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Abstract

Plasma commercialization

Nonthermal atmospheric pressure biocompatible plasma (NBP), alternatively called bio-cold plasma, is a partially
ionized gas that consists of charged particles, neutral atoms and molecules, photons, an electric field, and heat.
Recently, nonthermal plasma-based technology has been applied to bioscience, medicine, agriculture, food
processing, and safety. Various plasma device configurations and electrode layouts has fast-tracked plasma
applications in the treatment of biological and material surfaces. The NBP action mechanism may be related to the
synergy of plasma constituents, such as ultraviolet radiation or a reactive species. Recently, plasma has been used in
the inactivation of viruses and resistant microbes, such as fungal cells, bacteria, spores, and biofilms made by
microbes. It has also been used to heal wounds, coagulate blood, degrade pollutants, functionalize material
surfaces, kill cancers, and for dental applications. This review provides an outline of NBP devices and their
applications in bioscience and medicine. We also discuss the role of plasma-activated liquids in biological
applications, such as cancer treatments and agriculture. The individual adaptation of plasma to meet specific
medical requirements necessitates real-time monitoring of both the plasma performance and the target that is
treated and will provide a new paradigm of plasma-based therapeutic clinical systems.
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1 Introduction

Nonthermal biocompatible plasma (NBP), alternatively
called nonthermal atmospheric pressure plasma (NAPP)
[1-9] or cold atmospheric pressure plasma (CAP) [10-
26], has been widely used in many areas of life sciences,
such as plasma medicine [24, 27-34], agriculture [35-
46], and disinfection against microbial bacteria and fungi
[47-57]. This is especially prevalent now for disinfection
against viruses, such as SARS-COV-2 (COVID-19) [58-
63]. NBP may also be used for semiconductor technolo-
gies for large-area surface cleaning processes [64] and
the removal of contaminated thin film for next-
generation system semiconductor technology [65]. There
are also many reports on plasma food technologies, such
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as germination growth and the germicidal activity of
bacteria, fungi, and viruses [66-77].

Disinfection of microbials using NBP may be achieved
through interactions between the plasma reactive oxygen
or nitrogen species and soft materials in cell membrane
protein, RNA, or DNA. Most plasmas are generated in
the gaseous state using air, helium, neon, argon, nitrogen
molecules, and their mixtures, according to the required
purpose. Moreover, plasma-treated water (PTW), or
plasma-activated water (PAW), may be employed for ap-
plications similar to those of gaseous plasmas without
any challenges [78-85]. In this paper, we may refer to
PTW or PAW as appropriate to the context. Direct con-
tact between the target surface and plasma or the indir-
ect treatment of PTW on the substrate causes the
inactivation of bacteria and viruses with better efficiency
and a faster rate than conventional methods. Addition-
ally, plasma agriculture applications have been rapidly
grown during the last decade to enhance seed
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germination, pathogen-related resistance of plants and
seeds, the storage of harvested products, and horticul-
ture; the applications also extend to food safety issues.

The purpose of this review is to provide a general sur-
vey of plasma bioscience and medicine technologies and
their recent results for health and hygiene applications.
Throughout this review, various NBP sources will be
surveyed, and their characteristics will be briefly intro-
duced. Among the many plasma sources, most NBP
plasma sources are dielectric barriered plasma jets, di-
electric barriered surfaces, or facing discharged plasma.
Their driving frequencies may be low (less than 1 kHz),
medium (ranging from ~ 10-50kHz), or high (from
radio ~MHz frequencies up to microwave GHz frequen-
cies). These NBP plasmas may be characterized into one
category because their electron density ranges from ~
10" to ~ 10" cm™?, which is beyond that of glow dis-
charge plasmas. However, their electron temperatures
range from ~0.8 to ~3eV, which is quite similar to
those of normal glow plasmas. For electrical medical
equipment applications, the electrical leakage currents
or forwarding currents to patients’ skin should be less
than 100 pA for electrical safety according to IEC60601—
1. The plasma gas temperature in plasma plumes is also
very important because patients cannot be subject to
heat above 45 °C. The hazardous gases, especially ozone
O3, should be kept at a concentration of less than 0.05
ppm during 8 h of working operations according to the
international and domestic regulations made by the Ko-
rean government (CFR801.415 maximum acceptable
level of ozone: KS C9314).

This review presents many studies that were broadly
performed in the field of plasma biosciences and medi-
cine based on the convergence of multidisciplinary
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sciences, such as plasma physics, chemistry, biology,
medicine, dentistry, and material sciences, particularly
for NBP interactions with water or biological materials.
The fundamental topics of investigation arising from
these NBP interactions with water or biomaterials are
reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) that are generated by ambient air molecules
during plasma discharges.

Figure 1 shows the schematic of a basic mechanism
that demonstrates how RONS, such as O3, OHe, H,O,,
NO, NO,, and ultraviolet (UV), which coexist in NBP,
may be generated and delivered to water or biological
tissues during plasma interactions, even though plasma
electrons and ions cannot propagate directly into skin
layers. Here, we introduce the fast process of plasma-
initiated UV photolysis and the slow diffusion processes
for RONS to penetrate into water and tissue for plasma
biosciences and medicine. Their synergistical interac-
tions may enhance RONS penetration into water or cells
in the tissue of biological systems for health care and
medicine. Recent investigations of plasma biosciences
and medicine are reviewed, with a focus on NBP
sources, their plasma diagnostics, and their applications
to plasma biosciences and medicine, such as agriculture,
dentistry, cancer treatment, wound healing, and virus in-
activation treatment.

2 Plasma sources

2.1 Nonthermal biocompatible gas plasma: basic physics
and chemistry

Plasmas do not naturally exist on the earth’s surface.
Therefore, required plasmas must be made via electrical
breakdown. Electrons in a space with an electric field E
collide with neutrals, which ionizes and generates new
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electrons, where the ionization constant a described by
electrical field E and gas pressure p is expressed as [86]

a(2) = exe(- 2). a

where / is the ionization cross section, and g represents
the unique property of the gas. The ionization constant
a represents the number of ionizing collisions made on
average by an electron as it travels one centimeter in the
direction of the electric field. Considering the increase
dn of electrons over a distance dx and the number # of
electrons crossing a plane a distance x away from the
cathode per second, we may write dn = andx. The solu-
tion to this formula is n(x) = npexp(ax), where ng is the
number of electrons per second leaving the cathode.
The number of electrons increases exponentially as they
propagate from cathode to anode. The ionization con-
stant aiE/p) generally increases as the electric field E in-
creases or the gas pressure p decreases.

The breakdown property of a gas in the space between
a cathode and anode with a distance d is given by a(E/
p)d =In(1 + 1/y), where y represents the secondary elec-
tron emission coefficient, which indicates the number of
electron emissions from the cathode whenever one ion
falls to the cathode. Substituting the ionization constant
a(E/p) into the gas breakdown property, the breakdown
voltage defined by V= Ed is expressed as [86],

~—
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Vilpd) = ——FL 2)
hpd

1
In (1 +>
Y

where the breakdown voltage is a function of gas pres-
sure p and the distance d between electrodes. The break-
down voltage may be different for different gases, owing
to their unique property of the constant g. Figure 2 pre-
sents plots of the breakdown voltage for a few gases
which are called Paschen curves for the breakdown
voltage.

Several points are noteworthy from Fig. 2. First, the
breakdown voltage is a function of pd. Second, the
breakdown voltage increase as the pressure p increases,
owing to the increased collisions between electrons and
neutrals. Third, the breakdown voltage increases if the
value of pd is too small. The electrons arrive at the
anode without collision if there are not many neutrals.
Fourth, each gas has its minimum breakdown voltage
Vm [86]

In

VM = gph = 2.72(g/h) In(1+ 1/y) at pd
= (2.72/h) In(1+ 1/y). (3)

Electrons transmit along the direction of the electric
field E; they accelerate and gain more energy, but even-
tually collide with neutrals. The mean free-path A of
electrons in a molecular environment is the average dis-
tance without collisions with neutrals. Clearly, the mean
free-path is inversely proportional to the gas pressure p.
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o
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Fig. 2 Paschen curves for the breakdown voltages for different gases in terms of pd in units of Torr.cm
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The mean free-path decreases as the collisional cross
section of gas molecules increases. The energy gain of
electrons increases as the electric field intensity in-
creases, and the mean free-path becomes longer. There-
fore, the electrons gain more energy at a lower pressure.
This view point is the basis of plasma generation at at-
mospheric pressure. The electron temperature T, is re-
lated to the electric field E and the mean free-path as
T, = ELeE, where e is the electron charge, and ¢ is the
form factor of gas [87]. Then, the ionization constant
can be expressed as [87]

a(Te) = 2npqve; exp(— %), (4)

e

where ny is the density of neutrals, g is the increase rate
of the ionization cross section, vi is the collisional fre-
quency of the electrons, and ¢; is the ionization potential
of the neutrals. The mean free-path A is inversely pro-
portional to the neutral density 7, and electron scatter-
ing cross section o, which is thereby expressed as 1/1 =
noo. Recognizing all of these definitions, we note that
the ionization constant defined by the electric field E is
the same as that defined by the electron temperature 7.

2.2 Nonthermal biocompatible plasma source operating
at atmospheric pressure

Plasma sources applied at atmospheric pressure can be
classified into thermal plasmas and nonthermal plasmas.
The former’s plasma electron temperatures are nearly
equal to surrounding ions and neutral particles via
complete or local thermal equilibrium, whereas the lat-
ter’s plasma electrons are not in thermal equilibrium
with their ions and neutral particles. This latter plasma
is called a nonthermal, or cold, partially ionized atmos-
pheric pressure plasma, which can be classified into dir-
ect and indirect plasmas. The electrons, ions, and RONS
from the direct plasma were totally bombarded on a tar-
get (or samples) contained in a well plate (or dielectric
barrier materials) because this target was placed between
powered and grounded electrodes. However, for an in-
direct plasma source, the RONS are the main plasma
species that bombard the target, instead of ions or elec-
trons, because the target is placed out of the grounded
electrode. Most electrons and ions generated from an in-
direct plasma flow to the grounded electrode via a di-
electric barrier material, in which they are capacitively
coupled to each other. Hence, most plasmas used for
plasma bioscience and medicine belong to nonthermal
dielectric barrier discharged (DBD) plasma, which are
generated either by a direct or indirect method at an
ambient atmospheric pressure. They may be driven by
various different frequency ranges, including medium
frequency, radio frequency, and microwave frequency.

Page 4 of 38

The nonthermal atmospheric pressure plasma sources
developed in the medium frequency range are typically
plasma jets or long plasma tubes, where the frequency of
the power supply is in the order of tens of kilohertz or
less. Nonthermal biocompatible plasma jets (NBPJs) op-
erating at ambient atmospheric pressure have been
widely used among plasma devices. NBPJ devices are
capable of generating nonthermal plasmas at atmos-
pheric pressure without direct electrical contact to the
liquid [88, 89]. The main operational features of NBPJs
are as follows: (1) the ionized gas from the plasma jet
exits through the nozzle, from where it is directed to the
substrate and can be utilized in downstream processing;
(2) NBPJs produce a stable, homogenous, and uniform
discharge at atmospheric pressure; (3) the gas
temperature of the discharge is low, which allows it to
treat delicate surfaces without damage; (4) it may be op-
erated by the dielectric barrier discharge between the
electrodes; hence, it is free from filaments, streamers,
and arcing. The reactive species are convectively trans-
ported to the liquid produced by NBPJs through the gas
flow. NBPJs are typically operated as dielectric barrier
discharges with a central power needle electrode [90],
single-electrode jets with capacitive coupling [91], or ei-
ther one or two outer ring electrodes [92, 93]. Excitation
frequencies of NBPJs are typically in the form of a con-
tinuous wave or modulated waves [94]. In many NBPJs,
the plasma is in the form of in linear jets, where the
electric field is parallel to the gas flow, and the plasma
will be in direct contact with the liquid if the discharge
is sufficiently close to the liquid. However, the cross-
field jets (the electric field is generally perpendicular to
the gas flow) are not typically in electrical contact with
the liquid, and the plasma-liquid interaction is domi-
nated by neutral species [95]. Norberg et al. showed that
a visible electron-ion plasma plume that touched the
water surface was dominated in terms of spreading the
reactive species because it had a direct charge exchange
with water and direct solvation of electrons, thereby en-
abling plasma photolysis. As the treatment time in-
creased, more aqueous ions and photolysis products
were formed, whereas in non-touching plasma, the gas-
phase ion fluxes produce the ion-ion plume, but it is
smaller in magnitude compared with the direct touching
plume. Additionally, the transport of these neutral spe-
cies to the water surface in non-touching plasma is more
sensitive to fluid dynamics [96].

A plasma source that generates a medium-range fre-
quency was initially motivated by an economic sense be-
cause it is inexpensive and more convenient than
alternative devices. Needle injection plasma [97] was first
generated, for which an alternative current (AC) high
voltage transformer provided power to the injection nee-
dle inside a Pyrex tube, and a working gas passed



Choi et al. AAPPS Bulletin (2021) 31:10

through the injection needle. A long plasma column, up
to 40 cm, was generated inside the tube as well as a short
plasma jet from the tip of the tube into the atmosphere.
A cold plasma jet, made of a syringe needle covered by a
glass tube, was later studied [98]. A long plasma column
in a flexible tube at atmospheric pressure was generated
[99], where the plasma system consisted of a typical in-
jection needle used as a hot electrode, a Teflon tube
used as a dielectric, and a high voltage power supply of
20 kHz. The plasma column was stabilized in the Teflon
tube using the flow of argon gas through an injection
needle. The column had a length of approximately 60
cm with 3 lpm of argon, and the plasma existed through-
out the Teflon tube with an inner diameter of 1.6 mm.

Subsequently, twin injection-needle plasmas at atmos-
pheric pressure were introduced [100] as a low-
temperature nonequilibrium plasma source. Plasmas
with long plasma columns of approximately 55 cm were
produced from one AC power supply; however, they ex-
hibited different characteristics, such as plasma column
length and gas temperature. The twin plasma columns
were regarded as thin rods with a uniform charge distri-
bution, and a theoretical model was presented to investi-
gate the change in the plasma column lengths with
different distances between the plasmas compared with
the change of the capacitance of the rods.

Figure 3 shows a plot of the plasma column lengths {
for the left and the right needle dependent on the dis-
tance d between the needles. Experimental data for the
left (square dots) and right (circular dots) needle
plasmas are presented in Fig. 3 for a distance d in the
range of 6-60cm. The plasma column lengths in the
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range of d = 2—6 cm are not shown in Fig. 3. The lengths
increased as the distance d increased because the dissi-
pated energy of the corona discharge between two
plasma needles was reduced. The maximum plasma col-
umn lengths occurred at d =6 cm under those experi-
mental conditions. The effects of the distance d in the
range of 6-60cm on the plasma column length are
shown in Fig. 3. The total charge accumulated on the
plasma column was proportional to the capacitance
C(d), which is a decreasing function of d. The energy W
per unit length stored in the plasma column is given by
W = (1/2)(C/d)V?, which may be used for gas discharge
in the column. The plasma column volume is propor-
tional to the column length for a specified radius of the
capillary tube and proportional to the energy W, thereby
being proportional to the capacitance C(d) for a constant
voltage V. Therefore, the column length is proportional
to the capacitance C(d), i.e., {=kC(d). The solid lines
represent the theoretical results, which have been fitted
to the measurement data using a least-squares fit. The
plasma column length in Fig. 2 at a distance in the range
of 30cm <d <60 cm is almost independent of the dis-
tance, as predicted from theory.

Two injection-needle plasmas were later developed
into electric-shock free plasma jets [101], which were ap-
plied to bacteria [102]. A plasma jet without an electrical
shock was generated through a Y-shaped tube, in which
voltages with opposite phases were applied to a pair of
tubes. The plasma plume generated at the intersection
had a plasma potential of 60—90V and high concentra-
tions of reactive species that were sufficient to induce a
high level of lethality on gram-negative bacteria on a
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Fig. 3 Plot of the column length (Q) of injection-needle plasmas versus the distance (d) between the needles [89]
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tissue mimic. The selective lethality of bacteria on an
epithelial-cell-containing tissue mimic may be modu-
lated using oxidant and antioxidant chemicals, thereby
leading to the possibility of a shock-reduced plasma jet
for biomedical applications.

The plasma column generated in a glass tube was fur-
ther studied to investigate the influence of the gas flow
Reynolds number on plasma [103]. Atmospheric plasma
generation inside a glass tube is influenced by gas stream
behavior, as described by the Reynolds number (Rn). In
experiments with He, Ne, and Ar, the plasma column
length increased with an increase in the gas flow rate
under laminar flow, which was characterized by Rn <
2000. The length of the plasma column decreased as the
flow rate increased in the transition region of 2000 <
Rn < 4000. For a turbulent flow beyond Rn >4000, the
length of the plasma column was short in front of the
electrode, which eventually led to a shutdown. The
propagation of plasma diffusion waves in a plasma col-
umn generated inside a glass tube was further studied
[104] and optically measured [105].

The first biologically applicable plasma jet was the air
plasma jet with hollow electrodes [106] at atmospheric
pressure; the jet device was operated by injecting pres-
surized air into the electrode hole. A genuine air or ni-
trogen plasma jet for biological application was
developed by operating a 10-100-kHz high-voltage in-
verter driving system with a duty cycle adjustment for
many applications [14] or a continuous 60 Hz AC trans-
former. A schematic of the air- (or nitrogen-) plasma jet
device with a quartz dielectric tube is shown in Fig. 4a.
The plasma jet system primarily consisted of a power
needle electrode, quartz tube, grounded electrode, and a
high-voltage power supply. The quartz tube served as a
guide for the plasma jet flow and was designed to induce
dielectric discharge through the sheet current along the
concave part at the end of the quartz tube between the
grounded electrode and the needle. The outer electrode
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was fabricated from stainless steel and had a somewhat
conical shape; it was centrally perforated with a 1-mm
hole, through which the plasma jet was ejected to the
surrounding ambient air. The distance between the nee-
dle tip and the grounded electrode was 2 mm, and the
plasma jet plume was produced approximately 5mm
from nozzle. Micro-discharges along the quartz tube
were ejected as a plasma jet from the outer electrode
through a 1mm hole, which showed that the
temperature of the jet decreased to a value close to the
ambient temperature [14, 15]. Soft plasma jet discharge
was achieved using a DC-alternating current (AC) in-
verter. The air (or nitrogen) plasma jet device with an
average power less than 5 W exhibited a cold plasma jet
with an approximate length of 2 cm near the ambient
temperature, which is low enough to treat thermally sen-
sitive materials. A plasma jet may be generated using
noble Ar gas, which provides the benefit of producing
long plasma plumes with a gas flow rate of more than 3
lpm. Preliminary studies on the discharge characteristics
indicated that the electron temperature was 1.56 eV, and
the plasma density was approximately 1.8 x 10" cm™>. A
microplasma jet was also generated at atmospheric pres-
sure for nitrogen gas [108], where the measured gas
temperature of the jet was 290 K, which was the ambient
temperature. Observation of striated multilayer dis-
charge patterns that formed in the plasma jet [109] was
conducted using nitrogen plasma. The jet device in the
micro-hollow electrode had a pencil-type configuration
that produced a long cold plasma jet, which was capable
of reaching 3.5 cm, and various excited plasma species
were shown through the optical emission spectrum. By
introducing a gas flow rate of more than 5 lpm, striated
discharge patterns in the plasma jet were produced
through ionization wave propagation.

Many types of dielectric barrier discharge (DBD)
plasma source have been developed since it was first in-
vestigated by Siemens in 1857. DBD, which is also called

Glass plate

(a)

DC-AC

invertor =

Grounded electrode

——
[ e e

Metallic hollow syringe needle
(Gas inlet and HV electrode)
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Fig. 4 Schematic presentation of the atmospheric pressure air- (or nitrogen-) plasma jet device with a quartz dielectric tube. The inset in a is a
photograph of the 5 lpm air- (or nitrogen-) plasma jet and surface dielectric barrier discharged plasma (S-DBD). The inset in b is a photograph of
the 2 Ipm air- (or nitrogen-) plasma jet [107]




Choi et al. AAPPS Bulletin (2021) 31:10

silent discharge or barrier discharge, is a specific type of
AC discharge, which provides strong thermodynamic
nonequilibrium atmospheric pressure plasma at moder-
ate gas temperatures, which are seen in plasma display
panels. DBD plasma sources can be manufactured using
several geometrical configurations, such as dielectrically
separated parallel plate structures and coplanar surface
discharged plasma types. The electrical discharge can be
produced and sustained by two electrodes, such that
each electrode applied using alternating high voltage is
masked by a dielectric layer placed in the current path
between the metal electrodes. The dielectric walls are
commonly made of glass, bakelite, quartz, ceramics, and
polymers. Energetic electrons are formed in the dis-
charge region, owing to the ionization process. These
electrons can collide with neutral gas atoms, such as ni-
trogen, oxygen, and water vapor, and dissociate them.
The distance between the electrodes can be varied from
less than 0.1 mm to several centimeters. As shown in
Fig. 4b, one of the fundamental DBD plasmas is a copla-
nar surface dielectric barrier discharged plasma (S-
DBD). This may be used for the generation of facing
DBD discharged plasma by facing two coplanar DBD
panels opposite to each other according to their applica-
tions. An AC voltage with an amplitude of 1-10kV and
a frequency from line frequency to several MHz is ap-
plied to DBD configurations. DBD plasma can be pro-
duced in various working mediums through ionization
by high frequency and high voltage electric discharge
[110].
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Figure 5 shows the characteristics of NBP sources that
are being used in plasma bioscience and medicine. These
sources are operated at atmospheric pressure and may
also be used for material processing applications and
surface modifications of polymers [111]. The electron
densities # and temperatures 7 of NBP plasma have
been measured and estimated to be 3-20) x 10" cm™3
and 0.7-2.5 eV, respectively [111], using various plasma
diagnostics. The plasma electron density for NBP can
typically be well described by Stark broadening and laser
optical interferometry methods. Additionally, the elec-
tron temperature for NBP can be measured using the at-
mospheric pressure collisional radiative method from Ar
excited 2p spectra and the wave packet ambipolar diffu-
sion method based on the two-step ionization model.
The gas temperature from NBP plasma can be measured
by rotational N, SPS emission spectra Ny(A3X,") [111].
This plasma can generate various types of radicals when
it comes into contact with water molecules. Hydroxyl
radical species have a particularly important role in the
biological and chemical decontamination of media in
this situation. In this context, hydroxyl radical density
was measured [112]. A needle-typed plasma jet bom-
barded the water surface using an Ar gas flow, and the
emission lines by OES were investigated. It was noted
that the electron temperature and plasma density were
measured to be approximately 1.7eV and 3.4 x 10
cm™?, respectively, under an Ar gas flow that ranged
from 80 to 300 sccm in this experiment [112]. The hy-
droxyl radical density OHe has also been investigated
and measured at a maximum value of 2.6 x 10"* cm™?
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Fig. 5 Characteristics of nonthermal atmospheric pressure plasma sources for plasma bioscience and medicine [111]
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for a gas flow rate of 150 sccm in the needle-typed
plasma jet using UV optical absorption spectroscopy.
The hydroxyl radical density OHe inside a bio-solution
was measured [113] using UV absorption spectroscopy
when a plasma jet was bombarded onto the solution.
The emission and absorption profiles for the other react-
ive oxygen species, such as NO (226 nm) and O,*- (245
nm), were very small inside the bio-solution in compari-
son with those for the OH radical species. The densities
of OHe radical species inside the bio solutions were
higher than those on the surface in this experiment. The
densities of the OHe radical species inside the deionized
water, Dulbecco’s modified Eagle’s medium, and
phosphate-buffered saline were measured to be approxi-
mately 2.1x10™, 1.1x10', and 1.0x10"°cm 3, re-
spectively, 2 mm downstream from the surface under an
optimized Ar gas flow of 200 sccm. Additionally, the
critical hydroxyl OH radical density for lung cancer
H460 cells to experience an apoptosis was observed to
be approximately 0.3 x 10'®cm™> under 1min plasma
exposure in this experiment. The OHe radical density in
the vicinity of the water surface depends very sensitively
on the gap distance between the plasma jet nozzle and
liquid surface. The average OHe concentration reduced
from 6.1 x 10 cm™2 to 1.3 x 10" cm™? as the gap dis-
tance increased from 1 to 4 mm [114].

The hydroxyl radical OHe is highly reactive and dam-
ages all types of macromolecules in cells; thus, it has
been suggested that it is a major cause of biological ef-
fects. However, there remain many unknown questions
about its lifetime, propagation, and interaction with cells
in aqueous solutions. Visualizing the highly reactive OH
radical interactions with cells inside a solution can be
achieved by utilizing the deuterium isotope. Heavy water
(D,0) containing the deuterium isotope was introduced
into a plasma jet device to generate deuterium monoxide
(ODeo) radicals instead of hydroxyl (OHe) radicals [115,
116]. Escherichia coli (E. coli) in water was treated with
OD-. radicals, and D atom incorporation into cells was
visualized using time-of-flight SIMS and nano-SIMS
[115]. The results show that D atoms from the plasma
jet reach the cytoplasm of E. coli in H,O, indicating the
usefulness of this ODe-tracking method for the study of
radical interactions with living cells.

As previously mentioned, one of the most important
radicals produced from a plasma jet is the hydroxyl
OHe., which can be most efficiently produced from ni-
trogen plasma. Thus, generation of various radicals in
nitrogen plasma and their behavior in media was investi-
gated [117]. Research on the generation of radicals in ni-
trogen plasma shows that the most dominant radicals
are excited nitrogen molecules in the metastable state of
N,(AsZ,"). Hydroxyl molecules are generated from the
dissociation of water molecules upon contact with
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excited nitrogen molecules. The behavior of these radi-
cals in media was investigated. Excited nitrogen mole-
cules in the Ny(A3X,") state from a plasma jet were
injected into water, after which the molecules disap-
peared within a few tens of nanometers, thereby produ-
cing hydroxyl molecules. Hydrogen peroxide, hydrogen
dioxide, and nitrogen monoxide molecules can diffuse
much deeper into water, which implies the possibility
that a chemical reaction between hydrogen dioxide and
nitrogen monoxide molecules produces hydroxyl mole-
cules in deep water, even though the density in this case
may not be very high.

Nitrogen plasma alone may produce a specified radical
at prescribed conditions. Thus, the influence of oxygen
on the generation of reactive chemicals from a nitrogen
plasma jet was investigated [118]. Various chemical
compounds were fabricated from nitrogen and water
molecules in a plasma jet with a varying oxygen content.
A detailed theoretical investigation of these chemical
compounds was conducted for different oxygen ratios &.
Experimental measurements were also conducted for a
comparison with theoretical results. Hydroxyl molecules
were mostly generated at the surface of water, and some
of them penetrated into the water. The density of hy-
droxyl molecules reached its maximum without oxygen,
as shown in Fig. 6a, and decreased to zero as ¢ increased
to 0.25. The density of the ammonia of NHj also de-
creased as ¢ increased to 0.25. However, both the theory
and experiment demonstrated that the density of the
NOj; increased significantly as ¢ increased to 0.25. The
hydrogen peroxide density in plasma-activated water de-
creased, reached its minimum value at £=0.05, and in-
creased again as ¢ increased from a small to a large
value, as shown in Fig. 6b. The pH value of the plasma-
activated water, which is slightly alkali without oxygen,
decreased as € increased.

2.3 Plasma discharges on liquid and its chemistry

To generate plasma discharges on a liquid or water, sur-
face discharged or coplanar S-DBD plasma may be used
with a duty-ratio controlled sinusoidal pulse generator.
Figure 7 shows (a) a schematic diagram of a coplanar Ar
S-DBD plasma device, (b) its emission spectra, and (c)
the intracellular ROS estimation after a coplanar Ar S-
DBD treatment along with the presence of an ROS scav-
enger Trolox [119]. It is noted that there are plasma-
generated UV lines with wavelengths ranging from 210
to 400 nm. These are responsible for plasma-initiated
UV photolysis inside water, cell, or tissue, and they exist
for coplanar S-DBD plasma. This S-DBD plasma device
has been fabricated using photolithography technology
based on plasma display semiconductor technology. Its
electrodes had a width of 100 pm, and they were placed
in parallel on the same plane with a 100 um gap
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distance. Additionally, these coplanar electrodes were
coated by SiO, dielectric materials with a 70-um thick-
ness for low voltage operation at less than 1kV. This
was followed by a hydration prevention layer with a 1-
um thickness.

The coplanar S-DBD plasma has been used for the
treatment of S. aureus bacteria (wild-type:w) and
multidrug-resistant bacteria, such as Penicillium-
resistant S. aureus (PRSA:p), methicillin-resistant S.
aureus (MRSA:m), and gentamicin-resistant S. aureus
(GRSA:g), and the viability of all bacteria was
checked. It was observed that the bacteria were inac-
tivated by a logarithmic order of 4-5, and the scan-
ning electron microscopy images show the crushed
and ruptured surfaces of S. aureus after the plasma
treatment. The Ar-DBD plasma has a maximum
intracellular ROS for a treatment time of 5min.

These intracellular ROS may be produced synergis-
tically by plasma-initiated UV photolysis inside the
cell along with extracellular ROS transport into the
cell. It was also concluded that reactive species play
an important role in the inactivation of bacteria to a
large extent [119]. Owing to an increase in extracel-
lular ROS or stress, the intracellular ROS also in-
creased. The intracellular ROS for Ar-DBD increased
by 3 times, relative to the control sample. It could
be predicted that extracellular ROS or RNS radicals,
which have either a short or long lifetime, play a
crucial role in increasing the intracellular ROS of
the multidrug-resistant and wild-type S. aureus bac-
teria, owing to stress. However, less intracellular
stress was observed in the presence of Trolox, as
shown in Fig. 7.
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Fig. 7 a Schematic diagram of a coplanar Ar S-DBD, b its optical emission spectra, and c its intracellular ROS estimation after a coplanar Ar S-DBD
treatment against super-bacteria with the presence of an ROS scavenger Trolox. All values in ¢ are expressed as MFI and + standard deviation in
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2.4 Water as a UV photolysis layer during plasma cell-
tissue treatment

During plasma discharge, the ions, electrons, neutral
particles, and UV radiation contribute to the generation
of RONS in the gas and liquid phase. Vacuum UV
(VUV) radiation (10-200 nm) can efficiently induce re-
actions in liquid, particularly near the gas-liquid inter-
face [120]. The absorption coefficient of water (liquid
state) is 10>°~10°cm™ ! at A < 170 nm [120], which leads
to an absorption of ~90% of the radiation by a thin
water layer (10~ 3-107° ¢cm); however, at A ~ 185 nm, the
penetration depth is approximately 0.1 cm [121]. It was
also determined that VUV radiation on water dissolved
with O, results in the formation of OHe, H, hydrated
electrons, and O (singlet and excited state) [122—-124]. A
study by Jablonowski et al. investigated the VUV radi-
ation generated by an “kINPen09” atmospheric pressure
Ar plasma jet [125]. They observed that the VUV range
was controlled by the second Ar excimer continuum at
A=~126 nm. The adsorption spectra of VUV was mea-
sured using a deuterium lamp in different liquids, such
as distilled water, sodium chloride solution, and Rose-
well Park Memorial Institute (RPMI 1640) cell culture
media.

The lowest cutoff wavelength among all liquids was
observed for water at ~ 180 nm, depending on the layer
thickness. As the complex solution increased, the cutoff
wavelength shifted higher; the cutoff wavelength for
RPMI 1640 was between 210 and 230 nm. Additionally,
the concentration of H,O, formed because the complete
plasma jet treatment on H,O was more than two orders
of magnitude higher than that formed by VUV radiation
of the plasma jet. Finally, they concluded that it becomes
impossible for VUV radiation to reach the cells when
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they are covered by a thin liquid layer of at least 25 pm.
Therefore, the authors concluded that VUV radiation
emitted by a plasma jet has a negligible effect in plasma
medicine [125]. UV radiation with A < 185 nm penetrates
into the aqueous bulk solution, and the photochemical
reactions may occur with molecules of water and other
naturally occurring organic compounds, nitrates, and ni-
trites [126]. Previous studies have focused on the
plasma-initiated UV photolysis that may be accountable
for the simultaneous and continuous generation of OHe
species in a liquid or inside a cell [127], as shown in Fig.
8. Subsequently, NBPJ was used with argon as a feeding
gas and treat water [127, 128]. The quartz filter was used
at the interfacial region between air and a water surface
to screen the electrons, ions, and neutral particles gener-
ated by NBPJ; therefore, only plasma-initiated UV emit-
ted radiation could pass through the filter for
propagation into the water. The plasma-initiated UV
emitted from the excited primary RONS near the water
surface, the wavelegth of which ranged from ~ 200 to ~
400 nm, may have interacted with water molecules to
produce the OHe. species, and consequently, to H,O,
during propagation into the water or interior region of
the cell. The minimum energy of these reactions was ap-
proximately 4 eV, which corresponds to 309 nm. The
OHe. emission lines ~ 309 nm were investigated 2 mm, 4
mm, and 6 mm below the water surface.

Figure 9 shows (a) the optical emission spectrum in
the 2 mm region above (top) and below (down) deion-
ized (DI) water and (b) lifetimes for various ROS mea-
sured in the ambient air region 2 mm above the water.
The lifetime of OHe has been measured to be 2.7 ps on
the surface. Figure 9c depicts the temporal behaviors at
309 nm for OH emission intensity for different depth

Lifetime of OH induced by
Plasma-initiated UV :

n/ny, = 1/(1+2.3x10°1 n,t)

. Inside the water
Bio-plasma.
: UV + H20 > H20*
{ UV+H,0* > OH + H* i
i OH— > OH® + e—

i OH® + OH® >H,0,

Minimum energy for this reaction
is 4.01 eV (309 nm)

Fig. 8 Plasma-initiated UV photolysis: generation mechanism of reactive oxygen species inside a cell or biological tissue [111]
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locations, 2 mm, 4 mm, and 6 mm, inside the DI solution
with a quartz filter at a 1 mm depth position in the
water, and (d) shows the lifetimes of OH versus water
depth positions of 2 mm, 4 mm, and 6 mm from the sur-
face under Ar plasma jet bombardment on the water
surface. These lifetimes are 3.15 ps, 3.61 ps, and 3.92 ps
at 2, 4, and 6 mm below the water surface, respectively.
For a specified depth of 2 mm in DI water, the temporal
behavior of OHe emission lines (~ 309 nm) could be fit-
ted to 1/(1+2.3 x 10" " #) based on the empirical mea-
surements in this experiment. However, the density of
OHe. species decreased as the water depth increased; the
density was 4.2 x 10" cm™? at a 2-mm depth, but 8.0 x
10" cm™? at a 6-mm depth. Moreover, the mitochon-
drial cell membrane pressure was reduced by 2 kPa from
its typical value of — 150 mV when the OHe species gen-
erated by plasma UV photolysis with a concentration of
~3x10"%cm™? at a 2-mm depth was bombarded onto
the mitochondrial cell membrane. In conclusion, it was
found that plasma-initiated UV photolysis (energy
ranged from ~4 to 6eV) assisted in the production of
various reactive species in water. Additionally, the fol-
lowing reactions were proposed for the formation of
OH. [127, 128]:

UV + HyO—H,0x (5)
UV + H,0%—OHe + H*, orO + 2H (6)
OH. + OH0—>H202, or Hzo + O (7)

H,Ox—OH ™~ +H' (8
OH™ + OH™ —»H;0, +2e~ (9
OH™ —-OHe. +e~

O3 +OH™ 4+ H"—-20H. + O, (11

in which the reaction of Eq. (9), OH = OH. +e
may also play an important role in the formation of OH
radicals because it requires very little energy (~ 2.4 eV),
which may be the reason for OH formation in liquid.

It is necessary to investigate the RONS delivery via
passive RONS transport from NBPJ throughout agarose
to water versus the plasma UV photolysis from NBPJ]
throughout quartz to water, where the agarose can be
used as an alternative to biological tissue [129-131]. An
Ar NBP] has been employed for DI water filled in a
quartz cuvette. Interfacial water surface plays an import-
ant role in providing the plasma-generated primary
RONS and other excited molecules, which can be moni-
tored by UV-visible spectroscopy.

Figure 10 shows the time-dependent RONS delivery to
DI water monitored using UV absorbance during and
after direct exposure of Ar NBP] on DI water. This fig-
ure shows the combined synergistic effect of molecular
transport and plasma UV photolysis for RONS and the
indirect exposure through quartz to observe the RONS
delivery generated from plasma UV photolysis or
through agarose with a thickness of 2.5 mm to assess the
diffusion transport of RONS. The distance from the
NBPJ plume end to the water surface was fixed to be
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Absorbance [a.u.]

Time [minutes]

Fig. 10 Time-dependent RONS delivery into water monitored using UV absorbance during and after direct exposure of Ar NBPJ and indirectly
exposed through quartz for UV photolysis or through agarose for molecular transport. The shaded region denotes the time window during
which the plasma is switched on (up to t=6min). At t=6 min, the plasma and gas flow are turned off and RONS delivery measurements were
acquired till t =66 min. In the inset box, positive and negative slopes are denoted by solid and dashed arrows, respectively [132]

direct plasma;
quartz :
agarose i

almost 0 mm so that the plasma jet always makes con-
tact with the water surface. The Ar NBPJ was switched
on until £=6min and was subsequently turned off, as
shown in Fig. 8. For the direct interaction of NBPJ with
the water surface, a rapid and steep increase in the ab-
sorbance was observed since the plasma was switched
on. Just after switching off the plasma and gas flow, the
absorbance intensity remained saturated because add-
itional RONS were not created. For the plasma-initiated
UV photolysis treatment through the quartz plate, the
total absorbance was observed to be a few percent com-
pared with direct plasma bombardment. In this case, a
relatively moderate concentration of the OHes, which
was ~4.2x10"cm™> at a 2mm depth, was simultan-
eously generated inside the water by plasma UV photoly-
sis. For the molecular transport of RONS through
agarose when the plasma was switched on, till 6 min, the
absorbance decreased to zero because the plasma UV
was almost absorbed by the agarose. However, RONS
dissolved into the agarose from the interfacial region be-
tween the ambient air and water surface started to
undergo a diffusive transport process into water across
the agarose layer. However, after the plasma was
switched off after 6 min, the absorbance monotonically
increased, and it was saturated beyond 60 min. This mo-
lecular delivery of RONS through agarose exceeded
plasma UV photolysis, and the transportation of molecu-
lar RONS is a slow diffusion process. However, it is still

emphasized that the molecular transport of RONS
through agarose is smaller than that by direct plasma
bombardment on water or tissue. Hence, the combined
effects of plasma-initiated UV photolysis and molecular
transport may be responsible for the RONS generation
and delivery mechanism into a cell or tissue [132].
Moreover, other studies showed that He NBP]J could dir-
ectly deliver RONS species of H,O,, NO,”, NO;3~, and
O,(aq) to DI water or tissue [133], where O,(aq) become
the oxygen molecules in the water solution. Here, the
molecular transport of O,(aq) into the tissue is known
to be related to tissue oxygenation, which is opposed to
oxidation.

2.5 Influence of other factors on reactive oxygen and

nitrogen species generation in DBD and NBPJ on/in water
RONS generation has also been affected by the electrical
properties of plasma, electrical fields, humidity, and gas
composition. The RONS concentrations can be con-
trolled by output voltages, gas flow rate, and plasma ex-
posures [134—136]. Moreover, the intensity of all RONS
species in gas environments decreases for Ar-O, plasma,
compared with pure Ar plasma, because the addition of
O, decreases the number of electrons, owing to its elec-
tronegative behavior. In a liquid, it was observed that the
concentrations of H,O, and OH decrease for Ar-O, and
Ar-N, plasma, compared with pure Ar plasma. However,
the concentrations of NO,™ and NOj™ are high for Ar-
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N, plasma, compared other plasmas [136]. He+O, +
H,O admixture plasma enables the generation of various
ROS species, such as O, O,* O3, OHe, and H,O, [137].
Studies concluded that ROS produced by this plasma is
unaffected by the ratios of HyO/O, in the feeding gas.
For a maximal simultaneous production of OH and O,
the ratios of H,O/O, in the feeding gas were ~ 1. How-
ever, it was also revealed that when the plasma plume
was in contact with liquid, it generated a high concen-
tration of H,O,, compared with the NO,™. Conversely,
in the case where the plasma plume was not in contact
with liquid, the concentration of NO,™ was high [138].
Furthermore, a comparison between the experimental
and modeling results showed that reactive species de-
tected in the jet are mostly formed in the gas phase in-
side the plasma jet, and the H,O, concentration
depends strongly on the humidity in the feeding gas, but
not on the distance of the jet from the liquid surface
[139].

This review presents various aspects of the generation
of reactive species during plasma exposures on liquid.
During discharge, the UV radiation plays the important
role of generating the reactive species inside the cell or
tissues. The concentration of the reactive species in the
gas-phase, gas-liquid interface, and liquid bulk during
plasma exposures on the liquid surface depends upon
the distance between the plasma plume and liquid and
plasma electrical parameters, including electric fields,
humidity, gas mixtures, VUV, UV, and gas flow rate.
Plasma-initiated UV photolysis [34, 127, 128] also has a
significant impact on the generation of OHe radicals and
other RONS below the plasma-liquid interface, intercel-
lular regions, or inside the tissue. It is concluded that
the combined effects of plasma-initiated UV photolysis
and the transport of RONS into the cell or tissue may be
responsible for the RONS generation mechanism inside
the cell or tissue. The formation of OHe radicals in (or
interfacial) regions of the water surface occurs in the fol-
lowing steps [34, 128, 132]. (a) RONS (OH., NO, O,-,
N2 *) are produced in the vicinity of the water surface
upon discharge initiation. These are primarily caused by
electron impact, metastable argon/oxygen atoms, and ni-
trogen atoms. (b) Next, the RONS generated in the
vicinity of the water surface initiates UV radiation, which
excites the water molecules and produces OHe radicals
below or on the water surface. (c) The primary RONS,
which are generated by electron impact, and secondary
RONS, by plasma-initiated UV photolysis, are both dif-
fused into water according to their depths. Additional
OHe. radicals are produced through reactions with sec-
ondary RONS, such as HO, and NO. These RONS are
accumulated in the liquid surrounding the cells, and
they consequently interact with the cellular membrane
that protects the intracellular environment.
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3 Health and hygiene applications of nonthermal
biocompatible plasmas

3.1 Cancer treatment by plasmas

During the last several years, there is substantial pro-
gress in the development of cancer treatment ap-
proaches; many of them are yet high-priced and only
available in advanced countries. Therefore, there is a
need for inexpensive yet effective strategies for cancer
treatment, however, particularly in less-economic coun-
tries, where a significant portion of the cancer-related
deaths happen annually [140]. Recently, plasma-based
therapy was developed as a new weapon that has been
recognized as a safe as well as a cost-effective device to
target a variety of cancers [10]. It has been evidenced
that these atmospheric pressure gas plasmas can in-
crease the efficiency of existing treatment methods when
combined to improve their selectivity towards resistant
cancers [29, 141].

3.1.1 Plasma-exposed treatment

Plasma treatment could be done by both ways of plasma
exposure as well as non-exposure methods. In most
cases, plasma exposure is widely used in a nonlethal
manner to affect normal eukaryotic cell functions, by
regulating cell signaling pathways [1], and lethally for
the destruction of malignant tumors. Various researchers
have been proved that a certain treatment dose of
plasma can inhibit the growth of cancer cells in a select-
ive manner using cell-line-based experiments against
several cancer types [2, 10]. Micronucleus formation in
cancer cells by plasma was studied [142], observing in-
duction of micronucleus formation (cytogenetic damage)
in brain cancer cells upon exposure of dielectric barrier
discharge plasma. This article investigated the influence
of exposure and incubation times on T98G brain cancer
cells. It was found that the micronucleus formation rate
directly depends on the plasma exposure time. The dif-
ferential responses of six cancer cell lines after treatment
of nonthermal plasma from dielectric barrier discharge
(DBD) were studied [143]. Investigators described that
plasma exposure leads to an induction of oxidative stress
resulting in caspase activation, DNA damage, a mito-
chondrial impairment which eventually leads to cancer
cell death. Moreover, Kaushik et al. suggested that the
failure of the antioxidant system to neutralize ROS is re-
sponsible for ROS elevation and cell death in solid can-
cers. They showed that excess ROS and H,O,, which are
not reduced by antioxidant enzymes inside the mito-
chondria, may also damage mitochondria and eventually
cause cellular damage [144]. Also, to compare the
plasma effect, they generated hydroxyl radical (HO.),
superoxide anion (O,-), and H,O, using chemical re-
agents inside an in vitro cell culture. These chemically
generated ROS systems have a drastic effect on cell
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death induction in a dose-dependent manner which was
not specific concerning the normal/or cancer cell type.
They concluded that the accumulative effect of different
reactive species generated by the plasma also affects nor-
mal counterparts, which have a less inhibitory effect
than on cancer cells [3]. Another group of researchers
showed that effect of direct treatment was comparable
when used different types of plasma sources such as
nanosecond pulsed dielectric barrier discharge (DBD)
and a microsecond pulsed DBD jet when T-
lymphoblastic cell lines were tested. Due to the induc-
tion of reactive species in culture medium, plasma can
induce cytotoxicity in leukemia cells even when culti-
vated in hypoxic conditions, which plays a critical role in
promoting chemoresistance [4]. Similarly, Haralambiev
et al. suggested that no extensive differences in bio-
logical effects were observed in osteosarcoma cells when
treated with two different plasma sources, MiniJet-R and
KkINPen MED. Regarding clinical use, it can be stated
MiniJet-R, as well as the approved kINPen MED plasma
source, appears to be suitable to be used as an anti-OS
treatment therapy. However, animal tests are necessary
to confirm whether these in vitro are detectable in clin-
ical applications to be used in patient treatment [11].

Apart from the generation of chemical factors (highly
reactive species), plasma also generates physical factors;
UV radiation, thermal radiation, and electromagnetic
(EM) waves [12, 145]. Recently, Keidar et al. showed that
the EM waves emitted from plasma kill the melanoma
cells through a transbarrier contactless technique. Inter-
estingly, their method induces much stronger growth in-
hibition in a reactive species-resistant BL6F10 melanoma
cell. Such physically triggered growth inhibition is owing
to the leakage of bulk solutions from the cells, causing
cytoplasm shrinkage and cellular membrane bubbling on
the cell membrane. These studies provide an insight into
the use of plasma as a physically based non-invasive can-
cer treatment [13].

Reactive species and radiation produced by plasmas
capable to deliver a range of consequences with rele-
vance to oncology, including the selective killing of a
wide range of cancer cells [31]. Such in the case of
tumor excision, plasma technology can be used to de-
contaminate the malignant tumor site by treating
remaining healthy tissues or removing pathogenic mi-
crobes, promoting new healthy tissue regeneration. The
advantage of plasma treatment could be achieved by
killing cancer cells directly that may have not been
removed properly during excision, thus efficiently de-
creasing the tumor regrowth or metastasis. Clinically,
physicians believe that direct plasma treatment is
highly suitable for the treatment of primary tumors
that arise from mucosal surfaces which can be con-
sidered as adjuvant therapy [146].
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A new approach for cancer treatment was based on
the congenital overproduction of hydroxyl radicals
(OHe) and hydrogen peroxide (H,O,) in cancer cells.
H,O vapor was applied as a synergistic agent to the
plasma jet, which not only controls the temperature rise
but also enhances selectivity by increasing the level of
H,0, and OHe radicals during treatment [147]. It was
observed that due to the increased concentration of OH
radicals, apoptosis was induced on SK-BR3 breast cancer
cells through an enhancement of oxidative signaling,
which inhibits the phosphorylation of extracellular
signal-regulated kinases (Erks) and activates the phos-
phorylation of mitogen-activated protein kinases (p38-
MAPK). The results showed that OH«/H,0, plays a piv-
otal role in not only inducing cell death but also in en-
hancing the selective killing effect. This group also
observed that it induced apoptosis on melanocytes G361
cancer cells through DNA damage signaling cascade.
Additionally, it was observed that plasma induces ROS,
which activated MAPK p38 and inhibits p42/p44 MAPK,
leading to cancer cell death [148].

3.1.2 Immunomodulation and induction of immunogenic
cell death

In the past, most of the cancer treatment approaches
have focused on diminishing tumor burden through the
delivery of cytotoxic agents via physical or chemical
means. However, these methods usually do not rely on
the individual’s immune responses for the insistence of
cancer. Recently, cancer immunotherapy has recognized
the utilization of oxidative stress-based methods to over-
come cancers, called immunogenic cell death (ICD) in-
duction in cancer cells. Consequently, emerging
treatments that provoke ICD through the active partici-
pation of the patient’s adaptive immune system, offer
the great potential to improve clinical outcomes of exist-
ing cancer treatment approaches. Since the anticancer
consequences of plasma are largely endorsed through
the reactive species that are generated or delivered inside
the target cancer cells, it is quite reasonable to propose
that plasma could be helpful for ICD induction. The ad-
vantage of plasma relies on its capability to enrich the
interactions between plasma-exposed cancer cells and
local immune cells which initiates successive protective
immune responses for cancer treatment. Marian et al.
emphasize the recent investigations of plasma applica-
tion to induce ICD in cancer cells [149].

To understand further the role of plasma in ICD, this
group further performed a detailed examination of the
reactive species generated by plasma operated at ICD-
inducing regimes. They claimed that not only persistent
reactive species were adequate for plasma-induced ICD,
also short-lived species plays were essential. Desired re-
active species generated by the plasma device are
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entirely dependent on the plasma treatment energy and
not on a specific treatment parameter such as applica-
tion time, pulse frequency. Based on this study, it could
be suggested that optimization of particular plasma pa-
rameters, would permit us to build-up a clinical tool for
controlled delivery of reactive species required for ICD-
based cancer therapy, as shown in Fig. 11 [8].
Additionally, in recent times, there are several antican-
cer therapies designed to regulate the immune system
widely [150] based on the use of cell-based therapies, cy-
tokines, and immune checkpoint blockade (ICB). In this
regard, strategies available to improve efficiency and
minimize the side effects of ICB therapy are clinically
significant. Taking this aspect into consideration, Guo-
jun et al. described a method to use transdermal plasma
for ICB therapy. Confined delivery of plasma via hollow-
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structured microneedles supports the discharge of
tumor-associated antigens, ensuing in improved local
and systemic anticancer immunity. The synergism be-
tween plasma and ICB combined with hollow-structured
microneedles offers a platform system for various dis-
eases including cancers [15]. Additionally, Kaushik et al.
demonstrated that plasma can activate immune cells and
inhibit the growth of solid cancers after co-culture
through TNF-« release. Interestingly, they showed that
plasma itself did not induce any cell death in RAW264.7
macrophages. These findings suggest plasma-generated
reactive species have the potential to recruit cytotoxic
macrophages to release TNF-a to provoke cancer cell
death [151]. They further extended their study using a
micro-DBD plasma device by using screen-printing tech-
nology to study immuno-stimulatory effects in

Plasma
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Fig. 11 Understanding how nonthermal plasma interacts with cancerous targets would allow strategic development of a biomedical device for
the controlled delivery of RONS to elicit immunogenic cell death. This could assist the initial steps of a patient's cancer immunity cycle and lead
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metastatic cancers that are responsible for cancer relapse
mediated by mesenchymal shift after therapies. Using
microarray analysis, they postulated that plasma could
stimulate and differentiate M1 pro-inflammatory macro-
phages which favor antitumorigenic immune responses
in metastatic cancers via and cancer stem cell mainten-
ance and metastasis acquisition. Figure 12 shows that
the use of plasma technology could provide a break-
through in modifying the pro-tumor inflammatory
microenvironment by affecting resistant immunosup-
pressive tumor cells generally accompanying cancer re-
lapse [16]. Nevertheless, this immune-modulation
research area is quite young and reports on immune in-
filtrate in plasma-exposed animal tumor models are rare.
Bearing in mind the power of an adaptive immune sys-
tem, recently few antibody-based immunotherapeutic
approaches have been the major innovation in the
twenty-first century [152]. This concept is based on the
fact that damage-associated molecular patterns are re-
leased from the dying tumor cells that help in the induc-
tion of ICD and tumor-specific cytotoxic T cells [153,
154]. Similar to the progress of other physical therapies
for anticancer approaches for example ionizing radiation
[155], electrochemotherapy [156], and photodynamic
therapy [157], revolutionary outcomes in the area of
immuno-oncology are probable stimulus research in fu-
ture plasma medicine in near future.

In another study, a microwave jet plasma system pro-
duces nitric oxide called nitric oxide-plasma-activated
water (NO-PAW). A previous report [158] explored the
effects of NO-PAW on cancer cell lines, in comparison
with other plasma devices. A further study [159] on the
role of microwave plasma-generated NO-PAW on
macrophage polarization was investigated. NO-PAW
upregulates Ml-type macrophage activation and
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downregulates the characteristics of M2-type macro-
phage at the transcriptional level. The anticancer poten-
tial of NO-PAW was also investigated in a syngeneic
mouse model, as shown in Fig. 13. The results showed
that NO-PAW has the potential to convert the fate of
macrophages, suggesting this treatment as a supportive
method for controlling the function of macrophages
under the tumor microenvironment.

3.1.3 Plasma-activated medium therapy for cancer cell
killing

To date, the biggest challenge for the plasma community
is the treatment of in-depth cancers. In general, direct
treatment of plasma can induce strong cell death in tis-
sues by influencing the active species to the cells. Yet,
only localized treatments are possible. Therefore, the
question of “depth of penetration” requires our consider-
ation. In this regard, researchers developed a process of
delivering “plasma active species” to deep organ tissues
could be through plasma-activated solutions. Indirect
treatment of plasma is a method where reactive species
are produced in a solution by treating plasma to a
physiological buffer or medium. While this method
causes less cell death than the direct plasma treatment,
it has the least toxic effects on normal cells. Also,
plasma-generated reactive species could be stored and
can be treated in huge areas with easy handling. Studies
have proven that plasma-activated medium (PAM) gen-
erated by indirect treatment can be a good candidate for
biomedical applications such as cancer therapy [160].
Based on this approach, Utsumi et al. [161] also investi-
gated that injection of plasma-activated medium (PAM)
suppresses the tumor size plasma-activated at the tumor
site. This result suggests that plasma application not
only directly affects the cells but also indirectly prompts
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physiological moderators that may affect cells by creat-
ing reactive species around cells. Now, PAM could be
proposed as a type of cancer chemotherapy. The plasma
produced active species or plasma itself interacts with
solutions in the liquid phase to generate H,O,, nitrates,
and so on. Hence, PAM may be considered as a cocktail
of several products irradiated with plasma and induces
reactive species in cells. A similar study was performed
by Ara et al. using a 2.45-GHz microwave-excited at-
mospheric pressure plasma jet device. Through measure-
ment of various reactive species in medium, they
concluded that among numerous reactive species pro-
duced by PAM, a high amount of H,O, plays a vital role
in inducing anticancer effects by PAM which was de-
tected by high-level intracellular oxidative stress and was

accompanied by apoptosis induction in lung cancer cells
[162].

In the above study, PAM has been shown its potential
to kill both chemo-resistant ovarian cancer cells and
their parent cell lines [161]. Our group researchers also
tried to highlight the effect of PAM on melanoma by de-
tecting the changes at the molecular and biochemical
level using the blood serum of mice. They established a
new perception to understanding the mechanism of
PAM for treating melanoma. Their result showed that
the accumulation of the reactive species consisting in
the PAM makes it a better treatment option against can-
cer cells as compared to direct plasma treatment as visu-
alized by a decrease in protein and lipid levels in
melanoma tissue. The specific melanoma LDH and L-
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DOPA prognostic markers were found to decrease,
present in the blood serum and melanoma samples
[163]. Liedtke et al. also observed that repeated intraper-
itoneal treatment of PAM suppresses the tumor growth
in vivo as determined by magnetic resonance imaging,
leading to reduced tumor mass and improved median
survival (61 vs 52 days). Tumor nodes treated by PAM
confirmed apoptotic areas with majorly inhibited cell
proliferation. Also, the concentration of various cyto-
kines in blood plasma, as well as the distribution of
hematological parameters, was not changed by PAM
treatment. They claimed that having minimal side effects
of plasma-treated solutions, making them a feasible
therapeutic candidate for advanced tumors [164]. As
tumor relapse is a major hurdle in anticancer treatments,
Elena et al. tried to use the plasma-activated physio-
logical buffer solution (PBS and 0.9% NaCl) to mimic
the clinical application of plasma-treated liquids. Using a
3D cellular model system, they suggested that the effi-
ciency of PBS exposed to plasma was higher as it can
penetrate deeper and faster as compared to NaCl ex-
posed to the plasma, suggesting the use of plasma-
exposed PBS for the treatment of in vivo tumors. De-
pending on the tumor site, these solutions can be
injected directly into tumors (as in subcutaneous xeno-
grafts), or intraperitoneally when treating intraperitoneal
malignancies (such as in the ovarian tumor model)
[165]. Because treatment of solutions by plasma, due to
their content of reactive species, may respond to ovarian
cancer, which could be used in combination with other
existing therapies, in this regard, Italy group of re-
searchers developed a novel strategy that lies in the
usage of a renowned clinically suitable fluid, i.e., Ringer’s
lactate (RL). They stated that plasma-activated RL has a
degree of selectivity towards cancer cells as compared to
fibroblasts; however, further research needs to verify the
exact mechanism underlying such favored anticancer ac-
tivity [166].

Moreover, Tanaka et al. found that plasma-treated RL
has shown good efficiency to exhibit an antitumor effect
on glioblastomas in vivo and in vitro [167]. Their ex-
tended study demonstrates that both plasma-treated RL
and PAM displayed antitumor effects on brain cancer
cells. Nonetheless, their sensitivities were different as
brain cancer cells shown more sensitivity to plasma-
treated RL than PAM. The sensitivities of cells to
plasma-activated liquids are thought to be determined
by various factors which negatively and positively exhibit
anticancer effects. Based on their findings they con-
cluded that both the treated solutions induce anticancer
effects on glioblastoma cells by distinctive mechanisms
[168]. Moreover, to clear their understanding between
PAM and plasma-activated RL solutions observed ef-
fects, they performed another study and witnessed that
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plasma-activated RL solution exhibited changes in intra-
cellular metabolites of glioblastoma cells, as detected by
the ratio of oxidative/reductive glutathione concentra-
tions. In the metabolomic profiles of plasma-treated RL
solution-treated cells, the generation of acetyl-CoA en-
hanced lipid metabolism. Based on these findings, they
concluded that plasma-activated thus induces regulated
death of U251SP glioblastoma cells in more innate mi-
croenvironments than PAM [169]. A similar group of re-
searchers also tested the effects of plasma-treated RL
solution on supported lipid bilayers (SLBs) as a cell
membrane model. High-speed atomic force microscopy
revealed that there were alterations in the morphological
dynamics of SLBs when treated with plasma-treated RL
solution, leading to a 20-fold decrease in SLB islands
compared to without plasma-treated RL solution. These
observed effects were basically due to the removal of
lipid molecules from the edges of SLBs and their shrink-
age [170]. It is also seen that PAM treatment can pro-
mote increased autophagic cell death in endometrial
cancer cells in a concentration-dependent manner
through inactivated mTOR pathway, which is critical for
cancer cell viability.

However, future studies are required to investigate
whether PAM treatment can reduce the recurrence rate
of peritoneal metastasis using xenograft animal models
[84]. More studies using PAM applications on residual
cancer initiation cells along with EMT effect for antican-
cer approaches have been thoroughly discussed by
Kaushik et al. [171].

3.2 Nonthermal plasma for wound healing application
Cold plasma can support wound healing by its anti-
microbial effects, by activation and migration of skin
cells such as fibroblast, keratinocytes, and melanocytes,
and by activation of biological receptors (such as integ-
rins) and by stimulation or regulation of immune cells
[9]. Cold plasma active constituents can be delivered to
target tissue, organ, and cells without making thermal
damage. Due to this property of plasma, it has also
gained attention for dermatological application. Plasma
constituents, mainly ROS and RNS, can activate or regu-
late various complex biological reactions and pathways
in a dose-dependent manner [9].

The human skin is the outer covering of the body and
is the largest organ of the integumentary system. The
skin is the best organ for direct or indirect plasma treat-
ment in the human body. Plasma can provide an imme-
diate therapeutic effect on skin lesions and can enhance
the penetration of transdermal drugs or substances, thus
avoiding the systemic drug’s toxic side effects [172].

Recently, small plasma devices (micron size) have been
developed to be used inside the human body in a similar
fashion to plasma-activated liquid or media. Small size
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plasma devices exhibit enhanced infiltrating capability
and can be implanted into lesions or body cavities. In a
recent study, a parallel plate dielectric barrier discharge
and a capillary-guided corona discharge plasma device
were used to treat chronic wounds [21]. Multidrug-
resistant microorganisms are mainly responsible for re-
calcitrant to chronic wound healing. Methicillin-
resistant Staphylococcus aureus and Pseudomonas aeru-
ginosa are two main microorganisms in infected and
clinically non-infected lesions. This report suggests that
cold plasma can efficiently inactivate three different iso-
lates of MRSA and four isolates of P. aeruginosa related
to chronic wounds. Another study to investigate the dis-
infection rate using FE-DBD cold plasma [173] on
planktonic and biofilm forms of Escherichia coli, S. aur-
eus, and clinical isolates of multidrug-resistant MRSA-95
(clinical isolate)) MRSA-USA300, and MRSA-USA400
reported that the bacteria colony counts were reduced
significantly in less than 60s and completely disinfected
in <120s. The energy dissipated in this FE-DBD plasma
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was estimated to be around 7.8J/cm® Another study
shows complete inactivation of Escherichia coli using
homogeneous helium/air DBD discharge with 2—20 min
exposure time. Many other researchers also support
plasma inactivation of bacterial cells and discuss the
mechanisms of plasma antimicrobial effects and prolifer-
ation and regulation of cells in the wound area and
plasma components’ relevance in the wound healing
process [174—179] (Fig. 14).

Blood coagulation is also an important process in
wound healing. Recent in vitro and in vivo studies also
suggest the potential role of plasma to control bleeding
lesions with relevance to the gas used in plasma devices.
It is indicated that that nitrogen and carbon dioxide gas
cold plasma jets have the potential to be used for
hemostasis in various surgical areas [180].

Treatment of burn wounds is another serious issue
worldwide. More than 6 million patients seek medical
attention due to burning cases every year. Recently, non-
thermal plasma is also investigated for treating burn
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wounds. A study assessed the application of cold plasma
jet on the brass comb burn wound model in rats [181].
This study reported that plasma decreased the burn in-
jury progression in the unburned interspaces in a rat
comb burn model by reducing necrosis and improving
the healing process.

Also, in another study, microplasma jet array device
fabricated from a transparent polymer is used to investi-
gate burn wounds [182]. The microplasma jet device can
efficiently kill fungus and bacterial in both in vitro and
in vivo conditions and showed a significant wound heal-
ing effect by affecting immune factors such as interleu-
kins and regulation of inflammatory genes. Microplasma
jet arrays can have advantages over single-jet devices
such as superior packing density, characteristic scalabil-
ity for bigger treatment areas, unparalleled material flexi-
bility in a plasma jet device, and the selective production
of biologically relevant species at higher plasma dens-
ities. Not only burn wounds, pressure ulcer treatment is
also another problem in the field of dermatology due to
modern lifestyle and underlying long-term sickness. A
recent study reported the application of nonthermal at-
mospheric pressure plasma for the treatment of pressure
ulcer wounds. The study related to non-invasive non-
thermal plasma treatment to pressure ulcer treatment
showed that plasma accelerated the healing process of
pressure sores and can be safely applied to the human
body [183]. This study showed plasma for a mechanical
and histological parameter of treated tissue can be tuned
by using optimal power, plasma temperature, controlling
the input voltage and the distance from the plasma de-
vice surface. It is also important to know the proper
treatment time for internal organ wounds. A study on
an internal wound on the Balb/c mice is conducted to
investigate to check helium jet plasma treatment or ex-
posure time as the time required for blood coagulation
and wound healing after treatment [184]. This report
shows 30 s argon plasma jet treatment can induce better
wound healing in the cut liver in mice models. It is re-
ported that 15% of the patient with diabetes mellitus
worldwide agonize from diabetic ulcers.

Recently, nonthermal plasma treatment is also investi-
gated as a novel therapy for diabetic ulcers. A study
compared the healing rate in diabetic and non-diabetic
wounds in mice models [185]. Investigation showed
plasma reduced wounds in both diabetic and non-
diabetic wounds. However, plasma treatment showed a
low healing rate in diabetic wounds compared with non-
diabetic animals. Histological analyses also revealed the
induction of an epidermis layer formation, TGF-B1 cyto-
kine signaling factor, neovascularization, and cell prolif-
eration after plasma treatment. Also, to support the
safety of plasma devices for wound treatment a study is
conducted to evaluate acute toxicity in porcine skin
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tissues [186]. This study reported that FE-DBD cold
plasma can safely be applied to intact skin for up to 2
min at a plasma power of 0.17 W/cm? (20.4 J/cm?) with-
out causing any macroscopic and microscopic tissue
damage. At wounded skin, plasma treatment induced
blood coagulation properties to form an early clot, which
possibly shields against any tissue damage for up to at
least 15 min plasma exposure. In this study, a pilot scale
can be recognized to define thresholds for further inves-
tigations into dermatological applications of cold plasma.
A further report on acute wound healing by plasma
treatment highlighted the importance of cold plasma ap-
plications for wound therapy [187]. Among the main ad-
vantages of plasma treatment showed no side effects and
associated with activation of pro-inflammatory signaling
pathways. Another investigation supported activation of
STATS3 signaling without apoptosis by plasma to pro-
mote myogenic differentiation by controlling the expres-
sion of MyoD, myogenin, and MyHC [188]. Nonthermal
plasma treatment initiates nonlethal oxidative cell stimu-
lation that promotes myogenic differentiation. Nonther-
mal N2/Ar microplasma exposure also showed no heat-
associated damaging effect in wound tissue [189]. Cold
N2/Ar microplasma exposure also showed enhanced
wound healing in the wound region in animal models.
Plasma treatment specific organ toxicity was also investi-
gated in Sprague-Dawley rat models as a part of a safety
study [190]. This report also suggested that short-term,
low-dose plasma treatment to wounds accelerated the
wound healing process in rats without having any indi-
cation of vital organ toxicity. These data support an al-
ternative and safe therapeutic use of plasma devices with
a low operating temperature and adjustable plasma pa-
rameters for wound management in clinical settings.
Not only direct wound treatments, nonthermal plasma
also been used to treat wound dressing recently. Plasma-
treated alginate wound dressing has shown strong anti-
septic and antibacterial properties against resistant mi-
crobes [191]. In this study, anti-biofilm efficacy of the
plasma-treated alginate gel and cytotoxic effect on endo-
thelial cells by the treated gel was investigated. The
treated gel was tested against six microbes and the thick-
ness of dressing and distance between the plasma sur-
face and the gel surface were kept constant. Cold plasma
1 and 3 min exposed wound dressing gel inactivated all
the six microbes included in the study at counts of 10°
CFU/mL of the microorganisms without any toxicity to
endothelial cells including migration and proliferation
rate of these normal cells. Interestingly, this plasma-
treated dressing material retained its antimicrobial ef-
fects for more than a month. While the enhancement of
wound healing by plasma treatment has been described
in several reports, the molecular influences on human
tissues are also an important parameter to characterize
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wound healing devices. In another important study, hu-
man S9 bronchial epithelial cells were treated with non-
thermal atmospheric pressure jet plasma that was
previously shown to improve the wound healing process
[192]. Several new parameters and techniques were in-
cluded in this study to investigate short-term (up to 1h)
and long-term (24-72h) effect by plasma using prote-
ome analyses on human epithelial cells. K-means cluster
analysis and time-related analysis of fold-change factors.
Short-term results indicated the induction of prevention
of apoptosis, Nrf2-mediated oxidative, PPAR-alpha/RXR
activation, and endoplasmic reticulum stress response,
as well as the production of peroxisomes. These effects
are important to overcome cellular oxidative stress and
to maintain the integrity and specifically microtubule dy-
namics. These indicators can be further used for risk as-
sessment and quality management of wound healing
application of cold plasma in clinical settings. These
findings suggest a possible mechanism that either moti-
vates cells into cell death or mounts adaptive responses
letting them survive after nonthermal plasma treatment.
These observations suggest that plasma can turn a
chronic wound into a less dangerous acute wound with

Table 1 Overview clinical trials for plasma wound healing
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a better curing possibility. Based on all previous reports,
the basic mechanisms of plasma effects on wound heal-
ing are mainly via ROS and RNS which were explained
in five steps: (i) speeding up re-epithelialization and
wound closure, (ii) regulation of inflammation via pro-
tective mechanisms (such as 3-defensins and NRF2 sig-
naling) and immune cells recruitment in the wound
area, (iii) fibroblasts activation to regulate actin cytoskel-
eton and to activate the collagen synthesis, (iv) activation
of growth factors in skin cells and cytokines as immune
regulation relevant to wound healing process, and (v)
stimulate neovascularization process [192-194].

A clinical study on plasma treatment-based wound
healing process also showed promising results. A study
indicated plasma can accelerate the wound healing
process even after oral surgery related to gingival treat-
ment [195] and skin graft surgery in patients [196]. The
use of a portable DBD plasma (PlasmaDerm® VU-2010)
is also investigated to alleviate chronic venous leg ulcers
in a monocentric, two-armed, open, prospective, ran-
domized, and controlled trial [197]. Further prospective
clinical studies using a different plasma device primarily
aimed at decreasing the bacterial load in chronic wounds

Title Number of Conclusion Wound Reference
subjects

A first randomized clinical trial to decrease 36 patients Highly significant reduction in bacterial load Chronic  [200]
bacterial load using cold atmospheric argon
plasma on chronic wounds
Successful use of 2 min cold atmospheric argon 24 patients Highly significant reduction in bacterial load Chronic  [199]
plasma in chronic wounds: results of a
randomized controlled trial
Cold atmospheric argon plasma treatment for 70 patients Wound healing may be accelerated by plasma, Chronic  [207]
chronic wound healing particularly for chronic venous ulcers
The healing effect of plasma in pressure ulcer: a 50 patients The plasma-treated group had significantly better Chronic  [201]
randomized controlled trial PUSH (pressure ulcer scale for healing) scores and ex-

udate amount
Clinical use of argon plasma in chronic leg 16 patients Immediate antimicrobial comparable to octenidine Chronic  [202]
ulcers: a pilot study without signs of cytotoxicity
Combined antibacterial effects of plasma and a 34 patients The combined use of CAP and conventional Chronic  [203]
modern conventional liquid antiseptic on chronic antiseptics represent the most efficient strategy for the
wound treatment treatment of chronic wounds
Alleviation of chronic venous leg ulcers by 14 patients PlasmaDerm?® VU-2010 device is safe and effective in Chronic  [197]
dielectric barrier discharge plasma patients with chronic venous leg ulcers
A randomized placebo-controlled human pilot 40 patients Donor site wound areas treated with plasma showed — Acute  [196]
study of argon plasma on skin graft donor sites significantly improved healing compared with

placebo-treated areas
Experimental recovery of CO,-laser skin lesions by 5 experimental Plasma stimulation of laser skin lesion recovery looks Acute  [206]
plasma stimulation case reports promising
Scar formation of laser skin lesions after plasma 20 laser lesions in ~ Plasma treatment seems to support the inflammation ~ Acute  [205]
treatment: a clinical long-term observation 5 individuals needed for tissue regeneration
Laser scanning microscopy to assess the 6 subjects with Plasma led to a significantly more rapid area decline in  Acute  [204]

augmentation of tissue repair by an exposition of
wounds to plasma

vacuum
generated
wounds

comparison to no treatment, octenidine treatment,
and a combination
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and accelerating wound healing process reported prom-
ising findings [198-207]. More clinical studies are
needed to determine the most appropriate treatment op-
tions for patients.

The recent results presented in this review show that
cold plasma could be effective in the inactivation-
resistant microbe and fast-tracked wound healing
process (Table 1). Also, cold plasma treatment of acute
or chronic wounds has many advantages over more
present conventional procedures used in clinics.
Altogether, plasma treatment holds vast application and
development prospects. Technical standards for the
plasma devices to allow a consistent treatment of spe-
cific diseases are strongly needed. This can also be the
foundation for the evaluation of the result of biological
testing and clinical trials conducted in hospitals. In the
future, plasma treatment wound healing efficacy must be
demonstrated in standardized therapeutic strategies, ran-
domized and larger clinical trials with confirmation of
long-term biological safety.

3.3 Plasma antibacterial effects

3.3.1 Deactivation of bacteria from food products using
plasma

In developing modern and busy lifestyle, most of the
people, especially in the developed countries, rely mainly
on packed and stored food packages for survival. In this
aspect, food preservation is a constant fight against
pathogenic microorganisms and induced contamination
in foods. Therefore, the improvement in food quality
and safety without compromising the nutritional values
has led to a growing interest in low-temperature innova-
tive processes for food preservation worldwide. In recent
times, nonthermal plasma is a unique technique that can
inactivate microbial spores on surfaces during the pro-
cessing of solid food as well as of liquid products [47].
Also, it is an excellent alternative method to use for the
deactivation of foodborne microbes without harming
food appearance and quality [208]. This present ap-
proach gives an idea for the plasma application in bio-
decontamination processes. Since disease outbreaks have
been constantly enhanced from fresh produce, Igbal
et al. developed a plasma-based method to deactivate the
biofilm of Aeromonas hydrophila, and food-borne patho-
gen present on lettuce. They stated that only 5min of
plasma treatment effectively reduced the growth of A.
hydrophila biofilms on lettuce at less than 15°C. How-
ever, these biofilms were resistant to plasma at higher
temperatures (= 15 °C). These studies highlight the influ-
ence of temperature on storing produce to inhibit patho-
gen formation on lettuce treated by plasma [48]. A
similar effect was also observed on antibacterial activity
against Escherichia coli, Salmonella enterica Typhimur-
ium, and Listeria monocytogenes injected on fresh
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strawberries and cherry tomatoes, by plasma. They
stated that approximately 300-s plasma treatment shows
almost undetectable levels of these microbes on toma-
toes’ and cherries’ surfaces inside a sealed package [49].
This approach has the prospective to offer both in-
creased shelf-life and microbiological food safety. In an-
other study, the decontamination ability of resistive
barrier discharge (RBD) prototype gas plasma was ana-
lyzed on shell eggs inoculated with two bacterial strains,
named Salmonella enteritidis and Salmonella Typhimur-
ium (5.5-6.5 Log CFU/egg shell). They exposed these
samples in the plasma after-glow chamber to decrease
the risk of egg quality alteration where the temperature
was near to the room temperature. Maximum bacterial
load declines of about 2.5 and 4.5 Log CFU/eggshell
were attained for S. enteritidis after 90 min of exposure
without harming egg quality traits. This method showed
a feasibility for the poultry industries that usually stock
eggs for a longer period of time. Additional benefit of
this plasma set up is the use of atmosphere itself as
working gas and the low temperature (~ 25 °C), which
makes it considerable as a cost-effective, and interesting
equipment for the industry [209].

The above studies provided evidence that plasma
has the potential to inactivate microbes mainly
present on food surfaces; nevertheless, less consid-
eration has been paid to the influence of plasma to
deactivate microbes in liquid foodstuffs. By taking
this into the consideration, Gurol et al. used plasma
technology for the elimination of bacteria from
daily products. Interestingly, they observed the suc-
cessful decontamination capability of plasma from
E. coli in milk samples regardless of the fat content
of the milk, after 20 min of treatment. Even after 1
week of examination in full-fat milk samples, no
live cells were noticed and continued over a longer
storage period without any milk color change.
These studies provide hope to use plasma devices
to decontaminate dairy products with an extension
of the product’s shelf life while maintaining its nu-
tritional properties [50]. An enhanced ability to in-
activate Citrobacter freundii, generally present in
apple juice, was also observed by argon/O, plasma
application after 480s of exposure. They stated that
direct contact among bacterial cells and plasma is
not particularly required for achieving complete
deactivation. The plasma-induced reactive com-
pounds in the liquid phase, such as H,O,, are likely
responsible for these antimicrobial activities by in-
ducing cellular permeabilization and RNA damage
[51]. These preliminary studies facilitate further in-
vestigation on the stability of quality-determining
factors to validate their safety concern for human
consumption.
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3.3.2 Efficient bacterial killing from various surfaces using
plasma
One of the key issues in the plasma jet is the sterilization
of anthrax spores, which are the deadliest microbes for
biological warfare agents. In this context, a high-power
rf plasma source was motivated to be developed. To en-
hance discharge characteristics, a stepped electrode con-
cept was introduced [210]. The stepped electrode
reactor makes it easy to operate Ar/O, glow discharge,
providing a stable, uniform, and broad plasma jet at at-
mospheric pressure. Eventually, a cylindrical plasma jet
operated by rf frequency was developed [211-213] for
sterilization of anthrax spores. Argon plasma jets pene-
trate deep into ambient air and create a path for oxygen
radicals to sterilize microbes. A sterilization experiment
with bacterial endospores indicates that an argon-oxygen
plasma jet very effectively kills endospores of Bacillus
atrophaeus (ATCC 9372), thereby demonstrating its
capability to clean surfaces and its usefulness for re-
instating contaminated equipment as free from toxic
biological warfare agents. The decimal reduction time (D
values) of the Ar/O, plasma jet at an exposure distance
of 0.5-1.5 cm ranges from 5 to 57s, as shown in Fig. 15.
An actinometric comparison of the sterilization data
shows that atomic oxygen radicals play a significant role
in plasma sterilization. When observed under a scanning
electron microscope, the average size of the spores ap-
pears to be greatly reduced due to chemical reactions
with the oxygen radicals in Fig. 16.

As biofilm formation, a bacterial ability to protect itself
in a polysaccharide and protein-containing matrix, is a
major healthcare issue for hospital infections, Tripti
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et al. employed the plasma approach to preventing this
issue in a safe and cost-affordable manner. Complete
sterilization of P. aeruginosa biofilms can be achieved
after plasma and chlorhexidine digluconate co-
treatment. This combined treatment approach could be
considered for complete sterilization of medical devices
and biomaterials surfaces using safe doses of plasma and
chlorhexidine digluconate [52]. Critically, these tech-
niques could only provide sterilized substances up to the
end of the process but not afterward due to the lack of
pre-packaging items which is a necessity to ensure their
disinfected state during shipping and storage prior to
their use. To overcome this issue, Ben Belgacem et al.
developed a plasma generator inside a sealed bag to
evaluate its sterilization efficacy against Staphylococcus
aureus, Pseudomonas aeruginosa, and Bacillus subtilis
spores on their equipment (patent WO 2012/038669
Al) inside the sealed bag. Plasma treatment kills the
abacterial strain within 120 min of exposure without any
visible damage to the bags as preserving the bag integrity
is a prerequisite to preserving the sterile state of the
sterilized medical devices. This ground-breaking tech-
nique represents a successful attempt in the plasma
sterilization applications for medical devices and pre-
venting toxic risks for the workers [53]. As biofilm for-
mation is a major cause to develop bacterial resistance
that makes them hard to deactivate, in this regard, Pal-
drychovd et al. used plasma alone or with a combination
of antibiotics to eradicate the mature biofilm of Pseudo-
monas aeruginosa formed on titanium surfaces. This
work suggests the use of a combination of plasma and
antibiotics by improving the effects of those antibiotics,
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Fig. 15 Plots of the death curves Log(N/No) versus the exposure distance. Control colony number Ny = 3.3 x 10° cfu/ml. Input power = 130 W, Ar
gas flow =101pm, O, gas flow =25 ccm (0.25 vol.%), and exposure distance = 0.5 cm (triangle), 1 cm (square), and 1.5 cm (circle) [211]
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0.25v0l% O,, and 0.5 cm of the exposure distance. [211]

\

Fig. 16 Scanning electron micrographs (x 10,000) of B. atrophaeus spores: a untreated, b treated with heating gas (90 °C, 30's), ¢ treated with Ar/
0O, plasma jet (85°C, 20s), and d treated with Ar/O, plasma jet (85 °C, 30's). The atmospheric pressure Ar/O, plasma jet was operated at 130 W,

which extends their use in clinical practice [54]. Other
teams of researchers have also shown that the bacterial
adhesion and biofilm formation were dramatically sup-
pressed on the plasma-treated titanium surfaces used for
dental implants through causing bacterial cell wall oxi-
dation which was more sensitive to gram-negative bac-
teria. These findings provide the importance of plasma
not only for preventing infection before implantation
but also for reducing bacterial contamination during the
implant surgical process that usually leads to implant-
ation failure [55]. Propionibacterium acnes (P. acnes) is
an opportunistic gram-positive pathogen that becomes
an important source of various surgical implant-
associated infections including artificial joints, shunts,
heart valves, and catheter infections. The inactivation
ability of two different plasma jets, nonthermal annular
plasma jet (NAPJ), and nonthermal soft plasma jet
(NSPJ) for P. acnes in planktonic state and biofilm state
was studied [214]. It was found that both plasma devices
showed considerable inactivation potential in planktonic
P. acnes and P. acnes biofilms. Especially, NSP] showed
a better inhibitory effect in a shorter exposer time than
NAPJ which might be because of close exposure to
plasma-generated reactive species. To mimic some
in vivo conditions, Seo et al. attempted to treat plasma
on artificial saliva, which indicates that plasma could be
more applicable in a physiological oral environment with
saliva rather than under certain experimental settings
[56]. A similar approach was used to decontaminate sur-
gical wounds where the surgical site infection rate is
higher. Scientists used the plasma technique to reduce

the degree of on-site infection. Plasma treatment appears
safe for the treatment of epithelialized and granulating
wound surfaces with decontamination of Staphylococcus
aureus. More investigations on the plasma effect on such
responses will indicate its clinical applicability as delivery
device [57]. Although experimental work has focused on
plasma application as a successful antiseptic for chronic
and infected wounds via deactivating bacterial growth,
the molecular mechanisms underlying these effects are
less stated. In 2020, Persson et al. demonstrated that
plasma can abolish the ability of M1 protein, a Strepto-
coccus pyogenes virulence determinant that triggers in-
flammatory host responses through oxidation of Met81
and Trp128 placed at the sub-N-terminal region of M1
protein without any vital effect on the host immune sys-
tem. These studies may open new research avenues for
the further development approaches for the treatment of
wound infections caused by S. pyogenes [215].

The use of DBD plasma to inactivate aerosolized Ba-
cillus subtilis and Pseudomonas fluorescens considering
indoor and outdoor bioaerosols. Investigational data
confirmed that plasma exposure caused remarkable in-
activation of environmental bacterial bioaerosols within
milliseconds both indoors and outdoors. Plasma technol-
ogy holds great potential in inactivating bioaerosols, par-
ticularly in environments that are contaminated
accidentally by infectious agents. Such applications could
also extend to air sterilization in hospitals and other
public health facilities. These findings suggest that
plasma could be a powerful tool for air decontamination
technology [216]. Recently, our group developed a
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commercial compact plasma sterilizer through DBD
setup that can disinfect the air by eradiating bacterial
strains including viruses. This new plasma sterilizer dis-
plays excellent sterilization properties, without causing
environmental contamination problems as induced by
conventional chemical materials. It is worth mentioning
that this plasma sterilizer can also remove air dust parti-
cles (air purification) as well as prevent secondary infec-
tion during patient transport except for the removal of
microorganisms [217]. Additionally, another group of re-
searchers defined that plasma inactivates bacterial cells
by cell surface damage, which further leads to the loss of
membrane integrity, leakage of intracellular components
such as nucleic acid, and protein in multidrug-resistant
bacteria named Staphylococcus aureus (MRSA), Pseudo-
monas aeruginosa, and Candida albicans. Mahmoud
et al. also demonstrated that drug-resistant Bacillus ce-
reus, Staphylococcus aureus (MRSA), Escherichia coli,
and Pseudomonas aeruginosa were completely deacti-
vated within 2 min of jet plasma exposure through cell
membrane damage, and permeability perturbation as a
primary mechanism. This study verifies that plasma pro-
motes a non-selective, multiple-target mechanism of ac-
tion, to overcome microbial resistance [218]. Plasma
treatment of multidrug-resistant bacteria was studied
[119], where two types of plasma systems were investi-
gated: nanosecond pulsed plasma (NPP) as liquid dis-
charge plasma and an Argon gas-feeding dielectric
barrier discharge (Ar-DBD) as a form of surface plasma.
It was observed that both plasma sources can inactivate
both the wild-type and multidrug-resistant bacteria to a
good extent. Moreover, it was observed a change in the
surface morphology, gene expression, and B-lactamase
activity.

Consistent with the above notion, these findings sug-
gest the use of plasmas for disinfection of multidrug-
resistant microorganisms in the environment. Since
plasma treatment is superficial, the physical barrier of
the cell is a critical factor of plasma-induced sterilization
efficacy [219]. An enhanced disinfection effect was also
observed against Bacillus subtilis and Escherichia coli
when DBD plasma was applied using different working
gases, i.e., Ar diluted with 25% O, [220]. On the other
hand, Theinkom et al. showed that membrane damage
does not seem to be the primary mechanism of action
for plasma against Enterococcus faecalis [221]. Plasma
application was also used to manage hospital wastes
which can have adverse effects on human infection and
induced bacterial resistance. Maryam developed a DBD
plasma-based method for effective bacterial deactivation
within a short exposure time via the destruction of
Pseudomonas aeruginosa and Staphylococcus aureus in-
ternal cellular structures. This strategy provides a simple
and eco-friendly procedure in which hazardous wastes
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can be cleansed without harming the operator to make
it an excellent option for hospital waste sterilization
[222].

A comprehensive understanding of the influence of re-
active oxygen species on microbe sterilization was also
presented by our group [223]. A sterilization experiment
with bacterial endospores reveals that an argon-oxygen
plasma jet very effectively kills endospores of Bacillus
atrophaeus (ATCC 9372), thereby indicating that oxygen
radicals are the key element of sterilization. Figure 17
shows a dramatic image of how microbes are effectively
destroyed by plasma jet, showing spilling of micro
chromosome from cells. Ozone in acidic water also kills
endospores of B. atrophaeus very effectively, demon-
strating the capability of cleaning a large surface area
contaminated by toxic biological agents. However, ad-
vanced cells such as fertilized eggs were not greatly in-
fluenced by the acidic ozone water. Also, both human
and canine cells after treatment with the acidic ozone
water prospered without showing signs of stress due to
ozone in acidic water. This study suggested that antioxi-
dant enzymes such as superoxide dismutase can be de-
veloped in the advanced cells to protect themselves from
attacks by reactive oxygen species. Meanwhile, the ad-
vanced cells utilize oxygen by certain enzymes, prolifer-
ating life on earth.

The effects of air and N, plasma jets on Escherichia
coli inside four different physiological solutions and de-
ionized water were reported [225]. The feeding gases
were found to influence the plasma compositions, the
interactions with the liquids, and the subsequent bacteri-
cidal effects depending on the aqueous solutions to
which they are exposed. Air plasma enhances the bac-
tericidal effects of deionized water and saline by acidifi-
cation. On the other hand, N, plasma induced higher
toxicity in phosphate-buffered saline by generating more
electrons.

Plasma-treated water (PTW) for inactivation of micro-
organisms was investigated [78], studying the role of re-
active nitrogen species (RNS) in the deactivation of
bacteria for the development of a plasma system with in-
creased sterilization efficiency. To increase the concen-
tration of reactive oxygen and nitrogen species (RONYS)
in solution, vapor systems were used (DI water/HNO; at
different wt%) combined with plasma using N, as work-
ing gas. Interestingly, more deactivation of E. coli with
PTW created by N, + 0.5 wt% HNOj3 vapor plasma was
observed as compared to PTW generated by the other
plasma systems.

Mycobacterial cell walls comprise thick and diverse
lipids and glycolipids that act as a permeability barrier to
antibiotics or other chemical agents. The use of OHe
radicals from a nonthermal plasma jet (NTP]) for the in-
activation of mycobacteria in an aqueous solution was
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Fig. 17 Transmission electron microscopy of E. coli (x 4400): a control cells and b cells after 2 min of plasma treatment at 75 W [224]

adopted as a novel approach [226]. The addition of
water vapor in a nitrogen plasma jet generated OHe rad-
icals, which converted to hydrogen peroxide (H,O,) that
inactivated non-pathogenic Mycobacterium smegmatis
and pathogenic Mycobacterium tuberculosis H37Rv.
Morphological changes of M. smegmatis and M. tubercu-
losis H37Rv were observed after 5min treatment with
N, + H,O plasma, but not of the pre-incubated sample
with catalase. This finding indicated that the bactericidal
efficacy of NTPJ is related to the toxicity of OHe and
H,0, radicals in cells. Therefore, this study suggested
that NTPJ treatment may effectively control pulmonary
infections caused by M. tuberculosis and nontuberculous
mycobacteria (NTM) such as M. avium or M. abscessus
in water.

Although plasma technology has shown the excellent
possibility to compete with existing methods, optimize
the plasma ability for individual application is necessary.
Plasma technology is showed as a powerful tool for dis-
infecting food surfaces, along with its packaging and
storage. Another aspect of the future plasma technology
is the possibility of pairing it with other decontamination
processes for many effective processes.

3.4 Antiviral effect of nonthermal plasma

Pathogenic viruses are a very serious problem of the
present time that can cause serious consequences related
to health and the environment. Existing procedures for
virus inactivation or disinfection have serious disadvan-
tages such as contamination of the environment by
forming chemical residues or by-products with carcino-
genic effects and inconvenience to use. Plasma can ef-
fectively inactivate or kill microbes such as bacteria;
however, the antiviral effect is not fully explored previ-
ously. Recently, plasma medicine researchers initiated
studies related to antiviral effects by using various non-
thermal plasma devices. One recent study showed prom-
ising antiviral results on bacteriophage T4, ®174, and
MS2 strains using Argon gas surface plasma mixed with
1% air and its activated water [227]. Both, direct

treatment by plasma and plasma-activated water showed
inactivation of bacteriophages in a dose-dependent man-
ner. The mechanism based on protein and DNA analysis
showed that plasma damages nucleic acid and protein
markers and cause aggregation of viruses. It is also no-
ticed that singlet oxygen is a very important species in
the process of virus killing. In another study, plasma-
activated solutions are used to inactivate Newcastle Dis-
ease Virus (NDV) which is an infectious viral disease of
domestic animal and poultry industries [228]. It is
showed that reactive oxygen and nitrogen species play
important role in NDV virus inactivation. RONS such as
short-lived OHes and NO" and stable H,O, damages or
degrades nucleic acids and viral proteins and alters the
morphology of the virus, consequently inducing virus in-
activation. Therefore, the use of plasma-activated solu-
tions which are green can be a promising alternative
strategy in domestic animals and poultry industries. The
inactivation of the airborne virus is also an important
topic of study nowadays. The airborne virus can have a
serious impact on the human respiratory syndrome. Re-
cent results showed that cold plasma can effectively in-
activate aerosolized MS2 phage in a dose-dependent
manner [62]. A more than 2.3 log reduction of
aerosolized MS2 virus by plasma generated at 30 kV with
170 standard liters per was achieved across the packed
bed plasma reactor. Inactivation mechanisms of plasma-
treated viruses must be explored in the future time. Air-
borne MS2 bacteriophages were treated using nonther-
mal plasma at 20, 24, and 28 W power levels and
different gases such as He-O, [2%, vol/vol], Ar-O, [2%,
vol/vol], ambient air [229]. Plasma treatment showed
95% inactivation (1.3 log reduction) at 28 W power and
indicated a linear relationship between virus inactivation
and plasma doses concerning power and exposure time.
Another report in support of rapid inactivation of the
airborne virus also showed that DBD plasma can induce
in-flight inactivation of an airborne aerosolized porcine
reproductive and respiratory syndrome (PPRS) virus
[230]. The ~ 3.510gl0 reductions in the virus titer are
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detected using the TCID50 method and viral genome
damage is detected by reverse-transcription quantitative
real-time polymerase chain reaction (RT-PCR) method.
This is suggested that the inactivation effect is based on
both short-lived (such as OHe and singlet oxygen) and
long-lived (such as peoxynitrous) species with low pH. A
study showed a method that evaluates DNA damage of
the bacteriophage (1 phages) viruses in vivo treated with
plasma in the air [231]. The assay includes DNA extrac-
tion from inactivated lambda bacteriophages and trans-
fection to the host bacteria. Comparison between
survival curves of the inactivated viruses and survival
curves observed by the DNA transfection indicated
DNA damage responsible for inactivation. There is an-
other previous study on mechanism analysis of bacterio-
phage ¢X174 inactivation using atmospheric pressure
DBD and corona discharge in dry and wet conditions
[232]. It is analyzed that damage induced by both the
coat protein and the DNA of bacteriophage $X174 after
plasma treatment. It is also found that damage associ-
ated with coat protein is more prominent as compared
with the damage on the DNA. Nowadays the develop-
ment of various food processing and safety methods is
also explored worldwide to meet the requirement of
food material demand. Various food processing proce-
dures are not very effective against viruses, such as hu-
man norovirus (NV). The in vitro virucidal activity on
feline calicivirus (FCV), a surrogate of NV using cold
plasma, is reported [233]. Factors affecting the treatment
of FCV using plasma are treatment time, power, dis-
tance, feeding gas, and the virus suspension medium.
This study showed the highest virucidal effect is by Ar
plus 1% O, gas among four plasma gas mixtures (Ar, Ar
plus 1% O, Ar plus 1% dry air, and Ar plus 0.27%
water). Even plasma-activated buffered solutions are
used in a study to inactivate feline calicivirus (FCV)
[234]. The mechanism indicated that oxygen and air gas
are predominant for inactivation as substantial pH re-
duction is induced in the buffer solution by the plasma.
It is also important that singlet oxygen chemistry domi-
nates with H,O,, O3 NOx to inactivated FCVs. Different
chemical deactivation mechanisms can be realized with
the same plasma device using various gas admixtures.
Similar study on murine norona virus (MNV) and hepa-
titis A virus (HAV) in three types of fresh meats (pork
shoulder, chicken breast, and beef loin) is also conducted
[235]. The inactivation of MNV and HAV viral titers
from three types of fresh meats elevated as the plasma
dose increased. Noteworthy, this plasma treatment is not
affecting meat quality up to 5min exposure. Plasma
treatment showed >99% reduction (2 log;, PFU/mL)
and > 90% reduction (1 log;o PFU/mL) of MNV-1 titer
and HAV titer, respectively. Therefore, the plasma jet
treatment can be a good alternative to cold treatment
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methods for high-fat food-borne viruses. A similar inves-
tigation on the cold plasma using oxygen gas reported
inactivation of murine norovirus-1 (MNV-1) and hepa-
titis A virus (HAV) on stainless steel substrate. On such
metal substrates, plasma exposure for 10-30s reduced
major food-borne MNV-1 and HAV to 0.65-3.89 and
0.77-2.02 log;o PFU/ml [236]. Another study related to
the inactivation of tobacco plant-based tobacco mosaic
virus (TMV) showed that plasma treatment can disrupt
TMYV particles and as well as nucleic acid to decrease
their infection rate [237]. Inactivation of TMVs also de-
pends on plasma treatment doses, can collapse the virus
to parts, and can degrade its RNA moderate to high
doses of plasma exposure. To investigate the exact
mechanism of virus nanoparticle inactivation, a study
was conducted on the respiratory syncytial virus (RSV),
which has a diameter of 80-350 nm [224]. The produc-
tion of various ROS, including neutral reactive species, is
identified using a zero-dimensional kinetic universal
model of the reaction scheme during gas plasma gener-
ation. This study showed that the inactivation of viruses
is mainly due to neutral reactive species produced dur-
ing plasma generation. Another study showed that non-
thermal plasma also can target human immune
deficiency virus (HIV-1) and virus-containing macro-
phage cells [238]. This study investigated the effects of
nonthermal plasma on HIV replication in monocyte-
derived macrophages (MDM). Treatment of MDM with
plasma alleviates CD4 and CCR5 levels and can inhibit
transcription, virus-cell fusion, and integration of sub-
units. Remarkably, plasma treatment to MDM cells re-
duced infectivity of virus particles and also indicating
that the significant inhibitory activity can be attained up
to the second cycle of infection. The nonthermal He gas
plasma is also used to inhibit the replication of HIV.
The HeLa immortal cell line was infected with the virus
SCR-HIV (produced in HEK293T cells) and then treated
with helium gas plasma at different doses. The quantity
of the P24 antigen was detected by ELISA method in the
supernatant and viability of cells were checked by XTT
viability assay. The optimum voltage is 12 kV and expos-
ure time is 240s to obtain significant virus inhibition
and toxicity to HeLa cells after plasma treatment. These
outcomes showed that anti-HIV activity of nonthermal
plasma and can affect both virus particles and infected
cells and can be considered as potential treatment op-
tion against HIV diseases. Recently, nitrogen gas plasma
exposure to influenza A and B viruses also showed the
damage of viral genome and proteins, including nucleo-
protein, hemagglutinin, and neuraminidase inactivation
[239]. These modifications are due to changes in lipid
content of viral envelope supported by Fourier-
transformed infrared spectroscopy investigation and oxi-
dation of viral protein content. The mechanism of this
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inactivation effect is based on heat, UV, and oxidative
stress (long-lived hydrogen peroxide and other species)
present in the plasma system. Mainly, oxidative stress
appeared to be the important factor in the inactivation
of influenza virus. Herpes Simplex Virus Type 1 (HSV-
1) is another virus which can cause dreadful herpes kera-
titis in human cornea by replication in corneal epithelial
cells. Recently, DBD plasma is used to treat HSV-1 viral
load in corneal epithelial cells in the cornea [240]. The
in vitro and ex vivo study indicated nonthermal DBD
plasma highly reduced corneal HSV-1 infection without
developing explicit toxicity. Adenoviruses are of more
than 70 types and some of them can cause serious re-
spiratory infections, gastrointestinal infections, or eye in-
fections. Also, there is proper anti-adenovirus therapy is
available in the clinics. Plasma treatment studies suggest
that some specific type of adenovirus can be inactivated
[241]. Inactivation is directly correlated by capsid protein
oxidation by plasma treatment. Finally, cold plasma, a
green or environmentally friendly technology, can be
used as a tool to inactivate viruses. It can inactivate vari-
ous human, animal, and plant viruses in various matrices
[58]. For using cold plasma, it is important to tune cor-
rect parameters to properly inactivate viruses.

It is already shown that capsid protein and nucleic
acids can be damaged by various RONS generated by
the cold plasma. Up to now, only a few studies reported
on plasma treatment can be correlated with virus reduc-
tion and inactivation. Recently, few reports indicated
that plasma can be an effective tool to inactivate SARS-
COV2 (COVID-19) virus [58-63]. Also, in vivo studies
indicated no side effects with low invasiveness, simpli-
city, better wound healing, and inhibition of pain and in-
flammation [242]. Plasma medicine researchers could
make devices which quickly and easily inactivate viruses
present in hospital room and ambulances. These kinds
of devices can sterilize both hard and soft surfaces and
so can be game-changers for hospital facilities. It can be
used to clean solid surfaces such as handphones, re-
usable masks, and other personal handheld devices. Fur-
ther, quite a lot of new insights can be expected over the
next few years related to an emerging virus such as
COVID-19 (SARS-CoV-2) or other pathogenic viruses.
Investigations in both cell culture models and patients
must be initiated together to understand the antiviral ac-
tivity of various cold plasma devices to treat COVID-19.

3.5 Nonthermal plasma-based dental applications

Tissue engineering and regenerative medicine is the
study that involves restoring and replacing the lost or
damaged tissue which the interest towards it is ever in-
creasing due to several reasons. In the field of dentistry,
tissue engineering is very important as common diseases
such as periodontal disease would result in both hard

Page 28 of 38

and soft tissue damage, which would then require “re-
build” of such structures either by use of biomaterials or
through guided tissue regeneration. Also, a damaged
tooth cannot regenerate while a lost tooth would require
replacement using a dental implant. Tissue engineering
following the periodontal disease would require the re-
moval of pathogenic bacteria related to periodontal in-
flammation while aiding increased bioactivity by hard
and soft tissue cells of periodontal tissues. Meanwhile,
tissue engineering during the periodontal treatment
would require materials such as scaffolds that would aid
tissue regeneration. Also, placement of the dental im-
plant in the alveolar bone would require prevention of
bacterial attachment on the surface of the dental implant
(that would otherwise result in disease commonly
known as peri-implantitis) while aiding the attachment
and growth of hard tissue cells on the surface (which
would result in integration with the surrounding bone,
which is commonly known as osseointegration).

There have been several attempts to improve tissue re-
generation in dentistry by various methods. Recent
works have highlighted that chemical modifications on
either extracellular matrix or biomaterials may affect cel-
lular activity. However, the complete mechanism of how
the change in chemistry results in cellular activity alter-
ation and the antibacterial result is still to be under-
stood. Also, there is a limited method of changing the
chemical nature of the extracellular matrix, which is
often difficult to carry out. The change in the chemistry
of the extracellular environment often would result in
damage to a biomaterial or other biologically favorable
properties.

Cold plasma can be applied to sterilized medical and
dental equipment and materials. The application of
plasma in dentistry sterilization is safe and cost-effective
and one of the best alternatives to conventional
methods. Recently, plasma is also used for dental tissue
and stem cell treatment, dental-related implant biomate-
rial modification, and tooth whitening without having
any damage to cells, tissues, and dental biomaterials.
Cold plasma holds great potential such as for effective
sterilization, microbial inactivation, and dental cavity
treatment [243-245]. The gas plasma-based treatments
are patient-friendly (especially for children and old aged
people) and are painless and drill-less. Previous several
investigations reported to treat dental pathogenic mi-
crobes related to dental cavity disorders such as Strepto-
coccus  mutans  and  Staphylococcus — aureus,
Porphyromonas  gingivalis, and Enterococcus faecalis
[246-248]. 1t is also reported that the plasma antimicro-
bial effect is more on Gram-negative than on Gram-
positive bacteria [249]. Gummy smiles and gingival
hyperpigmentation are very common dental cosmetic-
related issues. Nonthermal plasma technology also can
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be used in both cases as well as soft tissue treatments in
the future [250]. Also, cold plasma as a source of RONS
can be used for dental stem cell applications for more
fast bone formation and dental tissue healing with mo-
lecular expression related to growth factors [251, 252].
Remarkably, cold plasma is not only alternative therapy
for dental treatment but also can be used for synergistic
treatments for inactivation of microbes and inhibition of
biofilms [244, 253—-255]. Another synergistic application
of nonthermal plasma is based on teeth bleaching to-
gether with a low concentration of bleaching agent to in-
hibit bacteria and biofilm formation [253, 256]. Plasma
is greatly used for dental biomaterial treatments. Cold
plasma exposure can have a potential application on the
enhancement of dentin adhesion [257]. Cold plasma
treatment for 30-s-increase nano hardness, Young’s
modulus of hybrid layer, and hydrophilicity are respon-
sible for better adhesive properties of biomaterials [258].
The plasma treatment on powder-injection molded zir-
conia implants increased hydrophilicity of the surface
and osseointegration of the implants affecting topog-
raphy [259]. Similar investigation suggested that cold
plasma with UV treatment on titanium, zirconia, and
modified polyetheretherketone surfaces improved the
surface cytocompatibility of implants. Surface modifica-
tion of dental substrates by nonthermal plasma indicated
potential application in the dental application by chan-
ging surface and chemical properties [260]. Here, the
possibilities of using such technology for dental applica-
tion is considered, which could subsequently provide
bases for novel dental medical devices. Market for dental
medical devices is rapidly growing. As global aging of
population and increasing interest towards better quality
of life, the market related to dental medical devices such
as the dental application of bio-plasma is expected to
have global impact.

The objective of plasma medicine researchers is to de-
velop nonthermal plasma technologies that can be used
for dental applications. The characterized bio-plasma
sources can be used on extracellular environments of
dental cells/tissues for various future applications. Also,
indirect treatments such as bio-plasma-treated dental
biomaterials and plasma-activated liquid can provide an
understanding of how modifications of the extracellular
environment of dental cells/tissues would influence the
bioactivity of related cells and pathogenic bacteria, with
special reference to periodontitis. The investigation re-
lated to future potential and optimization industrial ap-
plication of the bio-plasma is much needed for the
preparation of the future dental medical device.

3.6 Plasma application to agriculture
Plants in agriculture are most vulnerable to fungus.
Thus, nonthermal atmospheric plasma was applied to

Page 29 of 38

fungi, to find the lethal effectiveness of plasma to fungi,
which may attack the agricultural plants or foods. Fila-
mentous fungi had been rarely explored in terms of
plasma treatments. One literature [261] presents the cel-
lular and molecular responses of the filamentous fungus
Neurospora crassa to an argon plasma jet at atmospheric
pressure. The viability and cell morphology of N. crassa
spores exposed to plasma were both significantly re-
duced depending on the exposure time when treated in
water. Microwave plasma at atmospheric pressure has
been developed for surface modification, nanoparticle
production, gas abatement, and biomedical applications
including sterilization and detoxification. A plasma jet
source at the atmospheric pressure was excited by 2.45
GHz microwaves and operated at a low energy regime
with an average power of 0.8-1.6 W. This microwave
plasma [262] was applied to examine fungal inactivation
and find physical conditions of plasma (electrical power,
pulse widths, and fed gases) at which the highest inhib-
ition effects on fungal growth was achieved. Spore ger-
mination and hyphal growth of the fungus were
dramatically decreased when oxygen was used in the
plasma discharge, and this might be due to the elevation
in the level of oxygen (O) radical. The level of O radical
in the plasma generated from Ar and oxygen was also
enhanced by the increased power and pulse width. Hy-
phal growth of the fungus was more inhibited when
greater power or longer pulse was applied. It appears
that plasma effects were varied among different fungal
species. Different levels of inhibition on spore germin-
ation and growth of three filamentous fungi, Neurospora
crassa, Fusarium graminearum, and Fusarium oxy-
sporum, were observed.

Atmospheric pressure nonthermal plasma is an ion-
ized gas in which various reactive species are produced.
One literature [263] analyzed the influence of the ionic
strength of surrounding solutions (environment) on the
antimicrobial activity of plasma in relation to the
plasma-generated reactive species using a model fila-
mentous fungus, Neurospora crassa. Our data revealed
that the presence of sodium chloride (NaCl) in the back-
ground solution attenuated the deleterious effects of
plasma on germination, internal structure, and genomic
DNA of fungal spores. These results suggest that the
surrounding environment may affect the behavior of re-
active species, which leads to different biological conse-
quences regardless of their quantity. Moreover, the
microbicidal effect of plasma can be synergistically regu-
lated through control of the microenvironment. Non-
thermal plasma treatment on fungal viability in a plant
host was also carried out [264]. Reactive oxygen and ni-
trogen species can have either harmful or beneficial ef-
fects on biological systems depending on the dose
administered and the species of the organism exposed,
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suggesting that application of reactive species can pro-
duce contradictory effects in disease control, pathogen
inactivation, and activation of host resistance.

Seed sterilization is essential for preventing seed-borne
fungal diseases. Previous literature [265] had examined
antifungal activity of ozone and arc discharge plasma,
potential tools for seed sterilization. Ozone inactivates
Fusarium fujikuroi (fungus causing rice bakanae disease)
spores submerged in water more efficiently than arc dis-
charge plasma. However, fungal spores associated with
or infecting rice seeds are more effectively deactivated
by arc discharge plasma. ROS generated in water by
ozone may function as a powerful fungicidal factor. On
the other hand, shockwaves generated from arc dis-
charge plasma may have greatly contributed to antifun-
gal effects on fungus associated with rice seeds. In
support of this notion, the addition of ultrasonic waves
in ozone-generating water had greatly increased the effi-
ciency of seed disinfection. Microbial decontamination
of seeds by plasma had been also demonstrated [266].
Rice seeds infected by Fusarium fujikuroi (fungus caus-
ing bakanae disease) could be disinfected via underwater
arc discharge plasma. Thus, the mechanism of disinfec-
tion and the effect on disease severity were further inves-
tigated. Also, disinfection of rice seeds in the air by
surface DBD plasma was evaluated. A shockwave of 11
atm pressure was generated during arc discharge, which
likely caused fungal detachment from the seed surface.
Moreover, reactive oxygen species such as atomic oxy-
gen (O) were emitted from the underwater arc discharge
plasma and could have contributed to the degeneration
of the chemical composition on the seed surface and the
inactivation of the fungal spores. Plasma may enhance
seed germination. The potentiality of nonthermal atmos-
pheric pressure plasma in activating plant development
had been evaluated [267]. The seed germination rate of
Coriander sativum, a herbaceous plant with a slow ger-
mination rate, had been significantly increased over time
compared to control after micro-DBD (dielectric barrier
discharge) plasma treatment with N, feeding gas.

4 Conclusion

Plasma bioscience and medicine is a multidisciplinary
field that combines physics, chemistry, engineering, bio-
science, and medicine. In the past decade, this field has
developed into an innovative and growing research field.
This innovative field started in the 1990s with
sterilization and decontamination applications of non-
thermal plasmas, and it gradually expanded to eukaryotic
cell treatment. The current application of nonthermal
plasma in dermatology wound healing, dentistry, micro-
bial inactivation, and cancer treatment aims to overcome
current healthcare challenges. Plasma has the potential
for cancer immunotherapy and can be applied to clinical
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translation. Tremendous efforts have been recently made
focusing on the use of synergistic effects of nanomater-
ials  and plasma towards cancer applications.
Optimization of the therapeutic range of PAM and
plasma is crucial because their sensitivities are different
for different cell types. Plasma may also be used in food
processing and agriculture applications, owing to its
antimicrobial nature and its enhancement of the seed
germination effect, respectively. The proficiencies of
plasmas as a bactericide and fungicide improve the use-
fulness and competence of plasma treatments. Using
ambient air as a process gas enables more cost-effective
plasma industrial applications. Most importantly, non-
thermal plasma was also proven to be safe and effective
against SARS-COV-2 (COVID-19) by preventing trans-
mission of infections; this may be a new opportunity to
control or treat dreadful viral diseases. Present plasma-
based healthcare studies are related to source design for
specific uses and delivery strategies without affecting
other cells or tissues, thereby maintaining safety stan-
dards relevant to the healthcare system. However, non-
thermal plasma applications should not be limited to
surface treatments. The development of endoscopic or
small-sized plasma devices that can produce plasma in-
side the human body, particularly in internal tissue and
organs, must be considered in the future. Moreover, in
the future, studies should focus on understanding the
mechanism of action and safety for plasma biological ap-
plications, both in laboratories and clinical practice. Fur-
ther international standards for plasma devices and their
specific application should be made with the cooperation
of plasma researchers worldwide. With this develop-
ment, it is possible to satisfy the high expectations of pa-
tients and the safety required of plasma devices. In
conclusion, nonthermal plasma can be used for bio-
logical and clinical applications with a low treatment
cost, minimal invasiveness, and no side effects.

Acknowledgements

This study was supported by the National Research Foundation (NRF) of
Korea, funded by the Korea government (NRF-2016K1A4A3914113), and by
the Kwangwoon University in 2021.

Authors’ contributions

EH.C. made concept of this manuscript. EH.C, HS.U and N.KK wrote and
prepared orginal draft. Review and editing carried out by EH.C. and N.KK; All
authors (EH.C, HS.U and N.KK) read and approved the final manuscript.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details

'Plasma Bioscience Research Center/Applied Plasma Medicine Center,
Department of Electrical and Biological Physics, Kwangwoon University,
Seoul 01897, Republic of Korea. “Canode # 702, 136-11 Tojeong-ro, Mapo-gu,
Seoul 04081, Republic of Korea.



Choi et al. AAPPS Bulletin

(2021) 31:10

Received: 14 December 2020 Accepted: 9 March 2021
Published online: 07 April 2021

References

1.

N. Barekzi, M. Laroussi, Fibroblast cell morphology altered by low-
temperature atmospheric pressure plasma. IEEE Trans. Plasma Sci. 42, 2738-
2739 (2014). https;//doi.org/10.1109/tps.2014.2315787.

N. Barekzi, M. Laroussi, Effects of low temperature plasmas on cancer cells.
Plasma Process. Polym. 10, 1039-1050 (2013). https;//doi.org/10.1002/ppap.2
01300083

N. Kaushik, N. Uddin, G.B. Sim, Y.J. Hong, KY. Baik, C.H. Kim, SJ. Lee, N.K.
Kaushik, EH. Choi, Responses of solid tumor cells in DMEM to reactive
oxygen species generated by non-thermal plasma and chemically induced
ROS systems. Sci. Rep. 5 (2015). https://doi.org/10.1038/srep08587.

E. Turrini, A. Stancampiano, E. Simoncelli, R. Laurita, E. Catanzaro, C.
Calcabrini, M. Gherardi, V. Colombo, C. Fimognari, Non-thermal plasma as an
innovative anticancer strategy on leukemia models. Clin. Plasma Med. 9, 15—
16 (2018). https://doi.org/10.1016/j.cpme.2017.12.025.

L. Lin, L. Wang, Y. Liu, C. Xu, Y. Tu, J. Zhou, Non-thermal plasma inhibits
tumor growth and proliferation and enhances the sensitivity to radiation in-
vitro and in-vivo. Oncol. Rep., 10.3892/0r.2018.6749 (2018). https.//doi.org/1
0.3892/0r.2018.6749

N. Kaushik, SJ. Lee, T.G. Choi, K.Y. Baik, H.S. Uhm, CH. Kim, N.K. Kaushik, E.H.
Choi, Non-thermal plasma with 2-deoxy-D-glucose synergistically induces
cell death by targeting glycolysis in blood cancer cells. Sci. Rep. 5 (2015).
https://doi.org/10.1038/srep08726.

AG. Lin, B. Xiang, D.J. Merlino, TR. Baybutt, J. Sahu, A. Fridman, AE. Snook,
V. Miller, Non-thermal plasma induces immunogenic cell deathin vivoin
murine CT26 colorectal tumors. Oncolmmunology 7 (2018). https://doi.
0rg/10.1080/2162402x.2018.1484978.

A. Lin, Y. Gorbanev, J. De Backer, J. Van Loenhout, W. Van Boxem, F.
Lemiere, P. Cos, S. Dewilde, E. Smits, A. Bogaerts, Non-thermal plasma as a
unique delivery system of short-lived reactive oxygen and nitrogen species
for immunogenic cell death in melanoma cells. Adv. Sci. 6 (2019). https.//
doi.org/10.1002/advs.201802062

B. Haertel, T.V. Woedtke, K-D. Weltmann, U. Lindequist, Non-thermal
atmospheric-pressure plasma possible application in wound healing.
Biomol. Ther. 22, 477-490 (2014). https://doi.org/10.4062/biomolther.2014.1
05.

M. Keidar, R. Walk, A. Shashurin, P. Srinivasan, A. Sandler, S. Dasgupta, R. Ravi,
R. Guerrero-Preston, B. Trink, Cold plasma selectivity and the possibility of a
paradigm shift in cancer therapy. Br. J. Cancer 105, 12951301 (2011).
https.//doi.org/10.1038/bjc.2011.386.

L. Haralambiev, L. Wien, N. Gelbrich, Jr. Lange, S. Bakir, A. Kramer, M.
Burchardt, A. Ekkernkamp, D. Gumbel, M. Stope, Cold atmospheric plasma
inhibits the growth of osteosarcoma cells by inducing apoptosis,
independent of the device used. Oncol. Lett, 10.3892/01.2019.11115 (2019).
https.//doi.org/10.3892/01.2019.11115

I. Adamovich, S.D. Baalrud, A. Bogaerts, P.J. Bruggeman, M. Cappelli, V.
Colombo, U. Czarnetzki, U. Ebert, J.G. Eden, P. Favia, et al, The 2017 plasma
roadmap: Low temperature plasma science and technology. J. Phys. D.
Appl. Phys. 50 (2017). https.//doi.org/10.1088/1361-6463/aa76f5.

D. Yan, Q. Wang, M. Adhikari, A. Malyavko, L. Lin, D.B. Zolotukhin, X. Yao, M.
Kirschner, JH. Sherman, Keidar, M. a physically triggered cell death via
transbarrier cold atmospheric plasma cancer treatment. ACS Appl. Mater.
Interfaces 12, 34548-34563 (2020). https://doi.org/10.1021/acsami.0c06500.
M. Adhikari, N. Kaushik, B. Ghimire, B. Adhikari, S. Baboota, A.A. Al-Khedhairy,
R. Wahab, S-J. Lee, NK Kaushik, E.H. Choi, Cold atmospheric plasma and
silymarin nanoemulsion synergistically inhibits human melanoma
tumorigenesis via targeting HGF/c-MET downstream pathway. Cell
Commun. Signal. 17 (2019). https.//doi.org/10.1186/512964-019-0360-4

G. Chen, Z. Chen, D. Wen, Z. Wang, H. Li, Y. Zeng, G. Dotti, RE. Wirz, Z. Gu,
Transdermal cold atmospheric plasma-mediated immune checkpoint
blockade therapy. Proc. Natl. Acad. Sci. 117, 3687-3692 (2020). https://doi.
0rg/10.1073/pnas.1917891117

N.K. Kaushik, N. Kaushik, M. Adhikari, B. Ghimire, N.N. Linh, Y.K. Mishra, S.-J.
Lee, EH. Choi, Preventing the solid cancer progression via release of
anticancer-cytokines in co-culture with cold plasma-stimulated
macrophages. Cancers 11 (2019). https://doi.org/10.3390/cancers11060842.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 31 of 38

N. Kaushik, N. Kaushik, N. Linh, B. Ghimire, A. Pengkit, J. Sornsakdanuphap,
S-J. Lee, E. Choi, Plasma and nanomaterials: Fabrication and biomedical
applications. Nanomaterials 9 (2019). https://doi.org/10.3390/nano9010098.
N.K. Kaushik, N. Kaushik, KC. Yoo, N. Uddin, J.S. Kim, S.J. Lee, EH. Choi, Low
doses of PEG-coated gold nanoparticles sensitize solid tumors to cold
plasma by blocking the PI3K/AKT-driven signaling axis to suppress cellular
transformation by inhibiting growth and EMT. Biomaterials 87, 118-130
(2016). https://doi.org/10.1016/j.biomaterials.2016.02.014.

N.K. Kaushik, N. Kaushik, R. Wahab, P. Bhartiya, N.N. Linh, F. Khan, AA. Al-
Khedhairy, EH. Choi, Cold atmospheric plasma and gold quantum dots
exert dual cytotoxicity mediated by the cell receptor-activated apoptotic
pathway in glioblastoma cells. Cancers 12 (2020). https://doi.org/10.3390/ca
ncers12020457.

G. Isbary, T. Shimizu, Y-F. Li, W. Stolz, H.M. Thomas, G.E. Morfill, J.L.
Zimmermann, Cold atmospheric plasma devices for medical issues. Expert
Rev. Med. Devices 10, 367-377 (2014). https;//doi.org/10.1586/erd.134.

N. Mohd Nasir, BK. Lee, S.S. Yap, KL. Thong, SL. Yap, Cold plasma
inactivation of chronic wound bacteria. Arch. Biochem. Biophys. 605, 76-85
(2016). https://doi.org/10.1016/j.abb.2016.03.033.

M. Turner, in Cold Plasma in Food and Agriculture. Physics of cold plasma
(2016), pp. 17-51. https;//doi.org/10.1016/b978-0-12-801365-6.00002-0

C. Hoffmann, C. Berganza, J. Zhang, Cold atmospheric plasma: Methods of
production and application in dentistry and oncology. Med. Gas Res. 3
(2013). https://doi.org/10.1186/2045-9912-3-21.

T. von Woedtke, S. Emmert, H-R. Metelmann, S. Rupf, K-D. Weltmann,
Perspectives on cold atmospheric plasma (CAP) applications in medicine.
Phys. Plasmas 27 (2020). https://doi.org/10.1063/5.0008093.

SK. Pankaj, KM. Keener, Cold plasma: Background, applications and current
trends. Curr. Opin. Food Sci. 16, 49-52 (2017). https.//doi.org/10.1016/j.cofs.2
017.07.008.

T. Bernhardt, M.L. Semmler, M. Schéfer, S. Bekeschus, S. Emmert, L.
Boeckmann, Plasma medicine: Applications of cold atmospheric pressure
plasma in dermatology. Oxidative Med. Cell. Longev. 2019, 1-10 (2019).
https.//doi.org/10.1155/2019/3873928

X. Yan, J. Ouyang, C. Zhang, Z. Shi, B. Wang, K. Ostrikov, Plasma medicine for
neuroscience—An introduction. Chinese neurosurgical. Journal 5 (2019).
https://doi.org/10.1186/541016-019-0172-9.

T. Von Woedtke, A. Schmidt, S. Bekeschus, K. Wende, K-D. Weltmann,
Plasma medicine: A field of applied redox biology. In Vivo 33, 1011-1026
(2019). https://doi.org/10.21873/invivo.11570

M. Laroussi, Cold plasma in medicine and healthcare: The new frontier in
low temperature plasma applications. Front. Phys. 8 (2020). https://doi.org/1
03389/fphy.2020.00074

KD. Weltmann, T. von Woedtke, Plasma medicine—Current state of
research and medical application. Plasma physics and controlled. Fusion 59
(2017). https://doi.org/10.1088/0741-3335/59/1/014031.

M.G. Kong, G. Kroesen, G. Moffill, T. Nosenko, T. Shimizu, J. van Dijk, J.L.
Zimmermann, Plasma medicine: An introductory review. New J. Phys. 11
(2009). https://doi.org/10.1088/1367-2630/11/11/115012.

A. Malyavko, D. Yan, Q. Wang, A.L. Klein, KC. Patel, JH. Sherman, M. Keidar,
Cold atmospheric plasma cancer treatment, direct versus indirect
approaches. Mater. Adv. 1, 1494-1505 (2020). https://doi.org/10.1039/d0ma
00329h.

D. Liu, EJ. Szili, K. Ostrikov, Plasma medicine: Opportunities for
nanotechnology in a digital age. Plasma Process. Polym. 17 (2020). https://
doi.org/10.1002/ppap.202000097

X. Lu, M. Keidar, M. Laroussi, E. Choi, E.J. Szili, K. Ostrikov, Transcutaneous
plasma stress: From soft-matter models to living tissues. Mater. Sci. Eng. R.
Rep. 138, 36-59 (2019). https://doi.org/10.1016/j.mser.2019.04.002.

M. Ito, J.-S. Oh, T. Ohta, M. Shiratani, M. Hori, Current status and future
prospects of agricultural applications using atmospheric-pressure plasma
technologies. Plasma Process. Polym. 15 (2018). https://doi.org/10.1002/ppa
p.201700073

J-S. Song, S.B. Kim, S. Ry, J. Oh, D--S. Kim, Emerging plasma technology
that alleviates crop stress during the early growth stages of plants: A review.
Front. Plant Sci. 11 (2020). https://doi.org/10.3389/fpls.2020.00988

P. Attri, K. Ishikawa, T. Okumura, K. Koga, M. Shiratani, Plasma agriculture
from laboratory to farm: A review. Processes 8 (2020). https://doi.org/10.33
90/pr8081002

Randeniya, LK, de Groot, G.J.J.B. Non-thermal plasma treatment of
agricultural seeds for stimulation of germination, removal of surface


https://doi.org/10.1109/tps.2014.2315787.
https://doi.org/10.1002/ppap.201300083
https://doi.org/10.1002/ppap.201300083
https://doi.org/10.1038/srep08587.
https://doi.org/10.1016/j.cpme.2017.12.025.
https://doi.org/10.3892/or.2018.6749
https://doi.org/10.3892/or.2018.6749
https://doi.org/10.1038/srep08726.
https://doi.org/10.1080/2162402x.2018.1484978.
https://doi.org/10.1080/2162402x.2018.1484978.
https://doi.org/10.1002/advs.201802062
https://doi.org/10.1002/advs.201802062
https://doi.org/10.4062/biomolther.2014.105.
https://doi.org/10.4062/biomolther.2014.105.
https://doi.org/10.1038/bjc.2011.386.
https://doi.org/10.3892/ol.2019.11115
https://doi.org/10.1088/1361-6463/aa76f5.
https://doi.org/10.1021/acsami.0c06500.
https://doi.org/10.1186/s12964-019-0360-4
https://doi.org/10.1073/pnas.1917891117
https://doi.org/10.1073/pnas.1917891117
https://doi.org/10.3390/cancers11060842.
https://doi.org/10.3390/nano9010098.
https://doi.org/10.1016/j.biomaterials.2016.02.014.
https://doi.org/10.3390/cancers12020457.
https://doi.org/10.3390/cancers12020457.
https://doi.org/10.1586/erd.13.4.
https://doi.org/10.1016/j.abb.2016.03.033.
https://doi.org/10.1016/b978-0-12-801365-6.00002-0
https://doi.org/10.1186/2045-9912-3-21.
https://doi.org/10.1063/5.0008093.
https://doi.org/10.1016/j.cofs.2017.07.008.
https://doi.org/10.1016/j.cofs.2017.07.008.
https://doi.org/10.1155/2019/3873928
https://doi.org/10.1186/s41016-019-0172-9.
https://doi.org/10.21873/invivo.11570
https://doi.org/10.3389/fphy.2020.00074
https://doi.org/10.3389/fphy.2020.00074
https://doi.org/10.1088/0741-3335/59/1/014031.
https://doi.org/10.1088/1367-2630/11/11/115012.
https://doi.org/10.1039/d0ma00329h.
https://doi.org/10.1039/d0ma00329h.
https://doi.org/10.1002/ppap.202000097
https://doi.org/10.1002/ppap.202000097
https://doi.org/10.1016/j.mser.2019.04.002.
https://doi.org/10.1002/ppap.201700073
https://doi.org/10.1002/ppap.201700073
https://doi.org/10.3389/fpls.2020.00988
https://doi.org/10.3390/pr8081002
https://doi.org/10.3390/pr8081002

Choi et al. AAPPS Bulletin

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

(2021) 31:10

contamination and other benefits: A review. Plasma Process. Polym. 2015,
12, 608-623, doi:https.//doi.org/10.1002/ppap.201500042.

B. Adhikari, K. Pangomm, M. Veerana, S. Mitra, G. Park, Plant disease control
by non-thermal atmospheric-pressure plasma. Front. Plant Sci. 11 (2020).
https://doi.org/10.3389/fpls.2020.00077

P.J. Cullen, J. Lalor, L. Scally, D. Boehm, V. Milosavljevi¢, P. Bourke, K. Keener,
Translation of plasma technology from the lab to the food industry. Plasma
Process. Polym. 15 (2018). https://doi.org/10.1002/ppap.201700085

G. Pauzaite, A. Malakauskiene, Z. Nauciene, R. Zukiene, |. Filatova, V.
Lyushkevich, I. Azarko, V. Mildaziene, Changes in Norway spruce
germination and growth induced by pre-sowing seed treatment with cold
plasma and electromagnetic field: Short-term versus long-term effects.
Plasma Process. Polym. 15 (2018). https://doi.org/10.1002/ppap.201700068
V. Mildaziene, G. Pauzaite, Z. Nauciené, A. Malakauskiene, R. Zukiene, I.
Januskaitiene, V. Jakstas, L. Ivanauskas, I. Filatova, V. Lyushkevich, Pre-sowing
seed treatment with cold plasma and electromagnetic field increases
secondary metabolite content in purple coneflower (Echinacea purpurea)
leaves. Plasma Process. Polym. 15 (2018). https://doi.org/10.1002/ppap.201
700059

C. Sz6ke, Z. Nagy, K. Gierczik, A. Székely, T. Spitkdl, Z.T. Zsuboril, G. Galiba, C.
L. Marton, K. Kutasi, Effect of the afterglows of low pressure Ar/N2 -02
surface-wave microwave discharges on barley and maize seeds. Plasma
Process. Polym. 15 (2018). https.//doi.org/10.1002/ppap.201700138

Y. Park, KS. Oh, J. Oh, D.C. Seok, SB. Kim, S.J. Yoo, M.-J. Lee, The biological
effects of surface dielectric barrier discharge on seed germination and plant
growth with barley. Plasma Process. Polym. 15 (2018). https://doi.org/10.1
002/ppap.201600056

V. Stépénova, P. Slavicek, J. Kelar, J. Prasil, M. Smékal, M. Stupavska, J.
Jurmanova, M. Cernak, Atmospheric pressure plasma treatment of
agricultural seeds of cucumber (Cucumis sativus L) and pepper (Capsicum
annuum L.) with effect on reduction of diseases and germination
improvement. Plasma Process. Polym. 15 (2018). https://doi.org/10.1002/ppa
p.201700076

C. Smet, M. Baka, A. Dickenson, J.L. Walsh, V.P. Valdramidis, J.F. Van Impe,
Antimicrobial efficacy of cold atmospheric plasma for different intrinsic and
extrinsic parameters. Plasma Process. Polym. 15 (2018). https://doi.org/10.1
002/ppap.201700048

S. Hati, S. Mandal, S. Vij, P.S. Minz, S. Basu, Y. Khetra, D. Yadav, M. Dahiya,
Nonthermal plasma technology and its potential applications against
foodborne microorganisms. J. Food Process. Preserv. 36, 518-524 (2012).
https.//doi.org/10.1111/j.1745-4549.2011.00619.x.

1K Jahid, N. Han, S-D. Ha, Inactivation kinetics of cold oxygen plasma
depend on incubation conditions of Aeromonas hydrophila biofilm on
lettuce. Food Res. Int. 55, 181-189 (2014). https://doi.org/10.1016/j.foodres.2
013.11.005.

D. Ziuzina, S. Patil, P.J. Cullen, KM. Keener, P. Bourke, Atmospheric cold
plasma inactivation of Escherichia coli, Salmonella enterica serovar
Typhimurium and listeria monocytogenes inoculated on fresh produce.
Food Microbiol. 42, 109-116 (2014). https://doi.org/10.1016/j.fm.2014.02.007.
C. Gurol, F.Y. Ekinci, N. Aslan, M. Korachi, Low temperature plasma for
decontamination of E. coli in milk. Int. J. Food Microbiol. 157, 1-5 (2012).
https://doi.org/10.1016/j.ijfoodmicro.2012.02.016.

B. Surowsky, A. Fréhling, N. Gottschalk, O. Schliter, D. Knorr, Impact of cold
plasma on Citrobacter freundii in apple juice: Inactivation kinetics and
mechanisms. Int. J. Food Microbiol. 174, 63-71 (2014). https://doi.org/10.101
6/j.ijffoodmicro.2013.12.031.

T.T. Gupta, S.B. Karki, J.S. Matson, D.J. Gehling, H. Ayan, Sterilization of biofilm
on a titanium surface using a combination of nonthermal plasma and
chlorhexidine digluconate. Biomed. Res. Int. 2017, 1-11 (2017). https://doi.
0org/10.1155/2017/6085741

Z. Ben Belgacem, G. Carré, E. Charpentier, F. Le-Bras, T. Maho, E. Robert, J-M.
Pouvesle, F. Polidor, S.C. Gangloff, M. Boudifa, et al,, Innovative non-thermal
plasma disinfection process inside sealed bags: Assessment of bactericidal
and sporicidal effectiveness in regard to current sterilization norms. PLoS
One 12 (2017). https://doi.org/10.1371/journal.pone.0180183.

M. Paldrychova, E. Vankova, P. Kasparovd, E. Sembolova, O. Matétkova, J.
Masak, V. Scholtz, J. Juldk, Use of non-thermal plasma pre-treatment to
enhance antibiotic action against mature Pseudomonas aeruginosa biofilms.
World J. Microbiol. Biotechnol. 36 (2020). https://doi.org/10.1007/511274-02
0-02891-6.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Page 32 of 38

M.-J. Lee, J-S. Kwon, H.B. Jiang, EH. Choi, G. Park, K-M. Kim, The antibacterial
effect of non-thermal atmospheric pressure plasma treatment of titanium
surfaces according to the bacterial wall structure. Sci. Rep. 9 (2019). https.//
doi.org/10.1038/541598-019-39414-9.

SAH. Seo, I. Han, HSS. Lee, JJ. Choi, EH. Choi, K-N. Kim, G. Park, K-M. Kim,
Antibacterial activity and effect on gingival cells of microwave-pulsed non-
thermal atmospheric pressure plasma in artificial saliva. Sci. Rep. 7 (2017).
https://doi.org/10.1038/541598-017-08725-0.

AE. Watts, S.L. Fubini, M. Vernier-Singer, C. Golkowski, S. Shin, RJ. Todhunter,
In vitro analysis of nonthermal plasma as a disinfecting agent. Am. J. Vet.
Res. 2030-2035, 67 (2006). https://doi.org/10.2460/ajvr.67.12.2030

A. Filipi¢, I. Gutierrez-Aguirre, G. Primc, M. Mozeti¢, D. Dobnik, Cold plasma, a
new hope in the field of virus inactivation. Trends Biotechnol. 38, 1278-
1291 (2020). https.//doi.org/10.1016/j.tibtech.2020.04.003.

Z. Chen, G. Garcia, V. Arumugaswami, RE. Wirz, Cold atmospheric plasma for
SARS-CoV-2 inactivation. Phys. Fluids 32 (2020). https://doi.org/10.1063/5.
0031332.

R. Kar, N. Chand, A. Bute, N. Maiti, AV.S.SN. Rao, V. Nagar, R. Shashidhar, D.S.
Patil, SK. Ghosh, A. Sharma, Cold plasma: Clean technology to destroy
pathogenic micro-organisms. Transactions of the Indian National Academy
of. Engineering 5, 327-331 (2020). https://doi.org/10.1007/541403-020-
00133-7.

A. Bisag, P. Isabelli, R. Laurita, C. Bucci, F. Capelli, G. Dirani, M. Gherardi, G.
Laghi, A. Paglianti, V. Sambri, et al, Cold atmospheric plasma inactivation of
aerosolized microdroplets containing bacteria and purified SARS-CoV-2 RNA
to contrast airborne indoor transmission. Plasma Process. Polym. 17 (2020).
https://doi.org/10.1002/ppap.202000154

T. Xia, A. Kleinheksel, EM. Lee, Z. Qiao, KR. Wigginton, H.L. Clack, Inactivation
of airborne viruses using a packed bed non-thermal plasma reactor. J. Phys.
D. Appl. Phys. 52 (2019). https;//doi.org/10.1088/1361-6463/ab1466.

L. Guo, Z. Yao, L. Yang, H. Zhang, Y. Qi, L. Gou, W. Xi, D. Liu, L. Zhang, Y.
Cheng, et al, Plasma-activated water: An alternative disinfectant for S
protein inactivation to prevent SARS-CoV-2 infection. Chem. Eng. J,, 10.1016/
j.C€J.2020.127742 (2020). https//doi.org/10.1016/).cej.2020.127742

CH.Yi, CH. Jeong, Y.H. Lee, YW. Ko, G.Y. Yeom, Oxide surface cleaning by
an atmospheric pressure plasma. Surf. Coat. Technol. 177-178, 711-715
(2004). https://doi.org/10.1016/j.surfcoat.2003.08.011

M. Yamamoto, T. Matsumae, Y. Kurashima, H. Takagi, T. Suga, T. Itoh, E.
Higurashi, Comparison of argon and oxygen plasma treatments for ambient
room-temperature wafer-scale au-au bonding using ultrathin au films.
Micromachines 10 (2019). https.//doi.org/10.3390/mi10020119.

N.N. Misra, BK. Tiwari, KS.M.S. Raghavarao, P.J. Cullen, Nonthermal plasma
inactivation of food-borne pathogens. Food Eng. Rev. 3, 159-170 (2011).
https.//doi.org/10.1007/512393-011-9041-9

R. Mandal, A. Singh, A. Pratap Singh, Recent developments in cold plasma
decontamination technology in the food industry. Trends Food Sci. Technol.
80, 93-103 (2018). https://doi.org/10.1016/jtifs.2018.07.014.

B.A. Niemira, Cold plasma decontamination of foods. Annu. Rev. Food Sci.
Technol. 3, 125-142 (2012). https;//doi.org/10.1146/annurev-food-022811-1
01132.

N.N. Misra, C. Jo, Applications of cold plasma technology for microbiological
safety in meat industry. Trends Food Sci. Technol. 64, 74-86 (2017). https.//
doi.org/10.1016/.tifs.2017.04.005.

X. Liao, D. Liu, Q. Xiang, J. Ahn, S. Chen, X. Ye, T. Ding, Inactivation
mechanisms of non-thermal plasma on microbes: A review. Food Control
75, 83-91 (2017). https://doi.org/10.1016/jfoodcont.2016.12.021.

M. Gavahian, AM. Khaneghah, Cold plasma as a tool for the elimination of
food contaminants: Recent advances and future trends. Crit. Rev. Food Sci.
Nutr. 60, 1581-1592 (2019). https://doi.org/10.1080/10408398.2019.1584600.
V. Scholtz, J. Pazlarova, H. Souskova, J. Khun, J. Julak, Nonthermal plasma —
A tool for decontamination and disinfection. Biotechnol. Adv. 33, 1108-
1119 (2015). https://doi.org/10.1016/j.biotechadv.2015.01.002.

A. Lacombe, B.A. Niemira, J.B. Gurtler, J. Sites, G. Boyd, D.H. Kingsley, X. Li, H.
Chen, Nonthermal inactivation of norovirus surrogates on blueberries using
atmospheric cold plasma. Food Microbiol. 63, 1-5 (2017). https;//doi.org/1
0.1016/j.fm.2016.10.030.

Y. Pan, JH. Cheng, D.W. Sun, Cold plasma-mediated treatments for shelf life
extension of fresh produce: A review of recent research developments.
Compr. Rev. Food Sci. Food Saf. 18, 1312-1326 (2019). https://doi.org/1
0.1111/1541-4337.12474.


https://doi.org/10.1002/ppap.201500042
https://doi.org/10.3389/fpls.2020.00077
https://doi.org/10.1002/ppap.201700085
https://doi.org/10.1002/ppap.201700068
https://doi.org/10.1002/ppap.201700059
https://doi.org/10.1002/ppap.201700059
https://doi.org/10.1002/ppap.201700138
https://doi.org/10.1002/ppap.201600056
https://doi.org/10.1002/ppap.201600056
https://doi.org/10.1002/ppap.201700076
https://doi.org/10.1002/ppap.201700076
https://doi.org/10.1002/ppap.201700048
https://doi.org/10.1002/ppap.201700048
https://doi.org/10.1111/j.1745-4549.2011.00619.x.
https://doi.org/10.1016/j.foodres.2013.11.005.
https://doi.org/10.1016/j.foodres.2013.11.005.
https://doi.org/10.1016/j.fm.2014.02.007.
https://doi.org/10.1016/j.ijfoodmicro.2012.02.016.
https://doi.org/10.1016/j.ijfoodmicro.2013.12.031.
https://doi.org/10.1016/j.ijfoodmicro.2013.12.031.
https://doi.org/10.1155/2017/6085741
https://doi.org/10.1155/2017/6085741
https://doi.org/10.1371/journal.pone.0180183.
https://doi.org/10.1007/s11274-020-02891-6.
https://doi.org/10.1007/s11274-020-02891-6.
https://doi.org/10.1038/s41598-019-39414-9.
https://doi.org/10.1038/s41598-019-39414-9.
https://doi.org/10.1038/s41598-017-08725-0.
https://doi.org/10.2460/ajvr.67.12.2030
https://doi.org/10.1016/j.tibtech.2020.04.003.
https://doi.org/10.1063/5.0031332.
https://doi.org/10.1063/5.0031332.
https://doi.org/10.1007/s41403-020-00133-7.
https://doi.org/10.1007/s41403-020-00133-7.
https://doi.org/10.1002/ppap.202000154
https://doi.org/10.1088/1361-6463/ab1466.
https://doi.org/10.1016/j.cej.2020.127742
https://doi.org/10.1016/j.surfcoat.2003.08.011
https://doi.org/10.3390/mi10020119.
https://doi.org/10.1007/s12393-011-9041-9
https://doi.org/10.1016/j.tifs.2018.07.014.
https://doi.org/10.1146/annurev-food-022811-101132.
https://doi.org/10.1146/annurev-food-022811-101132.
https://doi.org/10.1016/j.tifs.2017.04.005.
https://doi.org/10.1016/j.tifs.2017.04.005.
https://doi.org/10.1016/j.foodcont.2016.12.021.
https://doi.org/10.1080/10408398.2019.1584600.
https://doi.org/10.1016/j.biotechadv.2015.01.002.
https://doi.org/10.1016/j.fm.2016.10.030.
https://doi.org/10.1016/j.fm.2016.10.030.
https://doi.org/10.1111/1541-4337.12474.
https://doi.org/10.1111/1541-4337.12474.

Choi et al. AAPPS Bulletin

~

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

5.

(2021) 31:10

X. Liao, Al. Muhammad, S. Chen, Y. Hu, X. Ye, D. Liu, T. Ding, Bacterial spore
inactivation induced by cold plasma. Crit. Rev. Food Sci. Nutr. 59, 2562—
2572 (2018). https.//doi.org/10.1080/10408398.2018.1460797.

M.Y. Won, SJ. Lee, S.C. Min, Mandarin preservation by microwave-powered
cold plasma treatment. Innovative Food Sci. Emerg. Technol. 39, 25-32
(2017). https.//doi.org/10.1016/j.ifset.2016.10.021.

P. Bourke, D. Ziuzina, L. Han, P.J. Cullen, B.F. Gilmore, Microbiological
interactions with cold plasma. J. Appl. Microbiol. 123, 308-324 (2017).
https//doi.org/10.1111/jam.13429.

P. Shaw, N. Kumar, H.S. Kwak, JH. Park, H.S. Uhm, A. Bogaerts, EH. Choi, P.
Attri, Bacterial inactivation by plasma treated water enhanced by reactive
nitrogen species. Sci. Rep. 8 (2018). https;//doi.org/10.1038/541598-018-2954
9-6.

S. Jung, HJ. Kim, S. Park, H. In Yong, JH. Choe, H--J. Jeon, W. Choe, C. Jo,
The use of atmospheric pressure plasma-treated water as a source of nitrite
for emulsion-type sausage. Meat Sci. 108, 132-137 (2015). https://doi.org/1
0.1016/j.meatsci.2015.06.009

J. Simeckova, F. Kr¢ma, D. Klofa, L. Dostél, Z. Kozakova, Influence of plasma-
activated water on physical and physical-chemical soil properties. Water 12
(2020). https://doi.org/10.3390/w12092357

U. Schnabel, O. Handorf, K. Yarova, B. Zessin, S. Zechlin, D. Sydow, E. Zellmer,
J. Stachowiak, M. Andrasch, H. Below, et al, Plasma-treated air and
water—Assessment of synergistic antimicrobial effects for sanitation of food
processing surfaces and environment. Foods 8 (2019). https://doi.org/10.33
90/foods8020055.

H. Tanaka, M. Mizuno, K. Ishikawa, K. Nakamura, H. Kajiyama, H. Kano, F.
Kikkawa, M. Hori, Plasma-activated medium selectively kills glioblastoma
brain tumor cells by down-regulating a survival signaling molecule, AKT
kinase. Plasma Med 1, 265-277 (2011). https;//doi.org/10.1615/PlasmaMed.2
012006275

A. Azzariti, RM. lacobazzi, R. Di Fonte, L. Porcelli, R. Gristina, P. Favia, F.
Fracassi, I. Trizio, N. Silvestris, G. Guida, et al.,, Plasma-activated medium
triggers cell death and the presentation of immune activating danger
signals in melanoma and pancreatic cancer cells. Sci. Rep. 9 (2019). https://
doi.org/10.1038/541598-019-40637-z.

N. Yoshikawa, W. Liu, K. Nakamura, K. Yoshida, Y. lkeda, H. Tanaka, M.
Mizuno, S. Toyokuni, M. Hori, F. Kikkawa, et al,, Plasma-activated medium
promotes autophagic cell death along with alteration of the mTOR
pathway. Sci. Rep. 10 (2020). https.//doi.org/10.1038/541598-020-58667-3.

P. Attri, JH. Park, A. Ali, EH. Choi, How does plasma activated media
treatment differ from direct cold plasma treatment? Anti Cancer Agents
Med. Chem. 18, 805-814 (2018). https;//doi.org/10.2174/18715206186661
80406121734,

H.S. Uhm, EH. Choi, G.S. Cho, Influence of secondary electron emission on
breakdown voltage in a plasma display panel. Appl. Phys. Lett. 78, 592-594
(2001). https.//doi.org/10.1063/1.1343492.

H.S. Uhm, EH. Choi, G. Cho, Breakdown properties of high-pressure
electrical discharge. Phys. Plasmas 7, 2744-2746 (2000). https://doi.org/10.1
063/1.874118.

A. Schutze, J.Y. Jeong, S.E. Babayan, P. Jaeyoung, GS. Selwyn, RF. Hicks, The
atmospheric-pressure plasma jet: A review and comparison to other plasma
sources. IEEE Trans. Plasma Sci. 26, 1685-1694 (1998). https://doi.org/10.11
09/27.747887.

S.E. Babayan, J.Y. Jeong, A. Schiitze, V.J. Tu, M. Moravej, G.S. Selwyn, RF.
Hicks, Deposition of silicon dioxide films with a non-equilibrium
atmospheric-pressure plasma jet. Plasma Sources Sci. Technol. 10, 573-578
(2001). https://doi.org/10.1088/0963-0252/10/4/305.

X. Lu, M. Laroussi, V. Puech, On atmospheric-pressure non-equilibrium
plasma jets and plasma bullets. Plasma Sources Sci. Technol. 21 (2012).
https://doi.org/10.1088/0963-0252/21/3/034005.

E. Stoffels, AJ. Flikweert, WW. Stoffels, GM.W. Kroesen, Plasma needle: A
non-destructive atmospheric plasma source for fine surface treatment of
(bio)materials. Plasma Sources Sci. Technol. 11, 383-388 (2002). https://doi.
0rg/10.1088/0963-0252/11/4/304.

R. Foest, E. Kindel, A. Ohl, M. Stieber, KD. Weltmann, Non-thermal
atmospheric pressure discharges for surface modification. Plasma Phys.
Control. Fusion 47, B525-B536 (2005). https://doi.org/10.1088/0741-3335/4
7/12b/s38.

QT. Algwari, D. O'Connell, Electron dynamics and plasma jet formation in a
helium atmospheric pressure dielectric barrier discharge jet. Appl. Phys. Lett.
99 (2011). https://doi.org/10.1063/1.3628455.

94.

95.

96.

97.

98.

99.

101.

102.

105.

106.

107.

113.

Page 33 of 38

JF. Kolb, AAH. Mohamed, RO. Price, RJ. Swanson, A. Bowman, RL.
Chiavarini, M. Stacey, KH. Schoenbach, Cold atmospheric pressure air
plasma jet for medical applications. Appl. Phys. Lett. 92 (2008). https.//doi.
0rg/10.1063/1.2940325.

BT.J. van Ham, S. Hofmann, R. Brandenburg, P.J. Bruggeman, In situabsolute
air, 03and NO densities in the effluent of a cold RF argon atmospheric
pressure plasma jet obtained by molecular beam mass spectrometry. J.
Phys. D. Appl. Phys. 47 (2014). https://doi.org/10.1088/0022-3727/47/22/224
013.

S.AA. Norberg, W. Tian, E. Johnsen, M.J. Kushner, Atmospheric pressure
plasma jets interacting with liquid covered tissue: Touching and not-
touching the liquid. J. Phys. D. Appl. Phys. 47 (2014). https://doi.org/10.1
088/0022-3727/47/47/475203.

D.H. Shin, Y.C. Hong, H.S. Uhm, Generation of needle injection plasma at
atmospheric pressure. IEEE Trans. Plasma Sci. 34, 2464-2465 (2006). https://
doi.org/10.1109/tps.2006.881277.

G. Cho, H. Lim, J-H. Kim, D.J. Jin, G.C. Kwon, E-H. Choi, H.S. Uhm, Cold
plasma jets made of a syringe needle covered with a glass tube. IEEE Trans.
Plasma Sci. 39, 1234-1238 (2011). https//doi.org/10.1109/tps.2011.2124473.
Y.C. Hong, S.C. Cho, JH. Kim, Uhm, H.S. a long plasma column in a flexible
tube at atmospheric pressure. Phys. Plasmas 14 (2007). https://doi.org/10.1
063/1.2750652.

. Y.C. Hong, S.C. Cho, HS. Uhm, Twin injection-needle plasmas at

atmospheric pressure. Appl. Phys. Lett. 90 (2007). https://doi.org/10.1063/1.2
718483.

G. Cho, H. Kang, E-H. Choi, H.S. Uhm, Electric-shock-free coupling of double
atmospheric-plasma jets. IEEE Trans. Plasma Sci. 41, 498-502 (2013). https://
doi.org/10.1109/tps.2012.2231948.

KY. Baik, H.L. Kang, J. Kim, S.Y. Park, J.Y. Bang, H.S. Uhm, EH. Choi, G. Cho,
Non-thermal plasma jet without electrical shock for biomedical applications.
Appl. Phys. Lett. 103 (2013). https://doi.org/10.1063/1.4825206.

. DJ. Jin, HS. Uhm, G. Cho, Influence of the gas-flow Reynolds number on a

plasma column in a glass tube. Phys. Plasmas 20 (2013). https://doi.org/10.1
063/1.4819246.

. G. Cho, Y.-J. Kim, EH. Choi, HS. Uhm, Propagation of plasma diffusion wave

according to the voltage polarity in the atmospheric pressure plasma jet
columns. IEEE Trans. Plasma Sci. 42, 3539-3548 (2014). https://doi.org/10.11
09/tps.2014.2356497.

Y. Kim, G-H. Han, S. Jin, E-H. Choi, HS. Uhm, G. Cho, Measurement of
optical signals as a plasma propagation in the atmospheric pressure plasma
jet columns. Curr. Appl. Phys. 14, 1718-1726 (2014). https;//doi.org/10.1016/
j.cap.2014.10.013.

Y.C. Hong, H.S. Uhm, Air plasma jet with hollow electrodes at atmospheric
pressure. Phys. Plasmas 14 (2007). https;//doi.org/10.1063/1.2736945.

Choi EH. (2020) Cold Atmospheric Plasma Sources for Cancer Applications
and Their Diagnostics. In: Keidar M. (eds) Plasma Cancer Therapy. Springer
Series on Atomic, Optical, and Plasma Physics, vol 115. Springer, Cham.
https://doi.org/10.1007/978-3-030-49966-2_3

. Y.C. Hong, HS. Uhm, Microplasma jet at atmospheric pressure. Appl. Phys.

Lett. 89 (2006). https://doi.org/10.1063/1.2400078.

. Y.C. Hong, H.S. Uhm, W.J. Yi, Atmospheric pressure nitrogen plasma jet:

Observation of striated multilayer discharge patterns. Appl. Phys. Lett. 93
(2008). https://doi.org/10.1063/1.2969287.

. V.. Gibalov, G.J. Pietsch, The development of dielectric barrier discharges in

gas gaps and on surfaces. J. Phys. D. Appl. Phys. 33, 2618-2636 (2000).
https.//doi.org/10.1088/0022-3727/33/20/315

. EH. Choi, Plasma bioscience and medicines. Vacuum Mag. 2, 9-15 (2015).

https//doi.org/10.5757/vacmac.24.9

. YJ. Hong, CJ. Nam, KB. Song, G.S. Cho, H.S. Uhm, D.I. Choi, EH. Choi,

Measurement of hydroxyl radical density generated from the atmospheric
pressure bioplasma jet. J. Instrum. 7, C03046 (2012). https://doi.org/10.1
088/1748-0221/7/03/c03046.

Y.H. Kim, YJ. Hong, KY. Baik, G.C. Kwon, J.J. Choi, GS. Cho, HS. Uhm, D.Y.
Kim, EH. Choi, Measurement of reactive hydroxyl radical species inside the
biosolutions during non-thermal atmospheric pressure plasma jet
bombardment onto the solution. Plasma Chem. Plasma Process. 34, 457—
472 (2014). https://doi.org/10.1007/511090-014-9538-0.

. B. Ghimire, J. Sornsakdanuphap, Y.J. Hong, HS. Uhm, K-D. Weltmann, EH.

Choi, The effect of the gap distance between an atmospheric-pressure
plasma jet nozzle and liquid surface on OH and N2 species concentrations.
Phys. Plasmas 24 (2017). https;//doi.org/10.1063/1.4989735.


https://doi.org/10.1080/10408398.2018.1460797.
https://doi.org/10.1016/j.ifset.2016.10.021.
https://doi.org/10.1111/jam.13429.
https://doi.org/10.1038/s41598-018-29549-6.
https://doi.org/10.1038/s41598-018-29549-6.
https://doi.org/10.1016/j.meatsci.2015.06.009
https://doi.org/10.1016/j.meatsci.2015.06.009
https://doi.org/10.3390/w12092357
https://doi.org/10.3390/foods8020055.
https://doi.org/10.3390/foods8020055.
https://doi.org/10.1615/PlasmaMed.2012006275
https://doi.org/10.1615/PlasmaMed.2012006275
https://doi.org/10.1038/s41598-019-40637-z.
https://doi.org/10.1038/s41598-019-40637-z.
https://doi.org/10.1038/s41598-020-58667-3.
https://doi.org/10.2174/1871520618666180406121734.
https://doi.org/10.2174/1871520618666180406121734.
https://doi.org/10.1063/1.1343492.
https://doi.org/10.1063/1.874118.
https://doi.org/10.1063/1.874118.
https://doi.org/10.1109/27.747887.
https://doi.org/10.1109/27.747887.
https://doi.org/10.1088/0963-0252/10/4/305.
https://doi.org/10.1088/0963-0252/21/3/034005.
https://doi.org/10.1088/0963-0252/11/4/304.
https://doi.org/10.1088/0963-0252/11/4/304.
https://doi.org/10.1088/0741-3335/47/12b/s38.
https://doi.org/10.1088/0741-3335/47/12b/s38.
https://doi.org/10.1063/1.3628455.
https://doi.org/10.1063/1.2940325.
https://doi.org/10.1063/1.2940325.
https://doi.org/10.1088/0022-3727/47/22/224013.
https://doi.org/10.1088/0022-3727/47/22/224013.
https://doi.org/10.1088/0022-3727/47/47/475203.
https://doi.org/10.1088/0022-3727/47/47/475203.
https://doi.org/10.1109/tps.2006.881277.
https://doi.org/10.1109/tps.2006.881277.
https://doi.org/10.1109/tps.2011.2124473.
https://doi.org/10.1063/1.2750652.
https://doi.org/10.1063/1.2750652.
https://doi.org/10.1063/1.2718483.
https://doi.org/10.1063/1.2718483.
https://doi.org/10.1109/tps.2012.2231948.
https://doi.org/10.1109/tps.2012.2231948.
https://doi.org/10.1063/1.4825206.
https://doi.org/10.1063/1.4819246.
https://doi.org/10.1063/1.4819246.
https://doi.org/10.1109/tps.2014.2356497.
https://doi.org/10.1109/tps.2014.2356497.
https://doi.org/10.1016/j.cap.2014.10.013.
https://doi.org/10.1016/j.cap.2014.10.013.
https://doi.org/10.1063/1.2736945.
https://doi.org/10.1007/978-3-030-49966-2_3
https://doi.org/10.1063/1.2400078.
https://doi.org/10.1063/1.2969287.
https://doi.org/10.1088/0022-3727/33/20/315
https://doi.org/10.5757/vacmac.2.4.9
https://doi.org/10.1088/1748-0221/7/03/c03046.
https://doi.org/10.1088/1748-0221/7/03/c03046.
https://doi.org/10.1007/s11090-014-9538-0.
https://doi.org/10.1063/1.4989735.

Choi et al. AAPPS Bulletin

115.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

128.

129.

130.

132.

133.

(2021) 31:10

CB. Lee, Y.H. Na, T-E. Hong, EH. Choi, H.S. Uhm, KY. Baik, G. Kwon, Evidence
of radicals created by plasma in bacteria in water. Appl. Phys. Lett. 105
(2014). https://doi.org/10.1063/1.4893565.

CB. Lee, H.S. Kwak, EH. Choi, TE. Hong, H. Yoon, Y. Lee, KY. Baik, H.S. Uhm,
Traces of isotopic reactive species produced from a non-thermal plasma jet
in bio-molecules. New J. Phys. 17 (2015). https:;//doi.org/10.1088/1367-263
0/17/11/113031.

H.S. Uhm, Generation of various radicals in nitrogen plasma and their behavior
in media. Phys. Plasmas 22 (2015). https//doi.org/10.1063/1.493679.

H.S. Uhm, SH. Ki, KYY. Baik, EH. Choi, Influence of oxygen on generation of
reactive chemicals from nitrogen plasma jet. Sci. Rep. 8 (2018). https://doi.
0rg/10.1038/541598-018-27473-3.

J. Hoon Park, N. Kumar, D. Hoon Park, M. Yusupov, E.C. Neyts, CCW.
Verlackt, A. Bogaerts, M. Ho Kang, H. Sup Uhm, E. Ha Choi, et al., A
comparative study for the inactivation of multidrug resistance bacteria
using dielectric barrier discharge and nano-second pulsed plasma. Sci. Rep.
5 (2015). https://doi.org/10.1038/srep13849.

F. Crapulli, D. Santoro, MR. Sasges, AK. Ray, Mechanistic modeling of
vacuum UV advanced oxidation process in an annular photoreactor. Water
Res. 64, 209-225 (2014). https://doi.org/10.1016/j.watres.2014.06.048.

. T. Oppenlander, C. Walddorfer, J. Burgbacher, M. Kiermeier, K. Lachner, H.

Weinschrott, Improved vacuum-UV (VUV)-initiated photomineralization of
organic compounds in water with a xenon excimer flow-through
photoreactor ( lamp, 172 nm) containing an axially centered ceramic
oxygenator. Chemosphere 60, 302-309 (2005). https://doi.org/10.1016/).
chemosphere.2004.12.037

T. Oppenlander, Photochemical Purification of Water and Air (2002). https://
doi.org/10.1002/9783527610884

JH. Seinfeld, SN. Pandis, K. Noone, Atmospheric chemistry and physics:
From air pollution to climate change. Phys. Today 51, 88-90 (1998). https.//
doi.org/10.1063/1.882420.

LJ. Stief, W.A. Payne, RB. Klemm, A flasch photolysis-resonance
fluorescence study of the formation of O(1D) in the photolysis of water and
the reaction of O(1D) with H2, Ar, and He —. J. Chem. Phys. 62, 4000-4008
(1975). https://doi.org/10.1063/1.430323.

H. Jablonowski, R. Bussiahn, M.U. Hammer, KD. Weltmann, T. von Woedtke,
S. Reuter, Impact of plasma jet vacuum ultraviolet radiation on reactive
oxygen species generation in bio-relevant liquids. Phys. Plasmas 22 (2015).
https://doi.org/10.1063/1.4934989.

P.J. Bruggeman, M.J. Kushner, BR. Locke, JGE. Gardeniers, W.G. Graham, D.B.
Graves, RCH.M. Hofman-Caris, D. Maric, J.P. Reid, E. Ceriani, et al., Plasma-
liquid interactions: A review and roadmap. Plasma Sources Sci. Technol. 25
(2016). https://doi.org/10.1088/0963-0252/25/5/053002.

. P. Attri, YH. Kim, D.H. Park, JH. Park, Y.J. Hong, H.S. Uhm, K-N. Kim, A.

Fridman, EH. Choi, Generation mechanism of hydroxy! radical species and
its lifetime prediction during the plasma-initiated ultraviolet (UV) photolysis.
Sci. Rep. 5 (2015). https;//doi.org/10.1038/srep09332.

B. Ghimire, GJ. Lee, S. Mumtaz, EH. Choi, Scavenging effects of ascorbic
acid and mannitol on hydroxyl radicals generated inside water by an
atmospheric pressure plasma jet. AIP Adv. 8 (2018). https://doi.org/10.1
063/1.5037125

P. Hildebrand, M. Kleemann, U. Roblick, L. Mirow, H.-P. Bruch, C. Birk,
Development of a perfused ex vivo tumor-mimic model for the training of
laparoscopic radiofrequency ablation. Surg. Endosc. 21, 1745-1749 (2007).
https//doi.org/10.1007/500464-007-9216-x.

D. Scott, W. Young, L. Watumull, G. Lindberg, J. Fleming, R. Rege, R. Brown,
D. Jones, Development of an in vivo tumor-mimic model for learning
radiofrequency ablation. J. Gastrointest. Surg. 4, 620-625 (2000). https://doi.
0rg/10.1016/51091-255x(00)80112-2.

. GD. Taylor, J.A. Cadeddu, Training for renal ablative technique using an

agarose-based renal tumour-mimic model. BJU Int. 97, 179-181 (2006).
https://doi.org/10.1111/].1464-410X.2005.05877 x.

B. Ghimire, EJ. Szili, P. Lamichhane, R.D. Short, J.S. Lim, P. Attri, K. Masur, K-D.

Weltmann, S-H. Hong, EH. Choi, The role of UV photolysis and molecular
transport in the generation of reactive species in a tissue model with a cold
atmospheric pressure plasma jet. Appl. Phys. Lett. 114 (2019). https://doi.
0rg/10.1063/1.5086522.

EJ. Szili, J-S. Oh, H. Fukuhara, R. Bhatia, N. Gaur, CK. Nguyen, S-H. Hong, S.
Ito, K Ogawa, C. Kawada, et al, Modelling the helium plasma jet delivery of
reactive species into a 3D cancer tumour. Plasma Sources Sci. Technol. 27
(2017). https.//doi.org/10.1088/1361-6595/aa9b3b.

134

135.

136.

138.

141.

142.

145.

147.

148.

w

152.

Page 34 of 38

. X.Cheng, J. Sherman, W. Murphy, E. Ratovitski, J. Canady, M. Keidar, The
effect of tuning cold plasma composition on glioblastoma cell viability.
PLoS One 9 (2014). https://doi.org/10.1371/journal.pone.0098652.

EJ. Baek, HM. Joh, S.J. Kim, TH. Chung, Effects of the electrical parameters

and gas flow rate on the generation of reactive species in liquids exposed

to atmospheric pressure plasma jets. Phys. Plasmas 23 (2016). https://doi.
org/10.1063/1.4959174.

JH. Park, M. Kim, M. Shiratani, A.E. Cho, EH. Choi, P. Attri, Variation in

structure of proteins by adjusting reactive oxygen and nitrogen species

generated from dielectric barrier discharge jet. Sci. Rep. 6 (2016). https://doi.
0rg/10.1038/srep35883.

. DX Liy, F. Iza, XH. Wang, M.G. Kong, M.Z. Rong, He+02+H20 plasmas as a

source of reactive oxygen species. Appl. Phys. Lett. 98 (2011). https://doi.

0rg/10.1063/1.3592775.

G. Uchida, A. Nakajima, T. Ito, K. Takenaka, T. Kawasaki, K Koga, M. Shiratani,

Y. Setsuhara, Effects of nonthermal plasma jet irradiation on the selective

production of H202 and NO2— in liquid water. J. Appl. Phys. 120 (2016).

https://doi.org/10.1063/1.4968568.

. Y. Gorbanev, CCW. Verlackt, S. Tinck, E. Tuenter, K. Foubert, P. Cos, A. Bogaerts,
Combining experimental and modelling approaches to study the sources of
reactive species induced in water by the COST RF plasma jet. Phys. Chem.
Chem. Phys. 20, 2797-2808 (2018). https//doi.org/10.1039/c7cp07616a.

. H. Gelband, R. Sankaranarayanan, C.L. Gauvreau, S. Horton, B.O. Anderson, F.

Bray, J. Cleary, AJ. Dare, L. Denny, MK. Gospodarowicz, et al, Costs,

affordability, and feasibility of an essential package of cancer control

interventions in low-income and middle-income countries: Key messages

from disease control priorities, 3rd edition. Lancet 387, 2133-2144 (2016).

https://doi.org/10.1016/50140-6736(15)00755-2.

S. Park, H. Kim, HW. Ji, HW. Kim, SH. Yun, EH. Choi, S.J. Kim, Cold

atmospheric plasma restores paclitaxel sensitivity to paclitaxel-resistant

breast cancer cells by reversing expression of resistance-related genes.

Cancers 11 (2019). https://doi.org/10.3390/cancers11122011.

N.K: Kaushik, H. Uhm, EH. Choi, Micronucleus formation induced by

dielectric barrier discharge plasma exposure in brain cancer cells. Appl.

Phys. Lett. 100 (2012). https://doi.org/10.1063/1.3687172.

. K Panngom, K. Baik, Y.H. Ryu, HS. Uhm, EH. Choi, Differential responses of
cancer cell lines to non-thermal plasma from dielectric barrier discharge.
Curr. Appl. Phys. 13, S6-S11 (2013). https://doi.org/10.1016/j.cap.2012.12.025.

. NK Kaushik, N. Kaushik, D. Park, EH. Choi, Altered antioxidant system

stimulates dielectric barrier discharge plasma-induced cell death for solid

tumor cell treatment. PLoS One 9 (2014). https.//doi.org/10.1371/journal.
pone.0103349.

M. Keidar, D. Yan, L. Beilis, B. Trink, JH. Sherman, Plasmas for treating cancer:

Opportunities for adaptive and self-adaptive approaches. Trends Biotechnol.

36, 586-593 (2018). https;//doi.org/10.1016/jtibtech.2017.06.013.

. YJ. Yoon, MJ. Suh, HY. Lee, HJ. Lee, EH. Choi, I.S. Moon, K. Song, Anti-

tumor effects of cold atmospheric pressure plasma on vestibular

schwannoma demonstrate its feasibility as an intra-operative adjuvant
treatment. Free Radic. Biol. Med. 115, 43-56 (2018). https://doi.org/10.1016/j.
freeradbiomed.2017.11.011.

N. Kumar, P. Attri, EH. Choi, H.S. Uhm, Influence of water vapour with non-

thermal plasma jet on the apoptosis of SK-BR-3 breast cancer cells. RSC Adv.

5, 14670-14677 (2015). https://doi.org/10.1039/c4ra15879b.

N. Kumar, P. Attri, DK. Yadav, J. Choi, EH. Choi, H.S. Uhm, Induced apoptosis

in melanocytes cancer cell and oxidation in biomolecules through

deuterium oxide generated from atmospheric pressure non-thermal plasma
jet. Sci. Rep. 4 (2014). https://doi.org/10.1038/srep07589.

. M. Khalili, L. Daniels, A. Lin, F.C. Krebs, A.E. Snook, S. Bekeschus, W.B. Bowne,
V. Miller, Non-thermal plasma-induced immunogenic cell death in cancer. J.
Phys. D. Appl. Phys. 52 (2019). https;//doi.org/10.1088/1361-6463/ab31c1.

. DS. Chen, I. Mellman, Elements of cancer immunity and the cancer-immune
set point. Nature 541, 321-330 (2017). https//doi.org/10.1038/nature21349.

. NK Kaushik, N. Kaushik, B. Min, KH. Choi, Y.J. Hong, V. Miller, A. Fridman, E.

H. Choi, Cytotoxic macrophage-released tumour necrosis factor-alpha (TNF-

alpha) as a killing mechanism for cancer cell death after cold plasma

activation. J. Phys. D. Appl. Phys. 49 (2016). https://doi.org/10.1088/0022-372

7/49/8/084001 doi:Artn 084001

RJ. Sullivan, The evolutionary nature of the cancer immunotherapy revolution.

Future Oncol. 13, 1565-1567 (2017). https.//doi.org/10.2217/fon-2017-0232


https://doi.org/10.1063/1.4893565.
https://doi.org/10.1088/1367-2630/17/11/113031.
https://doi.org/10.1088/1367-2630/17/11/113031.
https://doi.org/10.1063/1.4936796.
https://doi.org/10.1038/s41598-018-27473-3.
https://doi.org/10.1038/s41598-018-27473-3.
https://doi.org/10.1038/srep13849.
https://doi.org/10.1016/j.watres.2014.06.048.
https://doi.org/10.1016/j.chemosphere.2004.12.037
https://doi.org/10.1016/j.chemosphere.2004.12.037
https://doi.org/10.1002/9783527610884
https://doi.org/10.1002/9783527610884
https://doi.org/10.1063/1.882420.
https://doi.org/10.1063/1.882420.
https://doi.org/10.1063/1.430323.
https://doi.org/10.1063/1.4934989.
https://doi.org/10.1088/0963-0252/25/5/053002.
https://doi.org/10.1038/srep09332.
https://doi.org/10.1063/1.5037125
https://doi.org/10.1063/1.5037125
https://doi.org/10.1007/s00464-007-9216-x.
https://doi.org/10.1016/s1091-255x(00)80112-2.
https://doi.org/10.1016/s1091-255x(00)80112-2.
https://doi.org/10.1111/j.1464-410X.2005.05877.x.
https://doi.org/10.1063/1.5086522.
https://doi.org/10.1063/1.5086522.
https://doi.org/10.1088/1361-6595/aa9b3b.
https://doi.org/10.1371/journal.pone.0098652.
https://doi.org/10.1063/1.4959174.
https://doi.org/10.1063/1.4959174.
https://doi.org/10.1038/srep35883.
https://doi.org/10.1038/srep35883.
https://doi.org/10.1063/1.3592775.
https://doi.org/10.1063/1.3592775.
https://doi.org/10.1063/1.4968568.
https://doi.org/10.1039/c7cp07616a.
https://doi.org/10.1016/S0140-6736(15)00755-2.
https://doi.org/10.3390/cancers11122011.
https://doi.org/10.1063/1.3687172.
https://doi.org/10.1016/j.cap.2012.12.025.
https://doi.org/10.1371/journal.pone.0103349.
https://doi.org/10.1371/journal.pone.0103349.
https://doi.org/10.1016/j.tibtech.2017.06.013.
https://doi.org/10.1016/j.freeradbiomed.2017.11.011.
https://doi.org/10.1016/j.freeradbiomed.2017.11.011.
https://doi.org/10.1039/c4ra15879b.
https://doi.org/10.1038/srep07589.
https://doi.org/10.1088/1361-6463/ab31c1.
https://doi.org/10.1038/nature21349.
https://doi.org/10.1088/0022-3727/49/8/084001
https://doi.org/10.1088/0022-3727/49/8/084001
https://doi.org/10.2217/fon-2017-0232

Choi et al. AAPPS Bulletin

153.

154.

155.

156.

158.

160.

164.

166.

168.

169.

170.

(2021) 31:10

L. Galluzzi, A. Buqué, O. Kepp, L. Zitvogel, G. Kroemer, Immunogenic cell
death in cancer and infectious disease. Nat. Rev. Immunol. 17, 97-111
(2016). https://doi.org/10.1038/nri.2016.107.

A. Showalter, A. Limaye, J.L. Oyer, R. Igarashi, C. Kittipatarin, A.J. Copik, AR.
Khaled, Cytokines in immunogenic cell death: Applications for cancer
immunotherapy. Cytokine 97, 123-132 (2017). https://doi.org/10.1016/j.
Cyt0.2017.05.024.

I. Adkins, J. Fucikova, AD. Garg, P. Agostinis, R. Spisek, Physical modalities
inducing immunogenic tumor cell death for cancer immunotherapy.
Oncolmmunology 3 (2014). https://doi.org/104161/21624011.2014.968434.
CY. Calvet, D. Famin, F.M. André, LM. Mir, Electrochemotherapy with
bleomycin induces hallmarks of immunogenic cell death in murine colon
cancer cells. Oncolmmunology 3 (2014). https://doi.org/104161/onci.28131.

. E. Panzarini, V. Inguscio, L. Dini, Immunogenic cell death: Can it be exploited

in photodynamic therapy for cancer? Biomed. Res. Int. 2013, 1-18 (2013).
https://doi.org/10.1155/2013/482160

Y. Li, M. Ho Kang, H. Sup Uhm, G. Joon Lee, E. Ha Choi, I. Han, Effects of
atmospheric-pressure non-thermal bio-compatible plasma and plasma
activated nitric oxide water on cervical cancer cells. Sci. Rep. 7 (2017).
https://doi.org/10.1038/srep45781.

. CB. Lee, IH. Seo, M-W. Chae, JW. Park, EH. Choi, HS. Uhm, K.Y. Baik,

Anticancer activity of liquid treated with microwave plasma-generated gas
through macrophage activation. Oxidative Med. Cell. Longev. 2020, 1-13
(2020). https://doi.org/10.1155/2020/2946820

Y. Takahashi, Y. Taki, K. Takeda, H. Hashizume, H. Tanaka, K. Ishikawa, M. Hori,
Cytotoxicity of cancer Hela cells sensitivity to normal MCF10A cells in
cultivations with cell culture medium treated by microwave-excited
atmospheric pressure plasmas. J. Phys. D. Appl. Phys. 51 (2018). https.//doi.
0rg/10.1088/1361-6463/aaab09.

. F. Utsumi, H. Kajiyama, K. Nakamura, H. Tanaka, M. Mizuno, K. Ishikawa, H.

Kondo, H. Kano, M. Hori, F. Kikkawa, Effect of indirect nonequilibrium
atmospheric pressure plasma on anti-proliferative activity against chronic
chemo-resistant ovarian cancer cells in vitro and in vivo. PLoS One 8 (2013).
https://doi.org/10.1371/journal.pone.0081576.

. A. Jo, HM. Joh, TH. Chung, JW. Chung, Anticancer effects of plasma-

activated medium produced by a microwave-excited atmospheric pressure
argon plasma jet. Oxidative Med. Cell. Longev. 2020, 1-17 (2020). https://
doi.org/10.1155/2020/4205640

. M. Adhikari, B. Adhikari, N. Kaushik, S.-J. Lee, NK. Kaushik, E.H. Choi,

Melanoma growth analysis in blood serum and tissue using xenograft
model with response to cold atmospheric plasma activated medium. Appl.
Sci. 9 (2019). https://doi.org/10.3390/app9204227.

KR. Liedtke, S. Bekeschus, A. Kaeding, C. Hackbarth, J-P. Kuehn, C-D.
Heidecke, W. von Bernstorff, T. von Woedtke, L.I. Partecke, Non-thermal
plasma-treated solution demonstrates antitumor activity against pancreatic
cancer cells in vitro and in vivo. Sci. Rep. 7 (2017). https;//doi.org/10.1038/
541598-017-08560-3.

. E. Griseti, N. Merbahi, M. Golzio, Anti-cancer potential of two plasma-

activated liquids: Implication of long-lived reactive oxygen and nitrogen
species. Cancers 12 (2020). https://doi.org/10.3390/cancers12030721.

A. Bisag, C. Bucci, S. Coluccelli, G. Girolimetti, R. Laurita, P. De laco, AM.
Perrone, M. Gherardi, L. Marchio, AM. Porcelli, et al,, Plasma-activated
Ringer's lactate solution displays a selective cytotoxic effect on ovarian
cancer cells. Cancers 12 (2020). https;//doi.org/10.3390/cancers12020476.

. H. Tanaka, K. Nakamura, M. Mizuno, K. Ishikawa, K. Takeda, H. Kajiyama, F.

Utsumi, F. Kikkawa, M. Hori, Non-thermal atmospheric pressure plasma
activates lactate in Ringer's solution for anti-tumor effects. Sci. Rep. 6 (2016).
https://doi.org/10.1038/srep36282.

H. Tanaka, M. Mizuno, K. Ishikawa, K. Takeda, H. Kondo, M. Sekine, H.
Hashizume, K. Nakamura, H. Kajiyama, Y. Okazaki, et al,, Similarities and
differences in the cellular resposnses between plasma-activated medium-
treated glioblastomas and plasma-activated ringer’s lactate solution-treated
glioblastomas. Clin. Plasma Med. 9, 42-43 (2018). https.//doi.org/10.1016/j.
cpme.2017.12.066.

K. Ishikawa, Y. Hosoi, H. Tanaka, L. Jiang, S. Toyokuni, K. Nakamura, H.
Kajiyama, F. Kikkawa, M. Mizuno, M. Hori, Non-thermal plasma-activated
lactate solution kills U251SP glioblastoma cells in an innate reductive
manner with altered metabolism. Arch. Biochem. Biophys. 688 (2020).
https.//doi.org/10.1016/j.abb.2020.108414.

S. Yamaoka, H. Kondo, H. Hashizume, K. Ishikawa, H. Tanaka, M. Hori, Plasma-
activated solution alters the morphological dynamics of supported lipid

171.

173.

174.

178.

180.

183.

186.

188.

Page 35 of 38

bilayers observed by high-speed atomic force microscopy. Appl. Phys.
Express 12 (2019). https://doi.org/10.7567/1882-0786/ab1a58.

N.K Kaushik, B. Ghimire, Y. Li, M. Adhikari, M. Veerana, N. Kaushik, N. Jha, B.
Adhikari, S-J. Lee, K. Masur, et al,, Biological and medical applications of
plasma-activated media, water and solutions. Biol. Chem. 400, 39-62 (2018).
https://doi.org/10.1515/hsz-2018-0226

. L.Gan, S. Zhang, D. Poorun, D. Liy, X. Lu, M. He, X. Duan, H. Chen, Medical

applications of nonthermal atmospheric pressure plasma in dermatology. J.
Dtsch. Dermatol. Ges. 16, 7-13 (2018). https://doi.org/10.1111/ddg.13373.
S.G. Joshi, M. Paff, G. Friedman, G. Fridman, A. Fridman, A.D. Brooks, Control
of methicillin-resistant Staphylococcus aureus in planktonic form and
biofilms: A biocidal efficacy study of nonthermal dielectric-barrier discharge
plasma. Am. J. Infect. Control 38, 293-301 (2010). https.//doi.org/10.1016/j.a
}ic.2009.11.002.

O. Lunov, V. Zablotskii, O. Churpita, A. Jager, L. Polivka, E. Sykova, N.
Terebova, A. Kulikov, 5. Kubinové, A. Dejneka, Towards the understanding of
non-thermal air plasma action: Effects on bacteria and fibroblasts. RSC Adv.
6, 2528625292 (2016). https;//doi.org/10.1039/c6ra02368a.

. J. Heinlin, G. Morfill, M. Landthaler, W. Stolz, G. Isbary, J.L. Zimmermann, T.

Shimizu, S. Karrer, Plasma medicine: possible applications in dermatology. J.
Dtsch. Dermatol. Ges. 8, 968-976 (2010). https://doi.org/10.1111/j.1610-03
87.2010.07495x.

. SA. Ermolaeva, AF. Varfolomeev, M.Y. Chernukha, D.S. Yurov, M.M. Vasiliev,

AA. Kaminskaya, M.M. Moisenovich, J.M. Romanova, AN. Murashey, I.I.
Selezneva, et al, Bactericidal effects of non-thermal argon plasma in vitro, in
biofilms and in the animal model of infected wounds. J. Med. Microbiol. 60,
75-83 (2011). https://doi.org/10.1099/jmm.0.020263-0.

. J.Juldk, V. Scholtz, E. Vankova, Medically important biofilms and non-

thermal plasma. World J. Microbiol. Biotechnol. 34 (2018). https://doi.org/1
0.1007/511274-018-2560-2.

B-S. Lou, J-H. Hsieh, C-M. Chen, C-W. Hou, H-Y. Wu, P-Y. Chou, C-H. Lai, J-
W. Lee, Helium/argon-generated cold atmospheric plasma facilitates
cutaneous wound healing. Front. Bioeng. Biotechnol. 8 (2020). https://doi.
0rg/10.3389/fbioe.2020.00683

. Y. Yu, M. Tan, H. Chen, Z. Wu, L. Xu, J. Li, J. Cao, Y. Yang, X. Xiao, X. Lian,

et al, Non-thermal plasma suppresses bacterial colonization on skin wound
and promotes wound healing in mice. J. Huazhong Univ. Sci. Technol.
[Medical Sciences] 31, 390-394 (2011). https;//doi.org/10.1007/511596-011-
0387-2.

Y. Nomura, T. Takamatsu, H. Kawano, H. Miyahara, A. Okino, M. Yoshida, T.
Azuma, Investigation of blood coagulation effect of nonthermal multigas
plasma jet in vitro and in vivo. J. Surg. Res. 219, 302-309 (2017). https://doi.
0rg/10.1016/jj55.2017.06.055.

. Y. Lee, S. Ricky, TH. Lim, K-S. Jang, H. Kim, Y. Song, S-Y. Kim, K-s. Chung,

Wound healing effect of nonthermal atmospheric pressure plasma jet on a
rat burn wound model: A preliminary study. J. Burn Care Res. 40, 923-929
(2019). https://doi.org/10.1093/jbcr/irz120.

. OJ. Lee, HW. Ju, G. Khang, P.P. Sun, J. Rivera, JH. Cho, S-J. Park, J.G. Eden, C.

H. Park, An experimental burn wound-healing study of non-thermal
atmospheric pressure microplasma jet arrays. J. Tissue Eng. Regen. Med. 10,
348-357 (2016). https://doi.org/10.1002/term.2074.

M. Chatraie, G. Torkaman, M. Khani, H. Salehi, B. Shokri, In vivo study of non-
invasive effects of non-thermal plasma in pressure ulcer treatment. Sci. Rep.
8 (2018). https://doi.org/10.1038/541598-018-24049-z.

. Z. Shahbazi Rad, F. Abbasi Davani, G. Etaati, Determination of proper

treatment time for in vivo blood coagulation and wound healing
application by non-thermal helium plasma jet. Australas. Phys. Eng. Sci. Med.
41, 905-917 (2018). https.//doi.org/10.1007/513246-018-0686-z.

. S. Fathollah, S. Mirpour, P. Mansouri, AR. Dehpour, M. Ghoranneviss, N.

Rahimi, Z. Safaie Naraghi, R. Chalangari, KM. Chalangari, Investigation on the
effects of the atmospheric pressure plasma on wound healing in diabetic
rats. Sci. Rep. 6 (2016). https://doi.org/10.1038/srep19144.

AS. Wu, S. Kalghatgi, D. Dobrynin, R. Sensenig, E. Cerchar, E. Podolsky, E.
Dulaimi, M. Paff, K. Wasko, KP. Arjunan, et al, Porcine intact and wounded
skin responses to atmospheric nonthermal plasma. J. Surg. Res. 179, e1-e12
(2013). https;//doi.org/10.1016/jj55.2012.02.039.

. S. Kubinova, K. Zaviskova, L. Uherkova, V. Zablotskii, O. Churpita, O. Lunov, A.

Dejneka, Non-thermal air plasma promotes the healing of acute skin
wounds in rats. Sci. Rep. 7 (2017). https://doi.org/10.1038/srep45183.

JK Park, Y.S. Kim, S.U. Kang, Y.S. Lee, H-R. Won, C-H. Kim, Nonthermal
atmospheric plasma enhances myoblast differentiation by eliciting STAT3


https://doi.org/10.1038/nri.2016.107.
https://doi.org/10.1016/j.cyto.2017.05.024.
https://doi.org/10.1016/j.cyto.2017.05.024.
https://doi.org/10.4161/21624011.2014.968434.
https://doi.org/10.4161/onci.28131.
https://doi.org/10.1155/2013/482160
https://doi.org/10.1038/srep45781.
https://doi.org/10.1155/2020/2946820
https://doi.org/10.1088/1361-6463/aaab09.
https://doi.org/10.1088/1361-6463/aaab09.
https://doi.org/10.1371/journal.pone.0081576.
https://doi.org/10.1155/2020/4205640
https://doi.org/10.1155/2020/4205640
https://doi.org/10.3390/app9204227.
https://doi.org/10.1038/s41598-017-08560-3.
https://doi.org/10.1038/s41598-017-08560-3.
https://doi.org/10.3390/cancers12030721.
https://doi.org/10.3390/cancers12020476.
https://doi.org/10.1038/srep36282.
https://doi.org/10.1016/j.cpme.2017.12.066.
https://doi.org/10.1016/j.cpme.2017.12.066.
https://doi.org/10.1016/j.abb.2020.108414.
https://doi.org/10.7567/1882-0786/ab1a58.
https://doi.org/10.1515/hsz-2018-0226
https://doi.org/10.1111/ddg.13373.
https://doi.org/10.1016/j.ajic.2009.11.002.
https://doi.org/10.1016/j.ajic.2009.11.002.
https://doi.org/10.1039/c6ra02368a.
https://doi.org/10.1111/j.1610-0387.2010.07495.x.
https://doi.org/10.1111/j.1610-0387.2010.07495.x.
https://doi.org/10.1099/jmm.0.020263-0.
https://doi.org/10.1007/s11274-018-2560-2.
https://doi.org/10.1007/s11274-018-2560-2.
https://doi.org/10.3389/fbioe.2020.00683
https://doi.org/10.3389/fbioe.2020.00683
https://doi.org/10.1007/s11596-011-0387-2.
https://doi.org/10.1007/s11596-011-0387-2.
https://doi.org/10.1016/j.jss.2017.06.055.
https://doi.org/10.1016/j.jss.2017.06.055.
https://doi.org/10.1093/jbcr/irz120.
https://doi.org/10.1002/term.2074.
https://doi.org/10.1038/s41598-018-24049-z.
https://doi.org/10.1007/s13246-018-0686-z.
https://doi.org/10.1038/srep19144.
https://doi.org/10.1016/j.jss.2012.02.039.
https://doi.org/10.1038/srep45183.

Choi et al. AAPPS Bulletin

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

(2021) 31:10

phosphorylation. FASEB J. 33, 4097-4106 (2018). https://doi.org/10.1096/f}.2
01800695RR

P.L. Shao, J.D. Liao, TW. Wong, Y.C. Wang, S. Leu, HK. Yip, Enhancement of
wound healing by non-thermal N2/Ar micro-plasma exposure in mice with
fractional-CO2-laser-induced wounds. PLoS One 11 (2016). https.//doi.org/1
0.1371/journal.pone.0156699.

YW. Hung, LT. Lee, Y.C. Peng, C.T. Chang, YK Wong, K-C. Tung, Effect of a
nonthermal-atmospheric pressure plasma jet on wound healing: An animal
study. J. Chin. Med. Assoc. 79, 320-328 (2016). https://doi.org/10.1016/j.
jcma.2015.06.024.

AE. Poor, UK. Ercan, A. Yost, AD. Brooks, S.G. Joshi, Control of multi-drug-
resistant pathogens with non-thermal-plasma-treated alginate wound
dressing. Surg. Infect. 15, 233-243 (2014). https://doi.org/10.1089/sur.2013.
050.

C. Scharf, C. Eymann, P. Emicke, J. Bernhardt, M. Wilhelm, F. Gorries, J.
Winter, T. von Woedtke, K. Darm, G. Daeschlein, et al., Improved wound
healing of airway epithelial cells is mediated by cold atmospheric plasma: A
time course-related proteome analysis. Oxidative Med. Cell. Longev. 2019,
1-21 (2019). https://doi.org/10.1155/2019/7071536

A. Schmidt, S. Bekeschus, K. Wende, B. Vollmar, T. von Woedtke, A cold
plasma jet accelerates wound healing in a murine model of full-thickness
skin wounds. Exp. Dermatol. 26, 156162 (2017). https://doi.org/10.1111/
exd.13156.

S. Arndt, P. Unger, E. Wacker, T. Shimizu, J. Heinlin, Y.-F. Li, HM. Thomas, GE.
Morfill, JL. Zimmermann, AK. Bosserhoff, et al,, Cold atmospheric plasma
(CAP) changes gene expression of key molecules of the wound healing
machinery and improves wound healing in vitro and in vivo. PLoS One 8
(2013). https://doi.org/10.1371/journal.pone.0079325.

B. Kusakci-Seker, M. Demirayak-Akdemir, The effect of non-thermal
atmospheric pressure plasma application on wound healing after
gingivectomy. Int. Wound J. 17, 1376-1383 (2020). https://doi.org/10.1111/
iwj.13379.

J. Heinlin, J.L. Zimmermann, F. Zeman, W. Bunk, G. Isbary, M. Landthaler, T.
Maisch, R. Monetti, G. Morfill, T. Shimizu, et al, Randomized placebo-
controlled human pilot study of cold atmospheric argon plasma on skin
graft donor sites. Wound Repair Regen. 21, 800-807 (2013). https://doi.org/1
0.1111/wrr.12078.

F. Brehmer, H.A. Haenssle, G. Daeschlein, R. Ahmed, S. Pfeiffer, A. Gorlitz, D.
Simon, M.P. Schon, D. Wandke, S. Emmert, Alleviation of chronic venous leg
ulcers with a hand-held dielectric barrier discharge plasma generator
(PlasmaDerm®VU-2010): Results of a monocentric, two-armed, open,
prospective, randomized and controlled trial (NCT01415622). J. Eur. Acad.
Dermatol. Venereol. 29, 148-155 (2015). https.//doi.org/10.1111/jdv.12490
G. Daeschlein, S. Scholz, S. Lutze, A. Arnold, S. von Podewils, T. Kiefer, T.
Tueting, O. Hardt, H. Haase, O. Grisk, et al,, Comparison between cold
plasma, electrochemotherapy and combined therapy in a melanoma
mouse model. Exp. Dermatol. 22, 582-586 (2013). https://doi.org/10.1111/
exd.12201.

G. Isbary, J. Heinlin, T. Shimizu, J.L. Zimmermann, G. Morfill, H.U. Schmidt, R.
Monetti, B. Steffes, W. Bunk, Y. Li, et al,, Successful and safe use of 2 min
cold atmospheric argon plasma in chronic wounds: Results of a randomized
controlled trial. Br. J. Dermatol. 167, 404-410 (2012). https://doi.org/10.1111/
j.1365-2133.2012.10923 x

G. Isbary, G. Morfill, H.U. Schmidt, M. Georgi, K. Ramrath, J. Heinlin, S. Karrer,
M. Landthaler, T. Shimizu, B. Steffes, et al,, A first prospective randomized
controlled trial to decrease bacterial load using cold atmospheric argon
plasma on chronic wounds in patients. Br. J. Dermatol. 163, 78-82 (2010).
https://doi.org/10.1111/j.1365-2133.2010.09744.x

A. Chuangsuwanich, T. Assadamongkol, D. Boonyawan, The healing effect of low-
temperature atmospheric-pressure plasma in pressure ulcer. Int J Low Extrem
Wounds 15, 313-319 (2016). https//doi.org/10.1177/1534734616665046.

C. Ulrich, F. Kluschke, A. Patzelt, S. Vandersee, V.A. Czaika, H. Richter, A. Bob,
JV. Hutten, C. Painsi, R. Hiige, et al,, Clinical use of cold atmospheric
pressure argon plasma in chronic leg ulcers: A pilot study. J. Wound Care
24, 196-203 (2015). https://doi.org/10.12968/jowc.2015.24.5.196.

M. Klebes, C. Ulrich, F. Kluschke, A. Patzelt, S. Vandersee, H. Richter, A. Bob, J.
von Hutten, J.T. Krediet, A. Kramer, et al, Combined antibacterial effects of
tissue-tolerable plasma and a modern conventional liquid antiseptic on
chronic wound treatment. J. Biophotonics 8, 382-391 (2015). https://doi.
0rg/10.1002/jbio.201400007

204.

205.

206.

208.

209.

210.

21

213.

214,

215.

217.

219.

220.

221.

222.

Page 36 of 38

S. Vandersee, H. Richter, J. Lademann, M. Beyer, A. Kramer, F. Knorr, B.
Lange-Asschenfeldt, Laser scanning microscopy as a means to assess the
augmentation of tissue repair by exposition of wounds to tissue tolerable
plasma. Laser Phys. Lett. 11 (2014). https://doi.org/10.1088/1612-2
011/11/11/115701.

H-R. Metelmann, T.T. Vu, HT. Do, TN.B. Le, TH.A. Hoang, T.T.T. Phi, TM.L.
Luong, V.T. Doan, T.T.H. Nguyen, THM. Nguyen, et al,, Scar formation of
laser skin lesions after cold atmospheric pressure plasma (CAP) treatment: A
clinical long term observation. Clin. Plasma Med. 1, 30-35 (2013). https.//doi.
0rg/10.1016/j.cpme.2012.12.001.

H-R. Metelmann, T. von Woedtke, R. Bussiahn, K-D. Weltmann, M. Rieck, R.
Khalili, F. Podmelle, P.D. Waite, Experimental recovery of CO2-laser skin
lesions by plasma stimulation. Am. J. Cosmet. Surg. 29, 52-56 (2012).
https://doi.org/10.5992/ajcs-d-11-00042.1.

. G. Ishary, W. Stolz, T. Shimizu, R. Monetti, W. Bunk, H.U. Schmidt, G.E. Mofill,

T.G. Klampfl, B. Steffes, HM. Thomas, et al., Cold atmospheric argon plasma
treatment may accelerate wound healing in chronic wounds: Results of an
open retrospective randomized controlled study in vivo. Clin. Plasma Med.
1, 25-30 (2013). https://doi.org/10.1016/j.cpme.2013.06.001.

M.-S. Choi, EB. Jeon, J.Y. Kim, EH. Choi, J.S. Lim, J. Choi, KS. Ha, J.Y. Kwon, S.
H. Jeong, S.Y. Park, Virucidal effects of dielectric barrier discharge plasma on
human norovirus infectivity in fresh oysters (Crassostrea gigas). Foods 9
(2020). https://doi.org/10.3390/foods9121731.

L. Ragni, A. Berardinelli, L. Vannini, C. Montanari, F. Sirri, M.E. Guerzoni, A.
Guarnieri, Non-thermal atmospheric gas plasma device for surface
decontamination of shell eggs. J. Food Eng. 100, 125-132 (2010). https://
doi.org/10.1016/j jfoodeng.2010.03.036.

J-P. Lim, HS. Uhm, S-Z. Li, Atmospheric-pressure argon/oxygen plasma-
discharge source with a stepped electrode. Appl. Phys. Lett. 90 (2007).
https://doi.org/10.1063/1.2450654.

. J-P. Lim, HS. Uhm, S-Z. Li, Influence of oxygen in atmospheric-pressure

argon plasma jet on sterilization of Bacillus atrophaeous spores. Phys.
Plasmas 14 (2007). https://doi.org/10.1063/1.2773705.

. HS. Uhm, J.P. Lim, S.Z. Li, Sterilization of bacterial endospores by an

atmospheric-pressure argon plasma jet. Appl. Phys. Lett. 90 (2007). https://
doi.org/10.1063/1.2747177.

H.S. Uhm, EH. Choi, GS. Cho, Y.C. Hong, Sterilization of microbes by using
various plasma jets. J. Korean Phys. Soc. 60, 897-902 (2012). https://doi.
0rg/10.3938/jkps.60.897.

A. Ali, YH. Kim, LY. Lee, S. Lee, HS. Uhm, G. Cho, BJ. Park, EH. Choi, Inactivation
of Propionibacterium acnes and its biofilm by non-thermal plasma. Curr. Appl.
Phys. 14, S142-S148 (2014). https.//doi.org/10.1016/j.cap.2013.12.034.

ST. Persson, S. Ekstrom, P. Papareddy, H. Herwald, Cold atmospheric plasma
disarms M1 protein, an important streptococcal virulence factor. J. Innate
Immun. 12, 277-290 (2020). https://doi.org/10.1159/000502959.

. Y. Liang, Y. Wy, K. Sun, Q. Chen, F. Shen, J. Zhang, M. Yao, T. Zhu, J. Fang,

Rapid inactivation of biological species in the air using atmospheric
pressure nonthermal plasma. Environ. Sci. Technol. 46, 3360-3368 (2012).
https://doi.org/10.1021/es203770q.

J.S. Park, I. Han, EH. Choi, Properties of plasma sterilizer using non-thermal
atmospheric-pressure biocompatible plasma. AIP Adv. 9 (2019). https.//doi.
0rg/10.1063/1.5096446

. M.Y. Alkawareek, S.P. Gorman, W.G. Graham, B.F. Gilmore, Potential cellular

targets and antibacterial efficacy of atmospheric pressure non-thermal
plasma. Int. J. Antimicrob. Agents 43, 154-160 (2014). https//doi.org/10.101
6/]ijantimicag.2013.08.022.

E. Kvam, B. Davis, F. Mondello, A.L. Garner, Nonthermal atmospheric plasma
rapidly disinfects multidrug-resistant microbes by inducing cell surface
damage. Antimicrob. Agents Chemother. 56, 2028-2036 (2012). https://doi.
org/10.1128/aac.05642-11.

Y. Chen, Y. Chen, W. Chung, B. Tong, MB. Chang, Evaluation of the
effectiveness of nonthermal plasma disinfection. Environ. Technol. 41, 2795-
2805 (2019). https://doi.org/10.1080/09593330.2019.1583289.

F. Theinkom, L. Singer, F. Cieplik, S. Cantzler, H. Weilemann, M. Cantzler, K-A.
Hiller, T. Maisch, J.L. Zimmermann, Antibacterial efficacy of cold atmospheric
plasma against enterococcus faecalis planktonic cultures and biofilms

in vitro. PLoS One 14 (2019). https://doi.org/10.1371/journal.pone.0223925.
M. Pazoki, F. Rahnama, R. Abbaszadeh, Mirabdollah, E. assessment of anti-
bacterial activity of non-thermal plasma in sterilization of infectious wastes.
Advances in. Environ. Technol. 4, 197-202 (2018). https://doi.org/10.22104/a
et.2019.3251.1160.


https://doi.org/10.1096/fj.201800695RR
https://doi.org/10.1096/fj.201800695RR
https://doi.org/10.1371/journal.pone.0156699.
https://doi.org/10.1371/journal.pone.0156699.
https://doi.org/10.1016/j.jcma.2015.06.024.
https://doi.org/10.1016/j.jcma.2015.06.024.
https://doi.org/10.1089/sur.2013.050.
https://doi.org/10.1089/sur.2013.050.
https://doi.org/10.1155/2019/7071536
https://doi.org/10.1111/exd.13156.
https://doi.org/10.1111/exd.13156.
https://doi.org/10.1371/journal.pone.0079325.
https://doi.org/10.1111/iwj.13379.
https://doi.org/10.1111/iwj.13379.
https://doi.org/10.1111/wrr.12078.
https://doi.org/10.1111/wrr.12078.
https://www.clinicaltrials.gov/ct2/show/NCT01415622?term=NCT01415622&draw=2&rank=1
https://doi.org/10.1111/jdv.12490
https://doi.org/10.1111/exd.12201.
https://doi.org/10.1111/exd.12201.
https://doi.org/10.1111/j.1365-2133.2012.10923.x
https://doi.org/10.1111/j.1365-2133.2012.10923.x
https://doi.org/10.1111/j.1365-2133.2010.09744.x
https://doi.org/10.1177/1534734616665046.
https://doi.org/10.12968/jowc.2015.24.5.196.
https://doi.org/10.1002/jbio.201400007
https://doi.org/10.1002/jbio.201400007
https://doi.org/10.1088/1612-2011/11/11/115701.
https://doi.org/10.1088/1612-2011/11/11/115701.
https://doi.org/10.1016/j.cpme.2012.12.001.
https://doi.org/10.1016/j.cpme.2012.12.001.
https://doi.org/10.5992/ajcs-d-11-00042.1.
https://doi.org/10.1016/j.cpme.2013.06.001.
https://doi.org/10.3390/foods9121731.
https://doi.org/10.1016/j.jfoodeng.2010.03.036.
https://doi.org/10.1016/j.jfoodeng.2010.03.036.
https://doi.org/10.1063/1.2450654.
https://doi.org/10.1063/1.2773705.
https://doi.org/10.1063/1.2747177.
https://doi.org/10.1063/1.2747177.
https://doi.org/10.3938/jkps.60.897.
https://doi.org/10.3938/jkps.60.897.
https://doi.org/10.1016/j.cap.2013.12.034.
https://doi.org/10.1159/000502959.
https://doi.org/10.1021/es203770q.
https://doi.org/10.1063/1.5096446
https://doi.org/10.1063/1.5096446
https://doi.org/10.1016/j.ijantimicag.2013.08.022.
https://doi.org/10.1016/j.ijantimicag.2013.08.022.
https://doi.org/10.1128/aac.05642-11.
https://doi.org/10.1128/aac.05642-11.
https://doi.org/10.1080/09593330.2019.1583289.
https://doi.org/10.1371/journal.pone.0223925.
https://doi.org/10.22104/aet.2019.3251.1160.
https://doi.org/10.22104/aet.2019.3251.1160.

Choi et al. AAPPS Bulletin

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

(2021) 31:10

H.S. Uhm, EH. Choi, GS. Cho, D.H. Hwang, Influence of reactive oxygen
species on the sterilization of microbes. Curr. Appl. Phys. 13, S30-535 (2013).
https.//doi.org/10.1016/j.cap.2012.12.018.

A. Sakudo, Y. Toyokawa, Y. Imanishi, T. Murakami, Crucial roles of reactive
chemical species in modification of respiratory syncytial virus by nitrogen
gas plasma. Mater. Sci. Eng. C 74, 131-136 (2017). https://doi.org/10.1016/j.
msec.2017.02.007.

K. Baik, Y.H. Kim, Y.H. Ryu, H.S. Kwon, G. Park, H.S. Uhm, EH. Choi, Feeding-
gas effects of plasma jets on Escherichia coli in physiological solutions.
Plasma Process. Polym. 10, 235-242 (2013). https://doi.org/10.1002/ppap.2
01200076

C. Lee, B. Subhadra, H.-G. Choi, H-W. Suh, H.S. Uhm, H-J. Kim, Inactivation of
mycobacteria by radicals from non-thermal plasma jet. J. Microbiol.
Biotechnol. 29, 1401-1411 (2019). https://doi.org/10.4014/jmb.1904.04060.
L. Guo, R. Xu, L. Gou, Z. Liu, Y. Zhao, D. Liu, L. Zhang, H. Chen, M.G. Kong, C.
A. Elkins, Mechanism of virus inactivation by cold atmospheric-pressure
plasma and plasma-activated water. Appl. Environ. Microbiol. 84 (2018).
https://doi.org/10.1128/aem.00726-18.

X.Su, Y. Tian, H. Zhou, Y. Li, Z. Zhang, B. Jiang, B. Yang, J. Zhang, J. Fang, D.
W. Schaffner, Inactivation efficacy of nonthermal plasma-activated solutions
against Newcastle disease virus. Appl. Environ. Microbiol. 84 (2018). https//
doi.org/10.1128/aem.02836-17.

Y. Wu, Y. Liang, K. Wei, W. Li, M. Yao, J. Zhang, S.A. Grinshpun, J. Bjorkroth,
MS2 virus inactivation by atmospheric-pressure cold plasma using different
gas carriers and power levels. Appl. Environ. Microbiol. 81, 996-1002 (2015).
https://doi.org/10.1128/aem.03322-14.

G. Nayak, A.J. Andrews, |. Marabella, H.A. Aboubakr, SM. Goyal, B.A. Olson, M.
Torremorell, P.J. Bruggeman, Rapid inactivation of airborne porcine
reproductive and respiratory syndrome virus using an atmospheric pressure
air plasma. Plasma Process. Polym. 17 (2020). https://doi.org/10.1002/ppap.2
01900269

H. Yasuda, T. Miura, H. Kurita, K. Takashima, A. Mizuno, Biological evaluation
of DNA damage in bacteriophages inactivated by atmospheric pressure
cold plasma. Plasma Process. Polym. 7, 301-308 (2010). https://doi.org/10.1
002/ppap.200900088

Y. Tanaka, H. Yasuda, H. Kurita, K. Takashima, A. Mizuno, Analysis of the
inactivation mechanism of bacteriophage $\varphi\nbox{X}174$ by
atmospheric pressure discharge plasma. IEEE Trans. Ind. Appl. 50, 1397-1401
(2014). https.//doi.org/10.1109/tia.2013.2274260.

H.A. Aboubakr, P. Williams, U. Gangal, M.M. Youssef, S.A.A. El-Sohaimy, P.J.
Bruggeman, S.M. Goyal, CA. Elkins, Virucidal effect of cold atmospheric
gaseous plasma on feline calicivirus, a surrogate for human norovirus. Appl.
Environ. Microbiol. 81, 3612-3622 (2015). https://doi.org/10.1128/aem.
00054-15.

H.A. Aboubakr, U. Gangal, M.M. Youssef, S.M. Goyal, P.J. Bruggeman,
Inactivation of virus in solution by cold atmospheric pressure plasma:
Identification of chemical inactivation pathways. J. Phys. D. Appl. Phys. 49
(2016). https://doi.org/10.1088/0022-3727/49/20/204001.

S-C. Bae, S.Y. Park, W. Choe, S.-D. Ha, Inactivation of murine norovirus-1 and
hepatitis a virus on fresh meats by atmospheric pressure plasma jets. Food
Res. Int. 76, 342-347 (2015). https://doi.org/10.1016/j.foodres.2015.06.039.
S.Y. Park, S-D. Ha, Assessment of cold oxygen plasma technology for the
inactivation of major foodborne viruses on stainless steel. J. Food Eng. 223,
42-45 (2018). https;//doi.org/10.1016/j jfoodeng.2017.11.041.

S.E. Hanbal, K. Takashima, S. Miyashita, S. Ando, K. Ito, M.M. Elsharkawy, T.
Kaneko, H. Takahashi, Atmospheric-pressure plasma irradiation can disrupt
tobacco mosaic virus particles and RNAs to inactivate their infectivity. Arch.
Virol. 163, 2835-2840 (2018). https://doi.org/10.1007/500705-018-3909-4.

O. Volotskova, L. Dubrovsky, M. Keidar, M. Bukrinsky, Cold atmospheric
plasma inhibits HIV-1 replication in macrophages by targeting both the
virus and the cells. PLoS One 11 (2016). https://doi.org/10.1371/journal.
pone.0165322.

A. Sakudo, N 8322 gas plasma inactivates influenza virus mediated by
oxidative stress. Front. Biosci. E6, 69-79 (2014). https://doi.org/10.2741/e692
O. Alekseev, K. Donovan, V. Limonnik, J. Azizkhan-Clifford, Nonthermal
dielectric barrier discharge (DBD) plasma suppresses herpes simplex virus
type 1 (HSV-1) replication in corneal epithelium. Transl. Vis. Sci. Technol. 3
(2014). https://doi.org/10.1167/tvst.3.2.2.

O. Bunz, K Mese, W. Zhang, A. Piwowarczyk, A. Ehrhardt, Effect of cold
atmospheric plasma (CAP) on human adenoviruses is adenovirus type-

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254

255.

256.

257.

258.

259.

260.

Page 37 of 38

dependent. PLoS One 13 (2018). https;//doi.org/10.1371/journal.pone.02023
52.

M. Weiss, G. Daeschlein, A. Kramer, M. Burchardt, S. Brucker, D. Wallwiener,
M.B. Stope, Virucide properties of cold atmospheric plasma for future
clinical applications. J. Med. Virol. 89, 952-959 (2017). https://doi.org/10.1
002/jmv.24701.

R. Ranjan, P.V. Krishnamraju, T. Shankar, S. Gowd, Nonthermal plasma in
dentistry: An update. J. Int. Soc. Prev. Commun. Dent. 7, 71-75 (2017).
https://doi.org/10.4103/jispcd JISPCD_29_17

M. Gherardi, R. Tonini, V. Colombo, Plasma in dentistry: Brief history and
current status. Trends Biotechnol. 36, 583-585 (2018). https://doi.org/10.101
6/j.tibtech.2017.06.009.

S-J. Sung, J-B. Huh, M-J. Yun, BMW. Chang, C-M. Jeong, Y.-C. Jeon,
Sterilization effect of atmospheric pressure non-thermal air plasma on
dental instruments. J. Adv Prosthodont. 5 (2013). https://doi.org/10.4047/ja
p.20135.1.2.

Y. Eun-Mi, U. Soo-Hyuk, K. Jae-Sung, C. Hye-Suk, K. Kwang-Mahn, K. Kyoung-
Nam, C. Eun Ha, in Proceedings of 2012 Abstracts IEEE International Conference
on Plasma Science. Antimicrobial efficacy of non-thermal atmospheric pressure
plasma jet on oral micro-organisms, (2012). p. 2P-152-152P-152

Y. Hirano, M. Hayashi, M. Tamura, F. Yoshino, A. Yoshida, M. Masubuchi, K.
Imai, B. Ogiso, Singlet oxygen generated by a new nonthermal atmospheric
pressure air plasma device exerts a bactericidal effect on oral pathogens. J.
Oral Sci. 61, 521-525 (2019). https://doi.org/10.2334/josnusd.18-0455.

REJ. Sladek, SK. Filoche, CH. Sissons, E. Stoffels, Treatment of Streptococcus
mutans biofilms with a nonthermal atmospheric plasma. Lett. Appl. Microbiol.
45, 318-323 (2007). https://doi.org/10.1111/).1472-765X.2007.02194x.

M. Laroussi, D.A. Mendis, M. Rosenberg, Plasma interaction with microbes.
New J. Phys. 5, 41-41 (2003). https://doi.org/10.1088/1367-2630/5/1/341.

N. Jha, JJ. Ryu, R. Wahab, A.A. Al-Khedhairy, EH. Choi, NK. Kaushik, Treatment
of oral hyperpigmentation and gummy smile using lasers and role of plasma
as a novel treatment technique in dentistry: An introductory review.
Oncotarget 8, 20496-20509 (2017). https.//doi.org/10.18632/oncotarget.14887.
N. Jha, JJ. Ryu, EH. Choi, NK. Kaushik, Generation and role of reactive
oxygen and nitrogen species induced by plasma, lasers, chemical agents,
and other systems in dentistry. Oxidative Med. Cell. Longev. 2017, 1-13
(2017). https://doi.org/10.1155/2017/7542540

J=S. Kwon, Y.H. Kim, EH. Choi, C-K. Kim, K-N. Kim, K-M. Kim, Non-thermal
atmospheric pressure plasma increased mRNA expression of growth factors
in human gingival fibroblasts. Clin. Oral Investig. 2015, 20 (1801-1808).
https://doi.org/10.1007/500784-015-1668-0

. Koban, MH. Geisel, B. Holtfreter, L. Jablonowski, N.-O. Hibner, R. Matthes,
K. Masur, K-D. Weltmann, A. Kramer, T. Kocher, Synergistic effects of
nonthermal plasma and disinfecting agents against dental biofilms in vitro.
ISRN Dent 2013, 1-10 (2013). https://doi.org/10.1155/2013/573262

Q. Hong, X. Dong, M. Chen, H. Sun, L. Hong, Y. Wang, H. Li, Yu, Q. an

in vitro and in vivo study of plasma treatment effects on oral biofilms. J.
Oral Microbiol. 11 (2019). https://doi.org/10.1080/20002297.2019.1603524.

. Koban, B. Holtfreter, N.-O. Hibner, R. Matthes, R. Sietmann, E. Kindel, K-D.
Weltmann, A. Welk, A. Kramer, T. Kocher, Antimicrobial efficacy of non-
thermal plasma in comparison to chlorhexidine against dental biofilms on
titanium discs in vitro - proof of principle experiment. J. Clin. Periodontol.
38, 956-965 (2011). https//doi.org/10.1111/j.1600-051X.2011.01740x.

JK Park, SH. Nam, H.C. Kwon, A AH. Mohamed, JK. Lee, GC. Kim, Feasibility of
nonthermal atmospheric pressure plasma for intracoronal bleaching. Int.
Endod. J. 44, 170-175 (2011). https://doiorg/10.1111/).1365-2591.2010.01828 .
Y. Zhang, Q. Yu, Y. Wang, Non-thermal atmospheric plasmas in dental
restoration: Improved resin adhesive penetration. J. Dent. 42, 1033-1042
(2014). https//doi.org/10.1016/jjdent.2014.05.005.

AP. Ayres, P.H. Freitas, J. De Munck, A. Vananroye, C. Clasen, Dias, CT.d.S, M.
Giannini, B. Van Meerbeek, Benefits of nonthermal atmospheric plasma
treatment on dentin adhesion. Oper. Dent. 43, E288-E299 (2018). https://
doi.org/10.2341/17-123-1.

W.-J. Shon, SH. Chung, H-K. Kim, G-J. Han, B-H. Cho, Y.-S. Park, Peri-implant
bone formation of non-thermal atmospheric pressure plasma-treated
zirconia implants with different surface roughness in rabbit tibiae. Clin. Oral
Implants Res. 25, 573-579 (2014). https//doi.org/10.1111/clr.12115.

M. Chen, Y. Zhang, M. Sky Driver, AN. Caruso, Q. Yu, Y. Wang, Surface
modification of several dental substrates by non-thermal, atmospheric
plasma brush. Dent. Mater. 29, 871-880 (2013). https.//doi.org/10.1016/j.
dental.2013.05.002.


https://doi.org/10.1016/j.cap.2012.12.018.
https://doi.org/10.1016/j.msec.2017.02.007.
https://doi.org/10.1016/j.msec.2017.02.007.
https://doi.org/10.1002/ppap.201200076
https://doi.org/10.1002/ppap.201200076
https://doi.org/10.4014/jmb.1904.04060.
https://doi.org/10.1128/aem.00726-18.
https://doi.org/10.1128/aem.02836-17.
https://doi.org/10.1128/aem.02836-17.
https://doi.org/10.1128/aem.03322-14.
https://doi.org/10.1002/ppap.201900269
https://doi.org/10.1002/ppap.201900269
https://doi.org/10.1002/ppap.200900088
https://doi.org/10.1002/ppap.200900088
https://doi.org/10.1109/tia.2013.2274260.
https://doi.org/10.1128/aem.00054-15.
https://doi.org/10.1128/aem.00054-15.
https://doi.org/10.1088/0022-3727/49/20/204001.
https://doi.org/10.1016/j.foodres.2015.06.039.
https://doi.org/10.1016/j.jfoodeng.2017.11.041.
https://doi.org/10.1007/s00705-018-3909-4.
https://doi.org/10.1371/journal.pone.0165322.
https://doi.org/10.1371/journal.pone.0165322.
https://doi.org/10.2741/e692
https://doi.org/10.1167/tvst.3.2.2.
https://doi.org/10.1371/journal.pone.0202352.
https://doi.org/10.1371/journal.pone.0202352.
https://doi.org/10.1002/jmv.24701.
https://doi.org/10.1002/jmv.24701.
https://doi.org/10.4103/jispcd.JISPCD_29_17
https://doi.org/10.1016/j.tibtech.2017.06.009.
https://doi.org/10.1016/j.tibtech.2017.06.009.
https://doi.org/10.4047/jap.2013.5.1.2.
https://doi.org/10.4047/jap.2013.5.1.2.
https://doi.org/10.2334/josnusd.18-0455.
https://doi.org/10.1111/j.1472-765X.2007.02194.x.
https://doi.org/10.1088/1367-2630/5/1/341.
https://doi.org/10.18632/oncotarget.14887.
https://doi.org/10.1155/2017/7542540
https://doi.org/10.1007/s00784-015-1668-0
https://doi.org/10.1155/2013/573262
https://doi.org/10.1080/20002297.2019.1603524.
https://doi.org/10.1111/j.1600-051X.2011.01740.x.
https://doi.org/10.1111/j.1365-2591.2010.01828.x.
https://doi.org/10.1016/j.jdent.2014.05.005.
https://doi.org/10.2341/17-123-l.
https://doi.org/10.2341/17-123-l.
https://doi.org/10.1111/clr.12115.
https://doi.org/10.1016/j.dental.2013.05.002.
https://doi.org/10.1016/j.dental.2013.05.002.

Choi et al. AAPPS Bulletin (2021) 31:10

261.

262.

263.

264.

265.

266.

267.

G. Park, Y.H. Ryu, YJ. Hong, EH. Choi, H.S. Uhm, Cellular and molecular
responses of Neurospora crassa to non-thermal plasma at atmospheric
pressure. Appl. Phys. Lett. 100 (2012). https://doi.org/10.1063/1.3684632.
YH. Na, G. Park, EH. Choi, H.S. Uhm, Effects of the physical parameters of a
microwave plasma jet on the inactivation of fungal spores. Thin Solid Films
547, 125-131 (2013). https.//doi.org/10.1016/j.tsf.2013.04.055.

M.H. Kang, Y.J. Hong, P. Attri, GB. Sim, GJ. Lee, K. Panngom, G.C. Kwon, EH.
Choi, H.S. Uhm, G. Park, Analysis of the antimicrobial effects of nonthermal
plasma on fungal spores in ionic solutions. Free Radic. Biol. Med. 72, 191-
199 (2014). https//doi.org/10.1016/jfreeradbiomed.2014.04.023.

K. Panngom, SH. Lee, D.H. Park, GB. Sim, Y.H. Kim, H.S. Uhm, G. Park, EH.
Choi, Non-thermal plasma treatment diminishes fungal viability and up-
regulates resistance genes in a plant host. PLoS One 9 (2014). https://doi.
0rg/10.1371/journal pone.0099300.

MH. Kang, A. Pengkit, K. Choi, S.5. Jeon, HW. Choi, D.B. Shin, EH. Choi, HS.
Uhm, G. Park, Differential inactivation of fungal spores in water and on
seeds by ozone and arc discharge plasma. PLoS One 10 (2015). https://doi.
0rg/10.1371/journal.pone.0139263.

M-H. Kang, M. Veerana, S. Eom, H.-S. Uhm, S. Ryu, G. Park, Plasma mediated
disinfection of rice seeds in water and air. J. Phys. D. Appl. Phys. 53 (2020).
https://doi.org/10.1088/1361-6463/ab79de.

SH. Ji, T. Kim, K. Panngom, Y.J. Hong, A. Pengkit, D.H. Park, M.H. Kang, SH.
Lee, JS. Im, JS. Kim, et al, Assessment of the effects of nitrogen plasma and
plasma-generated nitric oxide on early development of Coriandum sativum.
Plasma Process. Polym. 12, 1164-1173 (2015). https.//doi.org/10.1002/ppap.2
01500021

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 38 of 38


https://doi.org/10.1063/1.3684632.
https://doi.org/10.1016/j.tsf.2013.04.055.
https://doi.org/10.1016/j.freeradbiomed.2014.04.023.
https://doi.org/10.1371/journal.pone.0099300.
https://doi.org/10.1371/journal.pone.0099300.
https://doi.org/10.1371/journal.pone.0139263.
https://doi.org/10.1371/journal.pone.0139263.
https://doi.org/10.1088/1361-6463/ab79de.
https://doi.org/10.1002/ppap.201500021
https://doi.org/10.1002/ppap.201500021

	Abstract
	Introduction
	Plasma sources
	Nonthermal biocompatible gas plasma: basic physics and chemistry
	Nonthermal biocompatible plasma source operating at atmospheric pressure
	Plasma discharges on liquid and its chemistry
	Water as a UV photolysis layer during plasma cell-tissue treatment
	Influence of other factors on reactive oxygen and nitrogen species generation in DBD and NBPJ on/in water

	Health and hygiene applications of nonthermal biocompatible plasmas
	Cancer treatment by plasmas
	Plasma-exposed treatment
	Immunomodulation and induction of immunogenic cell death
	Plasma-activated medium therapy for cancer cell killing

	Nonthermal plasma for wound healing application
	Plasma antibacterial effects
	Deactivation of bacteria from food products using plasma
	Efficient bacterial killing from various surfaces using plasma

	Antiviral effect of nonthermal plasma
	Nonthermal plasma-based dental applications
	Plasma application to agriculture

	Conclusion
	Acknowledgements
	Authors’ contributions
	Declarations
	Competing interests
	Author details
	References
	Publisher’s Note

