HJ, Kim KI, Kim G, Moon E, Yang SS, Lee JS. Atmospheric pressure plasma jet in-
duces apoptosis involving mitochondria via generation of free radicals. PLoS ONE. 2011,
6(11): €28154:doi:10.1371/Journal Pone.0028154.

Kramer A, Lindequist U, Weltmann K-D, Wilke C, Von Woedtke Th. Plasma medicine-
its perspective for wound therapy, GMS Krankenhaushyg Interdiszip. 2008;3(1):Doc
16(20080311).

Fridman G, Shereshevsky A, Jost MM, Brooks AD, Fridman A, Gutsol A, Vasilets V, Fried-
man G. Floating electrode dielectric barrier discharge plasma in air promoting apoptotic be-
havior in melanoma skin cancer cell lines. Plasma Chem Plasma Process. 2007;27:2;163-76.
Briine B. Nitric oxide: NO apoptosis or turning it ON? Cell Death Differ. 2003;10; 864—69.
Yang J., Wu L. J., Tashino S., Onodera S., Ikejima T. Reactive oxygen species and nitric ox-
ide regulate mitochondria-dependent apoptosis and autophagy in evodiamine-treated human
cervix carcinoma HeLa cells. Free Radic Res 42:492-504, (2008).

Tartaglia L. A. et al. Proc.Natl.Acad.Sci. USA 88:3535,(1991).

Brach M. A., Hass R., Sherman M. L., Gunji H., Weichselbaum R. and Kufe D. Ionizing
radiation induces expression and binding activity of the nuclear factor kappa B. J. Clin. In-
vest., 88: 691- 695,(1991).

Weltmann K. D., Kindel E., Brandenburg R., Meyer C , Bussiahn R., Wilke C., Von Woedtke
T. Contrib. Plasma Phys. 49, 631, (2009).

Volume 2, Number 4, 2012






