'.) Check for updates

Received: 18 February 2021 Revised: 4 May 2021 Accepted: 13 August 2021

DOI: 10.1002/ppap.202100020

PLASMA PROCESSES
REVIEW AND POLYMERS

On the selective killing of cold atmospheric plasma cancer
treatment: Status and beyond

Dayun Yan | Alex Horkowitz | Qihui Wang | Michael Keidar

Department of Mechanical and
Aerospace Engineering, George Abstract

Washington University, Washington, Compared with many chemotherapy and radiotherapy modalities, selective
District of Columbia, USA

killing of cancer cells is a pivotal feature of cold atmospheric plasma (CAP).
Correspondence Understanding its underlying mechanism will build the foundation of CAP-
Dayun Yan and Michael Keidar,
Department of Mechanical and
Aerospace Engineering, George

based cancer treatment. Additionally, we provided forward-looking thinking
to extend the definition of selectivity from conventional cases involving a

Washington University, Washington, DC single-cell line to a coculture case. Finally, the newly established physically
20052, USA. based treatment strategy provides unprecedented visions to realize selectivity
Email: ydy2012@gwmail.gwu.edu and . . . . ;
keidar@gwu.edu beyond the previously established concepts based on reactive species and di-

rect killing effect.
Funding information

. :- Ld :o .E :.‘...

i

National Science Foundation,
Grant/Award Number: 1747760

Plasma

Cellular Membrane

)

Cell A

L J
5 ° ° ° oo o.' N
S\ MV RIUTY
. & = ® o o ©® ° . -
Apoptosis 3  J l l l o| Genomic Repairing Systems

wae VNN

KEYWORDS
cold atmospheric plasma, cancer treatment, nonthermal plasma, selectivity

1 | INTRODUCTION significant progress has been made in this direction. A
typical helium CAP jet source is shown in Figure 1a. Due
Cold atmospheric plasma (CAP) is an ionized gas with a to the weak thermal effect, CAP can treat skin and tissue

near-room temperature, composed of complex multi- without causing thermal damage and other side ef-
chemical and physical factors, has shown promising ap- fects.l"! CAP has shown promising potential as a novel
plication in cancer treatment. Over the past decade, anticancer modality over the past decade, particularly for
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FIGURE 1 A typical CAP jet source and its use in cancer treatment. (a) A helium CAP jet. Reproduced with permission from Lin and
Keidar" (b) The typical CAP treatment based on CAP jet. Reproduced with permission from Yan et al.'*! CAP, cold atmospheric plasma;
DMEM, Dulbecco's modified Eagle's medium

Cancer cell lines

Breast cancer (MCF7)

Benign prostatic hyperplasia (BPH-1)

Colorectal cancer (HCT116)
Cervical cancer (HeLa)
Gastric cancer (SC-2-NU)
Glioblastoma (U251SP)

Head and neck squamous carcinoma

(JHU-022)
Hepatoma cancer (HepG2)
Lymphoma (U937)

Lung cancer (H460)

Ovarian clear carcinoma (TOV21G)

Squamous cell carcinoma (PAM212)

the in vitro treatments performed on either traditional
cell culture or 2D/3D cell culture using spheroids or
scaffolds.” "1 A simple treatment above the sub-
cutaneous tumor site could extend the life of mice by a

Normal cell lines
Breast (M5655)

Prostate primary epithelial
cells

Colon epithelial (FHC)
Fibroblast (HFB)

Human fibroblast (WI-38)
Astrocytes (ACBRI-371)

Oral cavity epithelial (OKF6)

Liver (L-02)
Blood primary monocyte cells
Lung fibroblast (L132)

Peritoneal mesothelial
(OHFC)

Wild-type keratinocytes
(WTK)

TABLE 1 Some typical selective
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strong inhibition effect on tumor size, which is a non-
invasive nature of CAP.""'°! Besides, CAP may also cause
immunogenic cell death in vivo, which is different from the
direct CAP-caused cell death focused in this review.'!!
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TABLE 2 Lifetimes of some reactive
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species

Reactive species
Hydroxyl radical («OH)
Hydroxyl radical (+OH)
Superoxide radical (0,")
Superoxide radical (0,"")
Hydrogen peroxide (H,0,)
Hydrogen peroxide (H,0,)
Singlet oxygen (*0,)
Singlet oxygen (*0,)
Nitric oxide radical (NO")
Nitric oxide radical (NO")
Peroxynitrite (ONOO™)
Peroxynitrite (ONOO™)

Nitrite (NO,™)
Nitrate (NO3™)

Cancer therapy is a big challenge for modern medicine.
Many chemotherapy and radiotherapy modalities generate
side effects or non-ignorable harm to patients."*"*! It is
urgent to find a novel selective anticancer modality, which
will have an attractive application perspective. One attrac-
tive feature of CAP is its selective anticancer capacity de-
monstrated in many cases.

The widely acknowledged concept of selectivity of
CAP treatment means that either direct CAP treatment
or the indirect CAP treatment based on the CAP-treated
medium can selectively cause strong cell death in cancer
cell lines while only causing slight damage in normal
cell lines under the same experimental conditions
(Figure 1b).l"°! It is necessary to point out that all these
tests were performed by treating a single cancer cell line
or normal cell line in monoculture. It was initially re-
ported by Georgescu and Lupu,!'®! Kim et al,!'”! and
Zirnheld et al.l'*! in their works about murine melanoma
cells and human colon cancer cells in 2010. A summary
of some typical selective cases is presented in Table 1.
Such a widely observed feature suggests some common
features or responses of cancer cells and normal cells to
CAP treatment.

2 | GENERAL ANTICANCER
MECHANISM IN VITRO

The typical CAP-originated reactive oxygen species
(ROS) include singlet oxygen ('0,), hydroxyl radical
(«OH), superoxide anion (O,”), and hydrogen peroxide
(H,0,)."! The typical CAP-originated reactive nitrogen

Half-life References
~107?s (in vivo) [41]
~107°s (in vitro) [42]
~107%s (in vivo) [41]
~ 1073 (in vitro) [43]
~107s (in vivo) [41]
Hours, days, months, or longer (in vitro) [44]
~107%s (in vivo) [39]
~107°s (in vitro) [40]
~ 1s (in vivo) [41]
Seconds, minutes, hours (in vitro) [45]
~ 15 (in vivo) [41]
~ 10735 (in vitro) [46]
Days, months, or longer (in vitro) [47]
Days, months, or longer (in vitro) [48]

species (RNS) includes peroxynitrite (ONOQ™), nitrite
(NO,7), nitrate (NO;”), and nitric oxide (NO).****!
Many reactive species from CAP are toxic to cancer cells.
OH, a typical short-lived reactive species, is highly re-
active to many vital molecules, including DNA, RNA,
proteins, and phospholipid.”*! ONOO™ can damage the
function of antioxidant enzymes and other mole-
cules.****1 H,0,, a typical long-lived reactive species, is
toxic to various cancer cell lines.””! For instance, H,0,
can cause oxidation on many proteins and DNA.F

The main chemical components in CAP can be di-
vided into two categories: short-lived and long-lived re-
active species. The sharp difference in reactive species'
lifetime length determines their availability and therefore
their ability to impact biological processes (Table 2). For
short-lived reactive species, such as O, ", OH", 102, and
ONOO7, they can affect the cells just near the CAP
source over a short-time length scale (nano-, micro-, and
milliseconds).*”*"! Long-lived reactive species (NO,,
NO;~, O3, NO, H,0,) can affect cells relatively far from
CAP source through the diffusion in the layers of med-
ium or solution over a long-time length scale. Such a
difference will be much more apparent when comparing
the different biological effects of direct CAP treatment
with the indirect CAP treatment based on the CAP-
treated medium or solution.

Generally, the anticancer mechanism in vitro is based
on the biological effect of chemical factors in CAP, par-
ticularly ROS such as H,0,. In many cases involving
direct CAP treatment on cells, RNS or ROS touched a
medium layer or solution layer before they further affect
cells. Such an interaction style is due to the widely used
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in vitro experimental designs, where cells remain in
culture conditions during treatment.[*”*°! Similarly, in
the case of using the CAP-treated medium or solution to
affect cells, the long-lived reactive species or other reac-
tion products play a dominant role in determining cells'
final fate.”"*'! Evidence for such is seen when the cell
culture medium present during treatment is immediately
exchanged for a fresh culture medium, completely in-
hibiting CAP treatment's cytotoxicity.””! The presence of
extracellular ROS scavengers, such as cysteine, pyruvate,
and nordihydroguaiaretic acid (NDGA), can completely
counteract CAP's cytotoxicity on cancer cells.!”*>*!

The rise of intracellular ROS has been widely reported
in many CAP-treated cancer cell lines."***! CAP treat-
ment cannot kill cancer cells once these cells have been
pretreated with intracellular ROS scavengers, such as N-
acetyl-cysteine (NAC), rotenone, p-mannitol, Mn(III) tet-
rakis (4-benzoic acid) porphyrin (MnTBAP), diphenyle-
neiodonium (DPI), as well as apocynin.!'"****! Thus, the
intracellular ROS rise has been regarded as the key me-
chanism to cause final cell death. The chemical essence of
intracellular ROS rise is still mostly unknown because, in
most cases, ROS assays are based on an oxidant-sensitive
fluorescent dye 2’,7'-dichlorodihydrofluorescein diacetate
(H,DCFDA), which is not a specific ROS probe.l*"*
H,0,, 0,7, OH", and ONOO™ may mainly contribute to
the increased intracellular ROS.”7>>%°"1 ROS rise may
be either due to (1) the diffusion of extracellular ROS or
(2) the intracellular reactions and releases triggered by
exogenous reactive species. For the first case, because
most CAP-generated reactive species are polar or charged
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molecules, the transmembrane diffusion of ROS/RNS re-
quires specific membrane proteins. However, molecular
dynamics (MD) simulation recently found that transient
pores (~15 A) could be naturally formed on phospholipid
bilayer (PLB) once all phospholipids are oxidized
(Figure 2).1°! Thus, CAP's oxidative stress may indirectly
form many transient pores on the cellular membrane,
providing a fast routine for reactive species to enter the
cytosol. RNS (NO, NO,, N,0,) and O; may permeate more
easily through the oxidized PLB than hydrophilic ROS,
such as OH, HO,, and HzOz.[(’Q] Membrane consisting of
combined nitro-oxidized lipid products may protect the
transient pore formation in the presence of oxidized
lipids.!”"!

For the second case, complex intracellular pathways
may be involved after CAP treatment. One pathway may
overturn the redox balance by compromising on the
intracellular antioxidant system. Naturally, the in-
tracellular antioxidant system will resist intracellular
ROS rise. Such a system includes small molecules, such
as reduced nicotinamide adenine dinucleotide phosphate
(NADPH) and glutathione (GSH), as well as numerous
enzymes, such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase, and peroxiredoxin. The
decreased ratio of GSH/GSSG and NADPH/NADP* has
been observed in many CAP-treated cancer cell lines.!”"!
Similarly, the decreased expression of SOD and CAT in
CAP-treated cancer cell lines has also been reported.m]
The intracellular ROS rise causes considerable cellular
damage, such as mitochondria damage, DNA damage,
cellular membrane damage, and endoplasmic reticulum

s
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FIGURE 2 Snapshots of transient pore formation on phospholipid bilayer based on molecular dynamics simulation, after 10, 40, and
80 ns in the model system with 100% oxidation. With the permission of Van der Paal et al.l°!
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damage, ultimately followed by cell death with a CAP
dose-dependent trend.[”*”*7*! For the cell death triggered
by chemical factors, apoptosis is the primary cell death
form, though necrosis and autophagy-associated cell
death have also been found.!'*” 7%

Though CAP treatment's chemical essence is still
disputable, ROS has been regarded as the keystone
component to ultimately achieve cell death!”! and H,0,
may be a critical ROS in many cases,l?/2%441:65.67.79-81]
Extracellular H,O, scavengers, such as sodium pyr-
uvate and cysteine, and cysteine derivatives, such as
NAC, and CAT can strongly counteract the cytotoxicity
of a CAP treatment. Other ROS, such as O,", OH", and
'0,, may also contribute to cell death observed in some
ROS-resistant cell lines' cell death, and 'O, has been
regarded as a necessary killing factor in some stu-
dies.l°"*?l RNS, such as NO,~, NO;~, and ONOO~, may
also contribute to CAP's cytotoxicity. For some cell lines,
compared with a single H,O, treatment, synergistically
using H,0,/NO,~ or H,0,/NO, /NO3;~ mixture can
produce cytotoxicity, which is more close to the cyto-
toxicity due to CAP treatment.****! Besides, ONOO™
may contribute to kill myeloma cells by a nanosecond
pulsed N,/O, plasma.*”!

3 | SELECTIVE ANTICANCER
MECHANISM

Under the same experimental conditions, a CAP treat-
ment can kill cancer cells much more than normal
counterpart cells in many studies."®'7*°! It has been
suggested that the selective death of cancer cells
may be mainly due to selective apoptosis after CAP

I$ I$ L
Cancer cells [> II:> *

FIGURE 3 A schematic illustration of
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treatment./*'*'7*°! Dye to the robust metabolism rate in
cancer cells, the basal ROS level is naturally higher in
cancer cells than normal cells.*”*”! When additional ROS
stress is exerted, allowing them to be killed more easily
than normal cells (Figure 3).l°°“"! However, the basal ROS
level has been difficult to determine accurately by assays,
such as fluorescent ROS assays.l”*! The selective rise of
intracellular ROS in cancer cells is the most widely ob-
served cellular change following CAP treatment, a deeper
understanding of which could be central to understanding
CAP-based anticancer selectivity.!?!:>+¢+71:%%1

It is necessary to point out that H,O, alone in a re-
latively high concentration or as the mediator of a series
of anticancer drugs can selectively induce apoptosis in
some cancer cell lines.”””**l However, the observable
selectivity cannot be simply explained by H,0, alone.
Selectivity may not be explained or exactly predicted by
just one factor. On the one hand, CAP has complex
chemical and physical components. Here, we only fo-
cused on a few ROS, such as H,0, and 'O,, and their
potential role in selectivity. Other ROS, RNS, and phy-
sical factors may also contribute to the final cellular re-
sponses. On the other hand, even a single cell is an
extremely complex system. Many proteins or other mo-
lecules may have different expression patterns in cancer
cells and normal cells, many of which could potentially
contribute to selectivity (Figure 4).

It is necessary to point out that any models or ex-
planations need to be self-consistent with the widely
observed experimental data or the acknowledged con-
clusions in plasma medicine. More importantly, the new
models need to have universality, at least partial uni-
versality, because of the universality of selectivity. Be-
sides, selectivity also exists when the CAP-activated

17,86

Cell death

| Post-treatment level

selective reactive oxygen species (ROS) rise in
cancer cells. The selective ROS rise in the cold
atmospheric plasma-treated cancer cells may be
the pivotal clue to understand selectivity

Low I i

Intracellular ROS level
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solutions were used to affect many cancer -cell
lines. 177005295981 Thyg, the short-lived reactive species
should not be considered in the selectivity caused by the
CAP-activated solution or medium.

The candidate should be related to some general
features that are common to many cancer cells, which, in
turn, would be less common to their normal counter-
parts. Over the past 5 years, the roles of some factors have
been proposed to explain selectivity. These efforts focus
on different cellular features and provide unique visions
and clues toward the final understanding of selective
anticancer capacity based on CAP. Despite lacking ex-
perimental evidence, some related preliminary studies
and simulation studies support these suggestions.

3.1 | Aquaporins (AQPs)

A model based on the different expression levels of AQP
in cancer cells and normal cells has been proposed.''”!
AQP facilitates the transmembrane diffusion of some
small molecules, including H,O, CO,, NO, and
NH;.””'%l Many studies confirmed that AQP (1, 3, 8, 9)
also facilitates the passive transport of H,O, across the
cellular membrane in bacteria, plant, and mammalian
cells."*" 1% The uptake of H,0, in human colon ade-
nocarcinoma cells (HT29) and cervical cancer cells
(HeLa) was drastically enhanced via the expression of
AQP 3.1l MD simulation demonstrated that the free

energy barrier of H,O, across AQP 1 was lower than
H,0, across a palmitoyl-oleoyl-phosphatidylcholine PLB,
suggesting that the diffusion of H,O, into cells can be
through AQP.I'"! For yeast cells, the expression of AQP
8 caused strong cytotoxicity in 0.2 mM H,0, solution. In
contrast, even a 1.0 mM H,O, solution could not cause
noticeable death on the yeast cells without the expression
of AQP 8 (Figure 5)."'! These studies demonstrated that
the expression level of AQP could cause different cell
death rates upon the same H,O, treatment.

Human tissues have specific AQP expression pat-
terns. For instance, AQP 4 is the main AQP expressed in
the eyes, nose, and heart. AQP 1, 8, and 9 are the main
AQP expressed in the liver. It is necessary to point out
that many mammalian tissues express AQP 1, or 3, or 8,
including the eyes, brain, lung, heart, liver, spleen, pan-
creas, kidney, ovary, and muscle.!'’"! These tissues were
involved in many CAP-based cancer treatments in vivo.
AQP plays pivotal roles in tumor-associated edema, an-
giogenesis, tumor proliferation, and migration. Many
tumorous tissues, such as breast cancer, lung cancer,
astrocytoma, and cervical cancer, express more AQP 1, 3,
or 8 than healthy tissues.'*”]

We hypothesized that different ROS transmembrane
diffusion capacities between cancer cells and normal
cells might contribute to the selective rise of intracellular
ROS in cancer after CAP treatment. Many cancer cells
express more AQP than their normal cells counterparts
to sustain their vigorous proliferation and metabolism.
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FIGURE 4 Multiple factors may contribute to selectivity by their specific expression in cancer cells and normal cells. Generally, it may
include the entrance of reactive species into the cytosol, the impact of reactive species on cellular membrane, intracellular antioxidant
system, and genome repairing system. Reproduced with permission from Yan et al.l”!
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FIGURE 5 Expression of aquaporins
(AQPs) affects H,0, cytotoxicity on yeast cells.
Yeast cells' phenotypic growth assay was
performed on H,0,-rich agar media. Human
orthodox AQP8 (hAQP8) and AQP1 (hAQP1)
were expressed in some yeast cells. Cell density
in each panel decreases from left to right.
Reproduced with permission from Almasalmeh
et al.l'o!

Considering H,0, generated in CAP treatment alone, the
faster uptake of H,0, by cancer cells will be faster than
normal cells, contributing to the selective ROS rise and
death in cancer cells. Though the direct experimental
evidence is still lacking, some discussions can be given
based on references and a preliminary study. The role of
AQP in the cytotoxicity of CAP treatment has been ex-
plored in a glioblastoma cell line U87MG. AQP blockers,
such as silver (Ag) atoms, can inhibit CAP's cytotoxicity
on US7MG cells.l'”*] U87MG cells have a clear expres-
sion of AQP 1, 3, 8, and 9.1l Silencing the expression of
AQP 8 by microRNA significantly compromised treat-
ment efficacy.l'”") Silencing AQP 9 did not change the
CAP treatment's cytotoxicity on U87MG cells. Thus, the
specific role of the AQP family in CAP's anticancer ca-
pacity is still far from clear. A specific AQP may dom-
inate the transportation of reactive species and further
determine the cellular response to CAP. Further sys-
tematic and comparative studies on the full AQP family
of cancer or normal cell lines are urgent.

3.2 | Antioxidant systems

The complete intracellular antioxidant systems in the
cytoplasm and organelles include small antioxidant mo-
lecules, such as NAD(P)H and glutathione, and ROS-
scavenging enzymes, such as CAT, SOD, peroxiredoxin,
and glutathione peroxidases/reductases.’””)  Among
them, peroxiredoxin is the main target of H,O, in mi-
tochondria.l''"! The redox balance between the uptake of
exogenous ROS and intracellular ROS scavengers
based on the intracellular antioxidant system may
directly determine the intracellular ROS level..'*’! A ro-
bust intracellular antioxidant system may weaken the
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cytotoxicity of CAP. For example, decreased/inhibited
expression of Mn, Cu, and Zn-SOD increased the cell
death of CAP-treated HeLa cells."”) Overexpression of
CAT also decreased the death rate of CAP-treated HeLa
cells."”! The expression of antioxidant enzymes in many
cancer cells is less compared with normal cells..*”! For
instance, CAT expression in cancer cells is less than
normal cells in many cases.|''''"*! Recently, it is found
that stable intracellular glutathione levels only occurred
in the CAP-treated ROS-resistant cell lines, which may
be due to more expression of cysteine-glutamate anti-
porter xCT (SLC) in these ROS-resistant cell lines com-
pared with other ROS-sensitive cell lines (Figure 6).l''")
Generally, if normal cells demonstrate a more robust
antioxidant system, they may be more resistant to exo-
genous ROS cytotoxicity, leaving them undamaged by
CAP treatment.

There is an inversely proportional correlation between
the H,0, consumption rate of cancer cells and CAP treat-
ment's cytotoxicity. For 10 cancer cell lines, the cancer cell
line with a faster H,O, consumption rate will be more re-
sistant to CAP treatment. For example, melanoma cell line
B16F10 can clear all extracellular H,O, with the quickest
speed, just <1h after CAP treatment. Correspondingly,
B16F10 cells show extreme resistance to CAP treatment. In
contrast, bone osteosarcoma cell line U-2 OS shows the
slowest extracellular H,O, scavenging speed but owns the
strongest vulnerability to CAP treatments cytotoxicity
(Figure 72). This quasi-inversely proportional correlation
strongly suggests the pivotal role of cancer cells’ antioxidant
system in CAP treatment's cytotoxicity.

Additionally, another general trend was that the
cells, including cancer cells and normal cells expressing
tumor suppressor p53, would be more resistant to CAP
treatment than the cells without p53 or inhibited
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FIGURE 6 Sensitivity of cancer cell lines to cold atmospheric plasma (CAP) treatment. (a) Metabolic activity at 24 h after CAP
treatment (0, 30, 60, 120 s). Cell lines that showed >50% reduction in metabolic activity after the 30 s of CAP treatment were categorized as
“sensitive,” and <50% reduction were categorized as “resistant” cell lines. (b) Basal glutathione (GSH) levels. (c) GSH/GSSG ratio.

Reproduced with permission from Bekeschus et al.[''*!
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FIGURE 7 Two general trends in cancer treatment. (a) The extracellular H,O, consumption rate of a cancer cell line is inversely
proportional to cold atmospheric plasma (CAP) treatment's anticancer effect. The data were calculated based on the methods in Ref. [115].
Reproduced with permission from Yan et al."'**! (b) Highly preferential anticancer efficacy of CAP on cancer cells without functional p53.

Both p53-proficient cell lines (RKO, MESSA, HepG2, G361, LoVo) and

p53-deficient cell lines (DLD-1, H1299, HT29, HCT115) are cancer

cell lines. “NTAPP” means CAP here. Reproduced with permission from Ma et al.l'*®]

expression of p53 gene (Figure 7b).l" ' Loss of p53 gene
is a pivotal step in the tumorigenesis of many tumors.
Many tumors in the high tumorigenic stage lack p53
expression.l''”! As a multifunction transcription factor,
p53 protects the genome from ROS-caused oxidation by

regulating many antioxidant enzymes'  expres-
sion.!'"*'?!] p53 gene is an important regulator of in-
tracellular ROS levels.!'** Thus, the cancer cells lacking
p53 gene may have a weaker antioxidant system, which
explains stronger cell death after CAP treatment.
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3.3 | Transient membrane pores

The transient membrane pore formation in the cellular
membrane, particularly in the cytoplasm membrane,
provides another perspective for understanding selectiv-
ity. Based on the different trends to form transient
membrane pores on the cytoplasmic membrane after
CAP treatment, the studies based on MD simulations
provide new clues. The CAP-originated ROS can oxidize
the lipids in the PLB of the cellular membrane. MD si-
mulation demonstrates that such liquid oxidation may
increase PLB's permeability to ROS in the extracellular
space by decreasing the electric field threshold for tran-
sient pore formation.'*"!

More importantly, MD simulation suggests the un-
ique role of cholesterol in the permeation of reactive
species across the PLB. It is found that the increased
cholesterol fraction in the PLB will increase the PLB
order and the transfer free energy barrier height and
width, which results in a local free energy minimum at
the center of the membrane to create extra free energy
barriers (Figure 8).[°“'*l Cholesterol may inhibit the
pore formation on the cytoplasmic membrane.!°*?*!
Cholesterol may have specific distribution in cancer cells
or normal cells. For example, compared with lympho-
cytes, leukemic cells have a lower cholesterol/phospho-
lipid ratio.l'*”) It is reasonable to suggest that the CAP-
originated reactive species may diffuse into cancer cells
more quickly than normal cells in terms of the prob-
ability of forming transient pores on the cytoplasmic
membrane. However, this is hinged whether the cho-
lesterol/phospholipid ratio in cancer cells is commonly
lower than normal cells because selectivity has been
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commonly observed in many cancer types. This point
requires more experimental evidence to support it. So far,
the available evidence may be just limited to lymphocyte
and lymphoma cell types.

3.4 | Singlet oxygen

CAP also generates 'O,, which may have a significant
impact on cancer cells.'**'*1 10, can inactivate
membrane-bound CAT, inducing the generation of can-
cer cell-derived secondary 'O, and initiating mechanisms
of ROS-/RNS-dependent apoptotic pathways.!'**] Unlike
other ROS/RNS, 'O, signaling may result in self-
perpetuating apoptotic signaling from cell-to-cell and fi-
nally reach the tumor tissue in depth.*”! CAP may se-
lectively work against cancer cells in vitro and even
tumors in vivo based on CAP-derived 0, and the different
expression patterns of cytoplasmic membrane-localized
CAT."”! As shown in Figure 9, 'O, from CAP initially
only reaches a tumor's surface and inactivates some
membrane-associated CAT. Later, at the local CAT in-
activation site, secondary 'O, is generated by cancer cells,
which inactivates more other CAT on the same cells and
neighboring cells. The generation of secondary 'O, and
CAT inactivation spread into deeper tissue. Finally,
apoptotic cells appear in the upper layers of tissue when
the generation of secondary '0,, CAT inactivation, and
RONS signaling spread into deeper tissue.

To date, it is urgent to have more evidence to de-
monstrate that the robust membrane-bound CAT ex-
pression is specific on cancer cells rather than on normal
cells, which clearly will be a key to support this

Free energy (kJ.mol")
S

Increasing 1
choles'terol ] =—— 0% CHOL
fraction
| ——10% CHOL
20% CHOL
30% CHOL
1 ——40% cHOL
—50% CHOL

-35 -30 -25 -20 -1.5 -1.0 -05 00 05

1.0 1.5 20 25 3.0 35

Distance to center of bilayer (nm)

FIGURE 8 Effect of cholesterol fraction in cell membrane on the potential of mean force (PMF) of H,0,. With the permission of Van

der Paal et al.l'?*
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FIGURE 9 Hypothetical model to explain self-perpetuation of 'O, -triggered cell death. The model follows the order from (1)(6).

A detailed illustration is presented in the text. Permission from the Bauer and Graves

explanation. Another caveat is the unclear role of 'O, in
CAP cancer treatment. More experimental evidence is
still needed to demonstrate that 'O, indeed plays a cru-
cial role, at least as important as H,0,, to determine the
final fate of CAP-treated cancer cells. In contrast, the
critical role of H,0, has been widely acknowledged in
plasma medicine based on a large number of experi-
mental evidence.[?72%451.65:67.79-51] Byrthermore, 10, is
a short-lived reactive species, with a half-life of several
microseconds in water."*’! Thus, 0, is not expected to
play a role in the anticancer selectivity associated with
CAP-activated solution or medium, which theoretically
only allows long-lived reactive species and other reaction
products to exert a biological effect on cancer cells
(Table 2).1749:008395°98] Thyg 10, may play its unique
role during direct CAP treatment in vitro or in vivo.

3.5 | Genomic repairing system

DNA damage is an important mechanism to trigger
apoptosis in the CAP-treated cancer cells, which has
been widely observed as an early event after treat-
ment.[">7*! Double-strand break (DSB) is a main DNA
damage style."”'*”) An important marker of DSB is the
phosphorylation on serine 139 on H2AX histone
(y-H2AX), which has been widely observed immediately
following CAP treatment.””'**'*") The increased ex-
pression of phosphorylation of p53 (p-p53) in the CAP-
treated melanoma cells (B16F10) was followed by the

[128]

expression y-H2AX, which follows the standard chron-
ological order of DNA damage-triggered apoptosis path-
ways."! However, if DNA damage can be timely
repaired, apoptosis may not be triggered. In mammalian
cells, a fine genome repairing system can resist DNA
damage to some extent.’*'! In normal cells, the in-
efficient DNA damage repairing may accumulate muta-
tions to initiate tumorigenesis or apoptosis.'**'** Like
normal cells, serious DNA damage in cancer cells will
also trigger apoptosis. However, insufficient DNA da-
mage repair mechanism in cancer cells facilitates tumor
growth and aggression by accumulating muta-
tions."**°°! In many tumors, the genome repairing
system has been compromised, facilitating the increased
frequency of selective DNA damage and apoptosis in the
CAP-treated cancer cells.!'*”)

4 | BEYOND CONVENTIONAL
SELECTIVITY
4.1 | Coculture of cancer and

normal cells

The traditional selectivity concept is based on a single
cell line's response to the CAP-originated reactive spe-
cies. Such a definition of selectivity can go beyond several
ways. Considering the clinical cases, the interface be-
tween cancer tissues and normal tissues may be just the
place where cancer cells' selective death is needed. The
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coculture system of cancer cells and normal cells may
simulate such an interfacial environment. If cancer cells
can consume ROS/RNS faster than normal cells, cancer
cells may protect normal cells in a coculture system. For
example, glioblastoma cell line U87MG consumes H,0,
much faster than normal astrocyte cell line hTERT/E6/
E7.""] While this hypothesis remains to be fully tested
experimentally, it can be used to explain the selective
anticancer performance of a coculture system composed
of normal cell line LO2 and liver cancer cells HepG2.l”!
An optimum treatment dose could selectively trigger the
significant apoptosis in cancer cells in that study, leaving
normal cells with minor damage.!””!

Furthermore, the selectivity can also be achieved by
the self-adaptive guiding of bulk CAP jet to the side of
normal cells in a coculture system by the physical feed-
back mechanism of cells to plasma. In a recent new co-
culture system, glioblastoma cell line U87MG could
direct a helium CAP jet either toward or away from
normal astrocyte cell line hTERT/E6/E7 (Figure 10).['*"
The presence of a grounded copper board beneath the
cell culture dish could overturn CAP jet's behaviors
compared with a floating condition without such a cop-
per board.!"**! The cells' capacitance may be an essential
factor to affect CAP jet's behavior.'** This is the first
demonstration that CAP jet's direction can be manipu-
lated based on the permittivity difference between cancer

(@ .
Two types of cells Wiar? i'r?c!fb:::;rs
in the barrier for cells to attach
with the boundary at the bottom Remove the barrier

—

at dish center

(b)

add 20mL DMEM
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cells and normal cells. This understanding may build the
foundation to guide CAP selectively toward cancer tissue
at the vicinity of normal tissues and realize a novel
concept of selectivity based on the physical interaction
between bulk CAP and cells.

4.2 | Specific cell-based H,0, generation
Recent observations might provide yet another opportu-
nity for the concept of selectivity. CAP sources have been
regarded as the sole source of ROS, particularly H,O,, to
affect cells’ function and final fate. The discovery of cell-
based H,0, generation at the micromolar level chal-
lenges this consensus. H,O, is an important signaling
molecule in cancer cells.””! About two decades ago, it
was found that ovarian carcinoma, neuroblastoma, mel-
anomas, and colon carcinoma can generate nanomolar
levels of H,0,.!"*°! So far, CAP may be the sole tool to
trigger cancer cells to generate a micromolar level of
H,0,.!"“’! This discovery is unique in terms of plasma
medicine and provides an interesting novel observation
for cancer biology.

The cell-based H,0, generation was initially observed
in a triple-negative breast cancer cell line MDA-MB-231
and a pancreatic adenocarcinoma cell line PA-TU-8988T
cells by comparing the H,0, concentration generated in

Plasma jet
shooting at dish center

Record bottom-view
videos of
:(> self-organization
patterns
Noule

Plasma
Jet

FIGURE 10 Bulk cold atmospheric plasma (CAP) jet was directed to the boundary of normal cell colonies and cancer cell colonies in a
coculture system. (a) Schematic illustration of coculture system and experimental designs. (b) Photo of cell colonies in 100 mm culture dish.
(c) A side-view image of the contact area of the plasma jet on targets. Normal astrocytes hTERT/E6/E7 and glioblastoma cells U87MG have

grown on the negative-x (left) region and the positive-x (right) region, respectively. Permission from Lin et a

1.8
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FIGURE 11 Specific cell-based H,0, (micromolar) generation.

(a) Direct cold atmospheric plasma (CAP) treatment can
specifically trigger strong H,0, generation in an extracellular
environment. H,0, concentration in Dulbecco's modified Eagle's
medium (DMEM) was measured immediately (<1 min) after
treatment. Each test with a specific volume of DMEM was
performed based on four experimental designs: just DMEM, no
cells (control), pancreatic adenocarcinoma cells (PA-TU-8988T) in
DMEM, breast adenocarcinoma cells (MDA-MB-231) in DMEM, as
well as on glioblastoma cells (U87MG) in DMEM. Permission from
Yan et al.l**"! (b) In situ H,0, measurement over 3 min Ar plasma
jet treatment and 30 min after the treatment. Jurkat T cells and
THP-1 cells were human monocytic cell lines, and the cancer cell
lines were derived from an acute monocytic leukemia patient,
respectively. PBS represents the same measurement performed in
control (pH 7.4). Permission from Nasri et al.l'*?!

the CAP-treated medium without and with cells."*"!

When the volume of medium was adequately small, cell-
based H,0O, generation could reach about 60uM
(Figure 112). The discharge voltage is a vital parameter to
modulate cell-based H,O, generation. When the dis-
charge voltage is adequately large, noticeable cell-based
H,O0, generation can be observed in six other cancer cell
lines, including breast cancer cell line MCF7, cervical
adenocarcinoma cell line HeLa, bone osteosarcoma cell
line U-2 OS, lung carcinoma cell line A549, colorectal

carcinoma cell line HCT116, and melanoma B16F10./'*"]
In other cell lines, similar phenomena have been ob-
served by another team using different methods, such as
in situ H,0, measurement after CAP treatment
(Figure 11b).1*#)

The cell-based H,0O, generation may be cell line-
specific and selective. It is found that different cancer cell
lines have quite different cell-based H,O, generation
under the same experimental conditions.!"*! Compared
with cancer cell lines, two normal cell lines, astrocyte cell
line (hTERT/E6/E7) and fibroblast cell line (WDTF),
generate only a low concentration of H,0, (<5 uM) un-
der same discharge conditions.!"**! Similarly, the in situ
measurements also showed that both Jurkat T cells, an
immortalized human CD4+ T lymphocyte cell line
(DSMZ) and THP-1 cells, a human monocytic cell line
derived from an acute monocytic leukemia patient (CLS)
could generate H,0, compared with control. However,
Jurkat T cells continue to generate H,O, after CAP
treatment. In contrast, THP-1 cells will quickly consume
the extracellular H,O, after CAP treatment (Figure 11b).
A similar quick consumption has also been observed in
our observation on PA-TU-8988T cells and MBA-MD-231
cells..'"*”) Such a selective cell-based H,0O, generation
may also contribute to selectivity based on direct CAP
treatment.

4.3 |
factors

The selectivity based on physical

The biological effect of CAP's physical factors, such as
UV, thermal effect, and electromagnetic (EM) irradiation
has been rarely observed in plasma medicine, particu-
larly in cancer treatment for years. Thus, these physical
factors have been regarded as a neglected role in the
CAP's biological effect. Recently, the observation of cell
death and sensitization by EM emission from CAP pro-
vided a new vision to understand the whole interaction
between CAP and cells. When all chemical factors in
CAP have been blocked in a novel experimental design, a
strong physical effect could be observed. The EM emis-
sion from the CAP jet could penetrate the bottom of
standard cell culture dish or multiwell plates, which can
cause strong physically triggered cell death. The bottom
was made of compact polystyrene material and had a
thickness of around 1 mm. This physical barrier blocks
all chemical factors, particularly reactive species, from
contacting the cells on the other side. The cell death
triggered by physical factors is characterized by cytosol
aggregation and apparent bubbling on the cytoplasmic
membrane, which is a process just lasting about
10 min."**'**1 Because the physically based CAP
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treatment is essentially different from the chemically
based treatment, one might expect that different cellular
responses are involved. For glioblastoma U87MG cells
and normal astrocyte cell line hTERT/E6/E7, the normal
cell line is very sensitive to the reactive species’ cyto-
toxicity. Thus, only a negative selectivity could be ob-
served, which means normal cell lines will die more than
cancer cell lines.!"**! This limitation can be overcome as
long as the dominant factors were reactive species. In
contrast, the physically based CAP treatment can re-
instate a positive selectivity toward glioblastoma cells by
physical mechanism and physically triggered cell death
(Figure 12).1'"*! To date, only this single study has been
reported. It is promising to find more evidence that the
physically based CAP treatment may also contribute to
selectivity by an unprecedented mechanism.

For CAP-based cancer treatment discussed so far,
nearly all studies focused on killing cancer cells directly
by chemical or physical factors in CAP. This is also
the basic motivation and strategy to perform plasma
medicine-related studies in most cases. Recently, a novel
work sheds light on a fully different routine to use CAP

AND POLYMERS

in cancer treatment. Not aiming to kill cancer cells di-
rectly, the discharge tube focuses on sensitizing cancer
cells to the cytotoxicity of drugs in a contactless and
transbarrier way, which could provide a promising new
approach to affect deep subsurface tumor tissues, such as
brain tumors. In a preliminary study, the helium gas was
discharged in a sealed glass tube under atmospheric
pressure conditions, referred to as the discharge tube.
Compared with the CAP jet source, the discharge tube
was essentially the same except that helium was sealed in
a tube rather than being continuously supplied from the
pressurized helium tanks (Figure 132,b)."*”1 Two glio-
blastoma cell lines U87MG and A172 could be effectively
sensitized to the cytotoxicity of a widely used glio-
blastoma drug temozolomide (TMZ) (Figure 13c). Inter-
estingly, there was no apparent effect on normal
astrocyte cell line hTERT/E6/E7 (Figure 13d). EM
emission from the discharge tube triggered the sensiti-
zation, though its physical basis and underlying me-
chanism were still unknown."*”! The sensitization could
be achieved when there was a macroscale air gap (5 mm)
and the physical barrier of multiwell plates for cell

(a) Chemically based CAP treatment.
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FIGURE 12 Physical treatment can reinstate the selectivity in cold atmospheric plasma (CAP)-treated astrocytes. (a) Schematic
illustration of chemically based and physically based treatment. (b) Negative selectivity in chemically based treatment. (c) Positive selectivity
in physically based treatment. Student's t-test was performed, and the significance was indicated as *p < .05, **p <.01, **p < .005.

Permission from Yan et al.l'*"!
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Selective sensitization on glioblastoma cells by a helium gas discharge tube. (a) The schematic illustration of setup. (b) The

photo of the discharge tube in operation. (c) Strong sensitization of glioblastoma U87MG cells to temozolomide (TMZ) (250 uM). (d) Weak
impact on normal astrocyte cell line hTERT/E6/E7. (Student's t-test, ***p < .05). Permission from Yao et al.['*”]

culture. Sensitization is also referred to as activation and
can be achieved by a typical CAP jet source. In fact, the
activation phenomena were first discovered during the
direct CAP treatment using a helium CAP jet. In that
case, pancreatic cancer cells were sensitized to the cyto-
toxicity of long-lived reactive species, such as H,O, and
NO,~.["#1%1 The activation mechanism is also un-
known. However, the short-lived reactive species and
physical factors rather than long-lived reactive species
may cause the activation in direct treatment.

5 | CONCLUSIONS

In this review, the traditional concept of CAP-triggered
selective death of cancer cells has been regarded as a
narrow concept of selectivity. It focuses on the single-cell
line's death rate to single CAP treatment on this cell line,
which is fully determined by CAP's reactive species.
AQP, antioxidant system, transition pore formation, and
cellular membrane component, as well as singlet oxygen,
may contribute to such a selective death of cancer cells
upon CAP treatment. It is necessary to note that se-
lectivity will not definitely occur in all cases. This is most
simply explained by differences in the expression

patterns of individual proteins or protein families in
cancer cells and their normal counterpart cells. Take the
AQP-based explanation as an example, if specific cancer
cells express AQP 1, 3, 8, or 9 less than normal cells, CAP
may kill cancer cells with negative selectivity. Similarly,
for the explanation based on transition pore formation on
the cellular membrane, if the specific cancer cells have
more cholesterol in the cellular membrane than normal
cells, negative selectivity may also occur. In short, the
selective anticancer capacity should not be regarded as a
single factor determined.

Beyond the traditional definition of selectivity, we
provided some new visions for selectivity's general con-
cept. A coculture system, for example, involves a cancer
cell line and a normal cell line simultaneously. Even
though the selectivity does not occur on a single cell line,
the coculture of a cancer cell line with another normal
cell line may protect normal cells by the higher reactive
species’ consumption speed. The discovery of the
capacitance-based physical feedback mechanism of cells
to bulk CAP jet for the first time provides an exciting
routine to guide CAP to treat cancer cells in the presence
of neighboring normal cells. The new studies of physical
effects on cancer cells, including the direct killing effect
and the sensitization effect, provide unprecedented
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selectivity concepts. Physically based CAP treatment can
generate selectivity on glioblastoma cells, which cannot
be achieved by traditional chemically based CAP treat-
ment. The discharge tube, a novel CAP source, can
sensitize glioblastoma cells to the cytotoxicity of the
widely used drug TMZ without causing side effects on
normal astrocytes. These new results provide a clear vi-
sion that CAP treatment's selectivity can extend its ap-
plication beyond a superficial understanding, which was
limited mainly to a pharmaceutical-like approach. So far,
the clinical application of CAP in cancer treatment is
mostly unclear. Finding possible new routines to use
CAP in cancer treatment will facilitate the ultimate rea-
lization of clinical CAP cancer treatment.

ACKNOWLEDGMENTS
This study was supported by National Science Founda-
tion (Grant No. 1747760).

CONFLICT OF INTERESTS
The authors declare that there are no conflict of interests.

DATA AVAILABILITY STATEMENT
Research data are not shared.

ORCID
Dayun Yan © http://orcid.org/0000-0002-9801-021X
REFERENCES

[1] M. Laroussi, IEEE Trans. Plasma Sci. 2002, 30(4), 1409.

[2] M. Laroussi, Plasma Processes Polym. 2005, 2(5), 391.

[3] 7. Schlegel, J. Koritzer, V. Boxhammer, Clin. Plasma Med.
2013, 1(2), 2.

[4] D.Yan,J. H. Sherman, M. Keidar, Oncotarget 2017, 8, 15977.

[5] M. Laroussi, X. Lu, M. Keidar, J. Appl. Phys. 2017, 122(2),
020901.

[6] D. B. Graves, Plasma Processes Polym. 2014, 11(12), 1120.

[7] J. Chauvin, L. Gibot, M. Golzio, M. P. Rols, N. Merbahi,
P. Vicendo, Sci. Rep. 2019, 9, 4866.

[8] M. Keidar, R. Walk, A. Shashurin, P. Srinivasan, A. Sandler,
S. Dasgupta, R. Ravi, R. Guerrero-Preston, B. Trink, Br.
J. Cancer 2011, 105, 1295.

[9] M. Vandamme, E. Robert, S. Dozias, J. Sobilo, S. Lerondel,

. Le Pape, J. M. Pouvesle, Plasma Med. 2011, 1(1), 27.

. Brullé¢, M. Vandamme, D. Riés, E. Martel, E. Robert,

Lerondel, V. Trichet, S. Richard, J. M. Pouvesle,

. Le Pape, PLOS One 2012, 7, €52653.

Lin, B. Truong, S. Patel, N. Kaushik, E. H. Choi,

. Fridman, A. Fridman, V. Miller, J. Mol. Sci. 2017, 18, 966.

. Meirow, D. Nugent, Hum. Reprod. Update 2001, 7, 535.

. Coates, S. Abraham, S. B. Kaye, T. Sowerbutts, C. Frewin,

. M. Fox, M. H. N. Tattersall, Eur. J. Cancer Clin. Oncol.

1983, 19, 203.
[14] L. Lin, M. Keidar, Appl. Phys. Rev. 2021, 8(1), 011306.
[15] D. Yan, A. Talbot, N. Nourmohammadi, J. H. Sherman,
X. Cheng, M. Keidar, Biointerphases 2015, 10, 040801.

=
=
mrUQprory

[16]
(17]
(18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]

AND POLYMERS

N. Georgescu, A. R. Lupu, IEEE Trans. Plasma Sci. 2010,
38(8), 1949.

J. Y. Kim, S. O. Kim, Y. Wei, J. Li, Appl. Phys. Lett. 2010,
96(20), 203701.

J. L. Zirnheld, S. N. Zucker, T. M. DiSanto, R. Berezney,
K. Etemadi, IEEE Trans. Plasma Sci. 2010, 38(4), 948.

S. Mirpour, H. Ghomi, S. Piroozmand, M. Nikkhah, IEEE
Trans. Plasma Sci. 2013, 42(2), 315.

A. M. Hirst, M. S. Simms, V. M. Mann, N. J. Maitland,
D. O'Connell, F. M. Frame, Br. J. Cancer 2015, 112, 1536.
M. Ishaq, M. D. M. Evans, K. K. Ostrikov, Biochim. Biophys.
Acta, Mol. Cell Res. 2014, 1843(12), 2827.

B. S. Kwon, E. H. Choi, B. Chang, J. H. Choi, K. S. Kim,
H. K. Park, Phys. Biol. 2016, 13, 056001.

K. Torii, S. Yamada, K. Nakamura, H. Tanaka, H. Kajiyama,
K. Tanahashi, N. Iwata, M. Kanda, D. Kobayashi,
C. Tanaka, T. Fujii, G. Nakayama, M. Koike, H. Sugimoto,
S. Nomoto, A. Natsume, M. Fujiwara, M. Mizuno, M. Hori,
H. Saya, Y. Kodera, Gastric Cancer 2015, 18, 635.

H. Tanaka, M. Mizuno, K. Ishikawa, K. Nakamura,
H. Kajiyama, H. Kano, F. Kikkawa, M. Hori, Plasma Med.
2011, 1(3-4), 265.

R. Guerrero-Preston, T. Ogawa, M. Uemura, G. Shumulinsky,
B. L. Valle, F. Pirini, R. Ravi, D. Sidransky, M. Keidar,
B. Trink, Int. J. Mol. Med. 2014, 34, 941.

X. Tan, S. Zhao, Q. Lei, X. Lu, G. He, K. Ostrikov, PLOS One
2014, 9, €101299.

N. Kaushik, N. Kumar, C. H. Kim, N. K. Kaushik,
E. H. Choi, Plasma Processes Polym. 2014, 11(12), 1175.

K. Panngom, K. Y. Baik, M. K. Nam, J. H. Han, H. Rhim,
E. H. Choi, Cell Death Dis. 2013, 4, e642.

F. Utsumi, H. Kajiyama, K. Nakamura, H. Tanaka, M. Hori,
F. Kikkawa, SpringerPlus 2014, 3, 398.

O. Volotskova, T. S. Hawley, M. A. Stepp, M. Keidar, Sci.
Rep. 2012, 2, 636.

A. R. Gibson, H. O. McCarthy, A. A. Ali, D. O'Connell,
W. G. Graham, Plasma Processes Polym. 2014, 11(12), 1142.
P. Lukes, E. Dolezalova, I. Sisrova, M. Clupek, Plasma
Sources Sci. Technol. 2014, 23(1), 015019.

X. Yan, Z. Xiong, F. Zou, S. Zhao, X. Lu, G. Yang, G. He,
K. Ostrikov, Plasma Processes Polym. 2012, 9(1), 59.

M. Le Bras, M. V. Clément, S. Pervaiz, C. Brenner, Histol.
Histopathol. 2005, 20, 205.

S. Padmaja, G. L. Squadrito, W. A. Pryor, Arch. Biochem.
Biophys. 1998, 349, 1.

L. V. Peshenko, H. Shichi, Free Radicals Biol. Med. 2001, 31, 292.
M. Lopez-Léazaro, Cancer Lett. 2007, 252, 1.

E. S. Henle, S. Linn, J. Biol. Chem. 1997, 272, 19095.

E. Skovsen, J. W. Snyder, J. D. C. Lambert, P. R. Ogilby,
J. Phys. Chem. B 2005, 109, 8570.

B. A. Lindig, M. A. J. Rodgers, A. P. Schaaplc, J. Am. Chem.
Soc. 1980, 102(17), 5590.

M. Fransen, M. Nordgren, B. Wang, O. Apanasets, Biochim.
Biophys. Acta, Mol. Basis Dis. 2012, 1822(9), 1363.

W. A. Pryor, Annu. Rev. Physiol. 1986, 48, 657.

I. Janik, G. N. R. Tripathi, J. Chem. Phys. 2013, 139, 014302.
D. Yan, N. Nourmohammadi, K. Bian, F. Murad,
J. H. Sherman, M. Keidar, Sci. Rep. 2016, 6, 26016.

J. S. Beckman, W. H. Koppenol, Am. J. Physiol.: Cell Physiol.
1996, 271, C1424.


http://orcid.org/0000-0002-9801-021X

160f17 | PLASMA PROCESSES
AND POLYMERS

[46]
[47]

[48]

[49]
[50]
[51]

[52]

[53]

YAN ET AL.

C. Breen, R. Pal, M. R. J. Elsegood, S. J. Teat, F. Iza, K. Wende,
B. R. Buckley, S. J. Butler, Chem. Sci. 2020, 11, 3164.

D. Yan, N. Nourmohammadi, J. Milberg, J. H. Sherman,
M. Keidar, Plasma Med. 2018, 8(2), 121.

E. Gjika, S. Pal-Ghosh, A. Tang, M. Kirschner, G. Tadvalkar,
J. Canady, M. A. Stepp, M. Keidar, ACS Appl. Mater.
Interfaces 2018, 10, 9269.

S. J. Kim, T. H. Chung, S. H. Bae, S. H. Leem, Appl. Phys.
Lett. 2010, 97(2), 023702.

G. J. Kim, W. Kim, K. T. Kim, J. K. Lee, Appl. Phys. Lett.
2010, 96(2), 021502.

D. Yan, A. Talbot, N. Nourmohammadi, X. Cheng,
J. Canady, J. Sherman, M. Keidar, Sci. Rep. 2015, 5, 18339.
D. Yan, H. Cui, W. Zhu, N. Nourmohammadi, J. Milberg,
L. G. Zhang, J. H. Sherman, M. Keidar, Sci. Rep. 2017, 7,
4479.

H. Tanaka, M. Mizuno, K. Ishikawa, H. Kondo, K. Takeda,
H. Hashizume, K. Nakamura, F. Utsumi, H. Kajiyama,
H. Kano, Y. Okazaki, Clin. Plasma Med. 2015, 3(2), 72.

S. Ja Kim, H. Min Joh, T. H. Chung, Appl. Phys. Lett. 2013,
103(15), 153705.

H.J. Ahn, K. Il Kim, G. Kim, E. Moon, S. S. Yang, J. S. Lee,
PLOS One 2011, 6, €28154.

K. P. Arjunan, G. Friedman, A. Fridman, A. M. Clyne, J. R.
Soc., Interface 2012, 9, 147.

M. Vandamme, E. Robert, S. Lerondel, V. Sarron, D. Ries,
S. Dozias, J. Sobilo, D. Gosset, C. Kieda, B. Legrain,
J. M. Pouvesle, A. Le Pape, Int. J. Cancer 2012, 130, 2185.
H. Yang, R. Lu, Y. Xian, L. Gan, X. Lu, X. Yang, Phys.
Plasmas 2015, 22(12), 122006.

N. H. Nguyen, H. J. Park, S. S. Yang, K. S. Choi, J.-S. Lee,
Sci. Rep. 2016, 6, 29020.

K. Saito, T. Asai, K. Fujiwara, J. Sahara, H. Koguchi,
N. Fukuda, M. Suzuki-Karasaki, M. Soma, Y. Suzuki-
Karasaki, Oncotarget 2016, 7, 19910.

S. Bekeschus, K. Wende, M. M. Hefny, K. Rodder,
H. Jablonowski, A. Schmidt, T. von Woedtke,
K. D. Weltmann, J. Benedikt, Sci. Rep. 2017, 7, 2791.

S. Lee, H. Lee, D. Jeong, J. Ham, S. Park, E. H. Choi,
S. J. Kim, Free Radicals Biol. Med. 2017, 110, 280.

W. Li, K. N. Yu, J. Ma, J. Shen, C. Cheng, F. Zhou, Z. Cai,
W. Han, Arch. Biochem. Biophys. 2017, 633, 68.

M. Ishaq, S. Kumar, H. Varinli, Z. J. Han, A. E. Rider,
M. D. M. Evans, A. B. Murphy, K. Ostrikov, Mol. Biol. Cell
2014, 25, 1523.

S. Bekeschus, J. Kolata, C. Winterbourn, A. Kramer,
R. Turner, K. D. Weltmann, B. Br, K. Masur, Free Radicals
Res. 2014, 48, 542.

K. Ninomiya, T. Ishijima, M. Imamura, T. Yamahara,
H. Enomoto, K. Takahashi, Y. Tanaka, Y. Uesugi,
N. Shimizu, J. Phys. D. Appl. Phys. 2013, 46(42), 425401.
H. J. Ahn, K. 11 Kim, N. N. Hoan, C. H. Kim, E. Moon,
K. S. Choi, S. S. Yang, J. S. Lee, PLOS One 2014, 9, e86173.
J. Van Der Paal, E. C. Neyts, C. C. W. Verlackt, A. Bogaerts,
Chem. Sci. 2015, 7(1), 489.

J. Razzokov, M. Yusupov, R. M. Cordeiro, A. Bogaerts,
J. Phys. D. Appl. Phys. 2018, 51(36), 365203.

M. C. Oliveira, M. Yusupov, A. Bogaerts, R. M. Cordeiro,
Arch. Biochem. Biophys. 2020, 695, 108548.

[71]

[72]

[73]

[74]

[75]
[76]

[77]

[78]

[79]

[80]

(81]

(82]

(83]

[84]

[85]

[86]

(87]

(88]
(89]

[90]
[91]
[92]
[93]

[94]

[95]
[96]
[97]
[98]
[99]

[100]

N. K. Kaushik, N. Kaushik, D. Park, E. H. Choi, PLOS One
2014, 9, €103349.

S. Zhao, Z. Xiong, X. Mao, D. Meng, Q. Lei, Y. Li, P. Deng,
M. Chen, M. Tu, X. Lu, G. Yang, G. He, PLOS One 2013, 8,
€73665.

N. K. Kaushik, H. Uhm, E. Ha Choi, Appl. Phys. Lett. 2012,
100(8), 084102.

R. N. Ma, H. Q. Feng, Y. D. Liang, Q. Zhang, Y. Tian, B. Su,
J. Zhang, J. Fang, J. Phys. D. Appl. Phys. 2013, 46(28),
285401.

J. H. Lee, J. Y. Om, Y. H. Kim, K. M. Kim, E. H. Choi,
K. N. Kim, PLOS One 2016, 11, €0150279.

L. Shi, F. Ito, Y. Wang, Y. Okazaki, H. Tanaka, M. Mizuno,
M. Hori, T. Hirayama, H. Nagasawa, D. R. Richardson,
S. Toyokuni, Free Radicals Biol. Med. 2017, 108, 904.

E. A. Ratovitski, X. Cheng, D. Yan, J. H. Sherman,
J. Canady, B. Trink, M. Keidar, Plasma Processes Polym.
2014, 11(12), 1128.

M. Keidar, Plasma Sources Sci. Technol. 2015, 24(3), 033001.
M. Yokoyama, K. Johkura, T. Sato, Biochem. Biophys. Res.
Commun. 2014, 450, 1266.

T. Adachi, S. Nonomura, M. Horiba, T. Hirayama,
T. Kamiya, H. Nagasawa, H. Hara, Sci. Rep. 2016, 6, 20928.
T. Adachi, H. Tanaka, S. Nonomura, H. Hara, S. I. Kondo,
M. Hori, Free Radicals Biol. Med. 2015, 79, 28.

G. Bauer, Anticancer Res. 2016, 36, 5649.

N. Kurake, H. Tanaka, K. Ishikawa, T. Kondo, M. Sekine,
K. Nakamura, H. Kajiyama, F. Kikkawa, M. Mizuno,
M. Hori, Arch. Biochem. Biophys. 2016, 605, 102.

P. M. Girard, A. Arbabian, M. Fleury, G. Bauville, V. Puech,
M. Dutreix, J. S. Sousa, Sci. Rep. 2016, 6, 29098.

Z. Liu, D. Xu, D. Liu, Q. Cui, H. Cai, J. Phys. D. Appl. Phys.
2017, 50(19), 195204.

J. Y. Kim, J. Ballato, P. Foy, T. Hawkins, Y. Wei, J. Li,
S. O. Kim, Biosens. Bioelectron. 2011, 28, 333.

D. Trachootham, J. Alexandre, P. Huang, Nat. Rev. Drug
Discovery 2009, 8, 579.

J. Wang, J. Yi, Cancer Biol. Ther. 2008, 7, 1875.

R. A. Cairns, 1. Harris, S. Mccracken, T. W. Mak, Cold
Spring Harb. Symp. Quant. Biol. 2011, 76, 299.

D. B. Graves, J. Phys. D. Appl. Phys. 2012, 45, 263001.

M. Keidar, A. Shashurin, O. Volotskova, M. Ann Stepp,
P. Srinivasan, A. Sandler, B. Trink, Phys. Plasmas 2013,
20(5), 057101.

S.J. Kim, T. H. Chung, Sci. Rep. 2016, 6, 20332.

S. D. Lim, C. Sun, J. D. Lambeth, F. Marshall, M. Amin,
L. Chung, J. A. Petros, R. S. Arnold, Prostate 2005, 62, 200.
Q. Chen, M. G. Espey, M. C. Krishna, J. B. Mitchell,
C. P. Corpe, G. R. Buettner, E. Shacter, M. Levine, Proc.
Natl. Acad. Sci. U. S. A. 2005, 102, 13604.

N. Kumar, J. H. Park, S. N. Jeon, B. S. Park, E. H. Choi,
P. Attri, J. Phys. D. Appl. Phys. 2016, 49(11), 115401.

D. Boehm, C. Heslin, P. J. Cullen, P. Bourke, Sci. Rep. 2016,
6, 21464.

J. Duan, X. Lu, G. He, J. Appl. Phys. 2017, 121(1), 013302.
K. Sklias, J. S. Sousa, P. Girard, Cancers 2020, 13(4), 615.
P. Agre, L. S. King, M. Yasui, W. B. Guggino, O. P. Ottersen,
Y. Fujiyoshi, A. Engel, S. Nielsen, J. Physiol. 2002, 542, 3.
B. Wu, E. Beitz, Cell. Mol. Life Sci. 2007, 64, 2413.



YAN ET AL.

PLASMA PROCESSES 17 of 17

[101]
[102]
[103]
[104]
[105]
[106]
[107]

[108]

[109]
[110]
[111]
[112]
[113]

[114]

[115]
[116]

[117]
[118]

[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]

[128]

G. P. Bienert, F. Chaumont, Biochim. Biophys. Acta, Gen.
Subj. 2014, 1840, 1596.

G. P. Bienert, J. K. Schjoerring, T. P. Jahn, Biochim. Biophys.
Acta, Biomembr. 2006, 1758, 994.

E. W. Miller, B. C. Dickinson, C. J. Chang, Proc. Natl. Acad.
Sci. U. S. A. 2010, 107, 15681.

A. Almasalmeh, D. Krenc, B. Wu, E. Beitz, FEBS J. 2014,
281, 647.

M. Yusupov, D. Yan, R. M. Cordeiro, A. Bogaerts, J. Phys. D.
Appl. Phys. 2018, 51(12), 125401.

K. Ishibashi, S. Hara, S. Kondo, Clin. Exp. Nephrol. 2009, 13,
107.

M. C. Papadopoulos, S. Saadoun, Biochim. Biophys. Acta,
Biomembr. 2015, 1848, 2576.

D. Yan, H. Xiao, W. Zhu, N. Nourmohammadji, L. G. Zhang,
K. Bian, M. Keidar, J. Phys. D. Appl. Phys. 2017, 50(5),
055401.

J. E. M. MatEs, C. Pérez-Gémez, 1. N. De Castro, Clin.
Biochem. 1999, 32, 595.

A. G. Cox, C. C. Winterbourn, M. B. Hampton, Biochem. J.
2010, 425, 313.

C. Glorieux, M. Zamocky, J. M. Sandoval, J. Verrax,
P. B. Calderon, Free Radicals Biol. Med. 2015, 87, 84.

Y. Hasegawa, T. Takano, A. Miyauchi, F. Matsuzuka,
H. Yoshida, K. Kuma, N. Amino, Jpn. J. Clin. Oncol. 2003, 33, 6.
H. Kaynar, M. Meral, H. Turhan, M. Keles, G. Celik,
F. Akcay, Cancer Lett. 2005, 227, 133.

S. Bekeschus, S. Eisenmann, S. Kumar, Y. Bodnar, J. Moritz,
B. Poschkamp, I. Stoffels, S. Emmert, M. Madesh,
K. Weltmann, T. Von Woedtke, R. Kumar, Redox Biol. 2020,
30, 101423.

D. Yan,J. H. Sherman, J. Canady, B. Trink, M. Keidar, IEEE
Trans. Radiat. Plasma Med. Sci. 2018, 2(6), 618.

Y. Ma, C. S. Ha, S. W. Hwang, H. J. Lee, G. C. Kim,
K. W. Lee, K. Song, PLOS One 2014, 9, €91947.

D. Hanahan, R. A. Weinberg, Cell 2011, 144, 646.

B. Liu, Y. Chen, D. K. S. Clair, Free Radicals Biol. Med. 2008,
44, 1529.

A. A. Sablina, A. V. Budanov, G. V. Ilyinskaya,
L. S. Agapova, J. E. Kravchenko, P. M. Chumakov, Nat.
Med. 2005, 11, 1306.

K. H. Vousden, K. M. Ryan, Nat. Rev. Cancer 2009, 9, 691.
C. Borras, M. C. Gomez-cabrera, J. Vifia, Free. Radicals Res.
2011, 45, 643.

M. Y. Kang, H. Kim, C. Piao, K. H. Lee, J. W. Hyun,
1. Chang, H. J. You, Cell Death Differ. 2013, 20, 117.

M. Yusupov, J. Van Der Paal, E. C. Neyts, A. Bogaerts,
Biochim. Biophys. Acta, Gen. Subj. 2017, 1861(4), 839.

J. Van Der Paal, C. Verheyen, E. C. Neyts, A. Bogaerts, Sci.
Rep. 2017, 7, 39526.

M. Shinitzky, Biochim. Biophys. Acta, Rev. Cancer 1984, 738,
251.

G. Bauer, D. Sersenovd, D. B. Graves, Z. Machala, Sci. Rep.
2019, 9, 13931.

M. Riethmiiller, N. Burger, G. Bauer, Redox Biol. 2015, 6,
157.

G. Bauer, D. B. Graves, Plasma Processes Polym. 2016,
13(12), 1157.

AND POLYMERS

[129] X. Han, M. Klas, Y. Liu, M. Sharon Stack, S. Ptasinska, Appl.
Phys. Lett. 2013, 102(23), 233703.

[130] S. Kalghatgi, C. M. Kelly, E. Cerchar, B. Torabi, O. Alekseev,
A. Fridman, G. Friedman, J. Azizkhan-Clifford, PLOS One
2011, 6, €16270.

[131] A. Sancar, L. A. Lindsey-Boltz, K. Unsal-Kagmaz, S. Linn,
Annu. Rev. Biochem. 2004, 73, 39.

[132] C. J. Norbury, B. Zhivotovsky, Oncogene 2004, 23, 2797.

[133] H. E. Poulsen, H. Prieme, S. Loft, Eur. J. Cancer Prev. 1998,
7, 9.

[134] D. Hanahan, R. A. Weinberg, Cell 2000, 100, 57.

[135] J. Bartkova, Z. Hofejsi, K. Koed, A. Krdmer, F. Tort,
K. Zieger, P. Guldberg, M. Sehested, J. M. Nesland,
C. Lukas, T. Orntoft, J. Lukas, J. Bartek, Nature 2005, 434,
864.

[136] T. D. Halazonetis, V. G. Gorgoulis, J. Bartek, Science 2008,
319, 1352.

[137] J. H.J. Hoeijmakers, N. Engl. J. Med. 2009, 361, 1475.

[138] L. Lin, D. Yan, E. Gjika, J. H. Sherman, M. Keidar, ACS
Appl. Mater. Interfaces 2019, 11, 30621.

[139] T. P. Szatrowski, C. F. Nathan, Cancer Res. 1991, 51, 794.
[140] D. Yan, H. Cui, W. Zhu, A. Talbot, L. G. Zhang,
J. H. Sherman, M. Keidar, Sci. Rep. 2017, 7, 10831.

[141] D. Yan, L. Lin, W. Xu, N. Nourmohammadi, H. Jonathan,
Plasma Med. 2018, 8(4), 335.

[142] Z. Nasri, G. Bruno, S. Bekeschus, K. D. Weltmann,
T. von Woedtke, K. Wende, Sens. Actuators, B 2021, 326,
129007.

[143] M. Keidar, D. Yan, J. H. Sherman, Cold Plasma Cancer
Therapy, Morgan & Claypool Publishers, San Rafael,
CA 2019.

[144] D. Yan, Q. Wang, M. Adhikari, A. Malyavko, L. Lin,
D. B. Zolotukhin, X. Yao, M. Kirschner, J. H. Sherman,
M. Keidar, ACS Appl. Mater. Interfaces 2020, 12, 34548.

[145] Q. Wang, A. Malyavko, D. Yan, O. K. Lamanna,
M. H. Hsieh, J. Sherman, M. Keidar, J. Phys. D. Appl. Phys.
2020, 54(9), 095207.

[146] D. Yan, Q. Wang, A. Malyavko, D. B. Zolotukhin,
M. Adhikari, J. H. Sherman, M. Keidar, Sci. Rep. 2020, 10,
11788.

[147] X. Yao, L. Lin, V. Soni, E. Gjika, J. H. Sherman, D. Yan,
M. Keidar, Phys. Plasmas 2020, 27(11), 114502.

[148] D.Yan, W. Xu, X. Yao, L. Lin, J. H. Sherman, M. Keidar, Sci.
Rep. 2018, 8, 15418.

[149] D. Yan, L. Lin, W. Xu, N. Nourmohammadi, J. H. Sherman,
M. Keidar, J. Phys. D. Appl. Phys. 2019, 52(44), 445202.

SUPPORTING INFORMATION
Additional Supporting Information may be found online
in the supporting information tab for this article.

How to cite this article: D. Yan, A. Horkowitz,
Q. Wang, M. Keidar, Plasma Processes Polym. 2021,
€2100020. https://doi.org/10.1002/ppap.202100020


https://doi.org/10.1002/ppap.202100020



