
 REVIEW ARTICLE 
 Dayun Yan, Michael Keidar  et al . 
 Cold atmospheric plasma cancer treatment, direct  versus  
indirect approaches 

 Materials  
Advances
rsc.li/materials-advances

ISSN 2633-5409

Volume 1
Number 6
September 2020
Pages 1475–2140



1494 | Mater. Adv., 2020, 1, 1494--1505 This journal is©The Royal Society of Chemistry 2020

Cite this:Mater. Adv., 2020,

1, 1494

Cold atmospheric plasma cancer treatment, direct
versus indirect approaches

Alisa Malyavko,†a Dayun Yan,†*b Qihui Wang,b Andrea L. Klein,a Khyati C. Patel,c

Jonathan H. Shermand and Michael Keidar *b

Cold atmospheric plasma (CAP), an ionized gas with near room temperature, shows a wide application

in medicine. CAP is a tunable source of complex chemical components including many reactive species,

which allows CAP to exert many biological effects on bacterial, fungal, yeast, and mammalian cells

particularly cancer cells. In this review, we discuss the novel state of the art CAP-based cancer

treatment. We focus on the comparison between the direct CAP treatment and the indirect CAP

treatment which implements the use of CAP-activated solutions. The difference between the two

treatment strategies reveals two unique features of the biological response to CAP: the cell-based H2O2

generation and the activation phenomenon. Short-lived reactive species and physical factors from

plasma may trigger these two cellular responses.

Background

The state of plasma is generally defined as an ionized gas
composed of positively charged ions, electrons, and neutral
particles.1,2 The ionization of gas can be achieved by the
particle collision with the energies higher than their energy
thresholds. Heating and applying an electric field are two
common ionization pathways. Generally, the temperature of matter
increases when the matter transitions from a gas to a plasma. The
temperature of the plasma is determined by the thermal motions of
heavy particles such as ions and neutral particles. Due to the
intensive elastic collisions between electrons and heavy particles
in the ionized gas, all particles reach thermal equilibrium and form
a thermal plasma, such as arc and radio-frequency inductively
coupled plasma.3,4 In this case, the discharge is associated with
Joule heating and thermal ionization and enables the delivery of
high power.4 Thermal equilibrium plasma is measured to have a
high temperature, over a thousand degrees.

When the discharge is carried out under a fast but relatively
low energy input, a plasma in thermal non-equilibrium can be
achieved.5,6 Plasma in thermal non-equilibrium has weak elastic

collisions between electrons and heavy particles, therefore, the
temperature of heavy particles will be approximately near room
temperature.6 Such a plasma is referred to as a nonthermal
plasma. When such discharge process occurs under the atmo-
spheric conditions, it is referenced to as cold atmospheric plasma
(CAP). CAP has plenty of reactive chemical components generated
in the complex ionization process, producing short-/long-lived
reactive oxygen species (ROS) and reactive nitrogen species (RNS).7,8

These features allow CAP to be widely used in biomedicine. A
myriad of key cellular responses can be affected by reactive
species or other physical factors from CAP. Therefore, the
concept of CAP-based cancer treatment has shown a rapid
growth of interest over the past decade (Fig. 1).9–14

Many different CAP sources exist, however, they can roughly
be divided into two categories, the indirect discharge sources
and the direct discharge sources.15 To avoid the arc discharge,
either the anode or cathode is covered by a layer of dielectric
materials such as quartz in practice.16 In many designs, a
quartz hollow tube is used as the dielectric layer on the annulus
cathode.13,17 For an indirect discharge CAP source, the discharge is
triggered in noble gases such as helium (He) and argon (Ar) under
a relatively low energy input. He and Ar facilitate the stable
generation of glow-like discharges at a low gas temperature and
low energy input.4 The ionized gas is further transported from the
main discharge area to the environment by the noble gas.18 The
nitrogen (N2) and oxygen (O2) in the air, or from a specific supply,
can also be used in the non-equilibrium discharge and finally form
a stable bulk plasma as a jet shape gas with a high aspect ratio. N2

and O2 can also modulate the chemical components in CAP.19 The
CAP jet source is also known as a plasma pencil, plasma needle,
or plasma gun in some ref. 12. The CAP jet can penetrate narrow

a School of Medicine and Health Science, George Washington University,

Washington, District of Columbia, 20052, USA
b Department of Mechanical and Aerospace Engineering, George Washington

University, Washington, District of Columbia, 20052, USA.

E-mail: ydy2012@gwmail.gwu.edu, keidar@gwu.edu
c Department of Biomedical Engineering, George Washington University,

Washington, District of Columbia, 20052, USA
d WVU Medicine – Berkeley Medical Center, West Virginia University, Martinsburg,

West Virginia, 25401, USA

† Authors contributed equally to this work.

Received 19th May 2020,
Accepted 14th August 2020

DOI: 10.1039/d0ma00329h

rsc.li/materials-advances

Materials
Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

3/
20

24
 8

:1
9:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-9801-021X
http://crossmark.crossref.org/dialog/?doi=10.1039/d0ma00329h&domain=pdf&date_stamp=2020-08-21
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00329h
https://rsc.66557.net/en/journals/journal/MA
https://rsc.66557.net/en/journals/journal/MA?issueid=MA001006


This journal is©The Royal Society of Chemistry 2020 Mater. Adv., 2020, 1, 1494--1505 | 1495

gaps, making it particularly interesting for its application in situa-
tions involving complex geometries with cavities or capillaries.3

For the direct discharge sources, the sample is one of the
electrodes involving the discharge. A typical direct discharge
source used in plasma medicine is the dielectric barrier dis-
charge (DBD).20 Plasma will not be generated in DBD if the
sample is not adequately close to the second electrode covered
by a dielectric layer. Such a layer limits the discharge current.3

DBD can generate a wide but short plasma, which may be more
suitable for a more intense treatment on a large area sample.
The effective gap to generate plasma in DBD ranges from micro-
meters up to centimeters depending on the discharge environment
such as the gas components and the operating voltage.3 DBD can
work directly in the air without the supply of noble gas, which is at

the expense of higher input energy to trigger the discharge. Typical
operation parameters of DBD are: ignition voltage (kilovolts), fre-
quency (megahertz), and power consumption (W per dm2 electrode
area).3 Volume DBD and surface DBD are two DBD widely used in
plasma medicine (Fig. 1).8

The demonstration of the anti-tumor effect in vivo is the
foundation of the clinic application of CAP sources. So far,
several CAP sources have been used to directly treat the sub-
cutaneously xenografted tumors above the skin.21–27 It is found
that the growth of a tumor could be effectively halted after the
treatment in most cases, which also results in the extended
length of life and higher survival rate of mice.28–31 We introduced
one example at here. A nanosecond pulsed DBD (nsP DBD) could
completely eradicate the melanoma tumor in mice by the direct
treatment on the tumor site.27 The control tumor continued to
grow up to day 19 (D19) post-injection until mice was sacrificed.
Mice treated with nsP DBD continued to heal with a scab up to
22 days and after were tumor free (Fig. 2a). The survival rate of
mice has also been drastically increased from 0% (control) to
66.7% 20–40 days after the treatment (Fig. 2b). Histological
investigation confirmed the complete eradication of melanoma
tissue after the treatment (Fig. 2c). CAP also shows a promising
effect in the clinical trials involving the locally advanced head
and neck cancer patients.32

The anti-cancer effect in vitro

To understand the anti-tumor mechanism demonstrated in vivo,
plenty of in vitro studies have been performed over the past decade.
Our discussion will focus on this topic in the following sections.

Fig. 1 The publication number versus year. Only the papers and reviews
focused on cancer treatment have been listed. The photos are three
typical CAP sources, reproduced with permission from T. Von Woedtke
et al., In Vivo, 2019, 33, 1011–1026.

Fig. 2 The eradication of melanoma tumor in mice using a nspDBD source. (a) B16 Melanoma cells were injected on the rear flank of C57BL/6 mice. After
8 days, the tumor was treated a single time for 7 min with nsP DBD at 236 Hz and 33.6 kV. (b) Survival for nsP DBD treated tumors (red triangle) and control
untreated tumors (black diamond) as a function of time post-injection. (c) The trichrome staining of nsP DBD treated tumor (left top, D22 post-injection)
and control tumor (left bottom, D19 post injection). Histology of the nsP DBD treated tumor showed red skin staining confirming scab formation but no
visible tumor below the epithelium. (Reproduced with permission from N. Chernets et al., Plasma Processes Polym., 2015, 12, 1400–1409).
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CAP has been demonstrated as a powerful tool to kill dozens of
cancer cell lines in vitro.21,22 A wide range of cancer types can be
killed by CAP including skin cancer, breast cancer, colorectal
cancer, cervical cancer, lung cancer, head and neck cancer,
leukemia, hepatoma, as well as very fatal cancers such as brain
cancer particularly glioblastoma.9 Some chemo-resistant cell
lines are also sensitive to the CAP treatment, such as temozolomide
(TMZ)-resistant glioblastoma cells, the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-resistant colorectal cancer cells,
the paclitaxel-resistant, and the tamoxifen sensitivity breast cancer
cells, and the 5-fluorouracil-resistant hepatocarcinoma cells.33–37

CAP also shows selective anti-cancer effect in several cancer cell
lines, which enables CAP as an attractive anti-cancer tool.22,38–42

The synergistic use of CAP with other methods such as nano-
technologies, extra static magnetic field, as well as a pulsed
electric field will enhance the efficacy of CAP treatment.43–50 The
anti-cancer mechanism in vitro is also complicated. Based on
over 400 references, some general conclusions have been made
so far. The reactive species mainly ROS, affect cellular function
through the overturn of the intracellular redox balance as well
as the damaging the membrane anti-oxidant enzymes, causing
the noticeable rise of intracellular ROS via complex pathways
(Fig. 3a).51–54 Intracellular ROS cause a variety of damage to
important cellular components such as the cellular membrane,
DNA, mitochondria, and endoplasmic reticulum and finally
trigger apoptosis, necrosis, autophagy-associated cell death, or
senescence (Fig. 3b).55–61 A ROS scavenger, either extracellular
or intracellular, can effectively counteract the cytotoxicity of CAP
treatment on most cancer cells.24,41,53

Generally, there are two strategies to do CAP treatment
in vitro (Fig. 4a). One strategy is the direct CAP treatment,
which involves the treatment of cells directly. All factors of CAP
will have the chance to affect the cells in some way. In practice,
cancer cells are always immersed in a layer of cell culture
medium or other biological adaptable solutions to simulate
the culture environment. Such a medium layer facilitates the
transition of the short-lived reactive species into the long-lived
reactive species.19,62–65 The short-lived reactive species, as well
as physical factors in CAP, may also play some roles to trigger
the cytotoxicity. However, only the long-lived reactive species
have been proved to be the key player in most cases.66–69

Among diverse ROS/RNS, H2O2 has been regarded as the main
anti-cancer reactive species.66–69 However, H2O2 alone cannot
explain all of the observable cytotoxicity.52,62,70–76 NO2

�, NO3
�,

and ONOO� may also contribute to the cytotoxicity.77–79

Besides, the aqueous solutions to carry these reactive species
also play a key role to determine the cytotoxicity of CAP treatment.
On one hand, the chemistry of reactive species in the gaseous
phase becomes more complex when they interact with water
(Fig. 4b). It will not be the same when we consider the chemical
components in the CAP treated deionized water, buffered solutions,
and cell culture media. On the other hand, the cells will have
different cellular responses to the same reactive species in different
solutions, such as in phosphate-buffered saline (PBS) and in
DMEM. There will be no anti-cancer effect when the CAP
treatment is performed on the cells immersed in PBS.75,76,80

The same treatment in DMEM will cause a much stronger effect.
These differences may be due to the different cellular responses
and biochemical pathways to the nutrient-rich and the nutrient-
poor environments. In short, the previous studies will simplify
the CAP-based anti-cancer mechanism if the long-lived reactive
species has been proposed to be the only anti-cancer factor.

In addition to the direct CAP treatment, the strategy of
indirect CAP treatment also shows strong anti-cancer capacity.
The indirect treatment in vitro is performed by affecting the
growth of cancer cells using the CAP-treated (activated) solutions
(PAS).81,82 PAS is generally achieved by using DBD sources or CAP
jet sources to treat the biological adaptable solutions such as
medium, PBS, or other solutions like Ringer’s solution.83 PAS can
also be created by the discharge in medium.84 Such strategy is
fully based on the long-lived reactive species and the products
formed in the reaction between bulk CAP and the original
components in solutions such as the amino acids in medium
and the lactate in Ringer’s solution.81,85–92 PAS can be safely
stored under certain conditions for a long time.72,73,93 This
feature may be a key unique aspect of the indirect treatment,
which allows CAP to be used as a pharmacological method.

Direct treatment vs. indirect treatment

If the anti-cancer capacity is mainly due to the long-lived
reactive species, it could be assumed that direct CAP treatment
affects the growth and viability of cancer cells in the same way
as indirect CAP treatment does. However, the experimental data
show that the direct CAP treatment tends to cause stronger
cytotoxicity than the indirect CAP treatment, even though the
concentration of H2O2, NO2

�, NO3
� in the extracellular environ-

ment is the same in both cases (Fig. 5a and b).75,94 Thus, the CAP
treatment in vitro cannot simply be expressed as the treatment by a
specific long-lived reactive species, such as H2O2 – treatment,
NO2

� – treatment, NO3
� – treatment, or ONOO� – treatment.

For the direct treatment, at least three CAP-related factors
may impact cancer cells: the short-lived reactive species, the long-
lived reactive species, and the physical factors. In the indirect
CAP treatment, only the long-lived reactive species, need to be
considered. Therefore, either short-lived reactive species or
physical factors should be responsible for the stronger anti-
cancer capacity of the direct CAP treatment. For the direct
treatment, when the extracellular medium containing reactive
species is immediately removed (o30 s) following the treatment,
the cytotoxicity is almost counteracted.95 Therefore, the CAP-
originated long-lived reactive species are necessary for the anti-
cancer effect. The CAP-originated short-lived reactive species and/
or physical factors may amplify such cytotoxicity of long-lived
reactive species or may trigger the generation of long-lived
reactive species from cells.

In the following sections, we will focus on two unique cellular
responses to the direct CAP treatment: the cell-based H2O2

generation and the activation phenomenon. These two cellular
responses can be regarded as two basic features to discriminate
the direct CAP treatment from the indirect CAP treatment.
The conventional studies mainly focused on the long-term cellular
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responses to the CAP treatment, such as apoptosis and other cellular
damage.46,59,96–100 H2O2 as a typical long-lived reactive species, can
affect cells for several hours until they are fully consumed by cells.75

In contrast, these two cellular responses are all short-term cellular
responses, triggered by the CAP treatment lasting several minutes.

The cell-based H2O2 generation

In plasma medicine, the cell-based H2O2 generation is the first
experimental evidence for the short-term cellular response to
CAP treatment. In nearly all previous studies, cancer cells have

Fig. 3 The anti-cancer mechanism in vitro. (a) A general summary for the anti-cancer mechanism of CAP (Reproduced with permission from D. Yan et al.,
Oncotarget, 2017, 8(9), 15977). (b) A schematic description of the biological impact of CAP on cancer cells (Reproduced with permission from A. M. Hirst et al.,
Tumor Biol., 2016, 37, 7021–7031).
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been regarded as a passive target of the CAP-originated reactive
species.14,101,102 During the treatment, for example, the long-
lived reactive species such as H2O2, NO2

�, NO3
�, and ONOO�

and the short-lived reactive species such as O2
� and OH� are

generated simultaneously in the medium. Their specific roles
in the cytotoxicity of CAP treatment are ambiguous. The short-
lived reactive species are believed to transform into the long-
lived reactive species and further affect cancer cells. We recently

developed a method to measure the potential cell-based long-
lived reactive species generation.103 This is a simple method to
capture such a quick response, which can be easily repeated in
any plasma medicine laboratories (Fig. 6a).

The cell-based H2O2 generation was first observed in two
cancer cell lines, a triple-negative breast cancer cell line MDA-
MB-231 and a pancreatic adenocarcinoma cell line PA-TU-8988T
(Fig. 6b).103 Both of these cell lines generated micromolar (mM)

Fig. 4 Direct CAP treatment and indirect CAP treatment. We used DMEM as an example at here. (a) The schematic illustration of the two treatment
strategies (Reproduced with permission from D. Yan et al., Oncotarget, 2017, 8, 15977). (b) The transition of reactive species in the direct CAP treatment
on the water (Reproduced with permission from P. Sellam, et al., Comprehensive Reviews in Food Science and Food Safety, 2019, 18(6), 1985–2008).
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levels of H2O2 during 1 min of CAP treatment when the
discharge voltage was adequately large.104 The cell-based H2O2

generation was also the first evidence that cancer cells could
generate micromolar level toxic chemicals in their environments
as an instant response to a CAP treatment. When the volume of
medium was adequately small, the cell-based H2O2 generation
could reach about 60 mM. It is important to note that the cell-based
H2O2 generation would not be observed when the CAP-treated
medium or H2O2 containing medium was used to affect the same
cell lines.103 We demonstrated the presence of the cell-based H2O2

response in another 6 cancer cell lines (human lung carcinoma
A549, human breast cancer MCF7, human colorectal carcinoma
HCT116, human cervical adenocarcinoma HeLa, human bone
osteosarcoma U-2 OS, murine melanoma B16F10).104

The short-lived reactive species in CAP may trigger the cell-
based H2O2 generation. The superoxide (O2

�) in CAP might trigger
a dismutation reaction catalyzed by the extracellular superoxide
dismutase (Ex-SOD) such as SOD3 on the cytoplasmic membrane
of cancer cells.103,105,106 SOD3 is expressed in human tumorous
tissues, such as the estrogen-induced breast cancerous tissues and
pancreatic adenocarcinoma tissues.107–109 Such specific expression

of SOD3 may cause H2O2 generation in some cell lines such as
breast cancer cell line MDA-MB-231 and pancreatic adenocarcinoma
cell line PA-TU-8988T, but not all cell lines such as glioblastoma cell
line U87MG shown in Fig. 6b.103,110 This suggestion is supported
by the measurement of short-lived reactive species in CAP versus
the increase of discharge voltage. In CAP, O2

� can be formed by
the combination of two electrons with the singlet oxygen (O). The
singlet oxygen density in CAP was calculated based on the measure-
ment of the optical emission spectrum of CAP under different
discharge conditions.104 The maximum density of O at the
middle discharge voltage conditions has been observed in data
based on OES.104

The cells-based H2O2 generation also provides a new clue to
understanding the in vivo immune response of the CAP-treated
mice. The short-lived reactive species such as superoxide or single
oxygen may activate cancer cells or tissues to generate H2O2. The
cells in the tumorous tissues may have similar interactions by
generating H2O2 to their neighbor cells, which can explain the

Fig. 5 The direct CAP treatment causes a stronger anti-cancer effect
compared with the indirect CAP treatment based on the CAP-treated
media. The comparative studies were performed on breast cancer cell line
MDA-MB-231 (a) and pancreatic cancer cell line PA-TU-8988T (b). The
significance is indicated as *p o 0.05. (Reproduced with permission from
D. Yan et al., Sci. Rep., 2017, 7, 4479).

Fig. 6 The cell-based H2O2 generation. (a) The strategy to measure the
cell-based H2O2 generation during the CAP treatment. The measurement
must be done immediately (o30 s) after the treatment (Reproduced with
permission from D. Yan et al., Plasma Med., 2018, 8, 335–343). (b) The
H2O2 concentration in DMEM after the CAP treatment on just DMEM
(control), on pancreatic adenocarcinoma cells (PA-TU-8988T) immersed
in DMEM, on breast adenocarcinoma cells (MDA-MB-231) immersed in
DMEM, as well as on glioblastoma cells (U87MG) immersed in DMEM.
(Reproduced with permission from D. Yan et al., Sci. Rep., 2017, 7, 10831).
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observed subcutaneous ROS in the CAP-treated mice.111 H2O2

plays an important role of being a second messenger in lymphocyte
activation.112,113 Micromolar levels of H2O2 rapidly induces the
activation of an important transcription factor NF-kB, the early gene
expression of interleukin-2 (IL-2), as well as the IL-2 receptor.112 If
the tumor generates H2O2 during the CAP treatment, it may become
a target for the immune system.103,114 The H2O2-activated immune
attack on tumor tissue may contribute to the anti-tumor effect of
CAP treatment in vivo.

The activation phenomenon

Another difference distinguishing the direct and indirect treatment
is the activation phenomenon. The CAP-treated cancer cells can

quickly enter an activation state (Fig. 7a). When cancer cells
enter this unique activation state, they become sensitive to the
cytotoxicity of the CAP-generated reactive species, particularly
the long-lived reactive species H2O2 and NO2

�. The experi-
mental demonstration of the activation state is shown in
Fig. 7b. For all the cases without the activation (yellow bar),
15 mM or 22 mM H2O2 does not cause growth inhibition on
pancreatic adenocarcinoma cells PA-TU-8988T. For all the cases
with the activation, there is also no cytotoxicity without the
presence of extracellular H2O2 (orange bars). Strong growth
inhibition will occur when H2O2 is added to affect the pre-
viously activated cells (gray bars). For example, after a 1 min of
CAP treatment, there was a 30% decrease in cell viability after
the addition of 15 mM H2O2 and a 50% decrease in cell viability
after the addition of 22 mM H2O2. We also tested the cytotoxicity

Fig. 7 The activation phenomenon of cancer cells. (a) Schematic illustration. The concentration of the CAP-originated reactive species is assumed to be
the same in the two cases. The direct CAP treatment forces the cancer cells into an activation state where they are more sensitive to reactive species.
(b) The ‘‘1 or 2 min CAP activation’’ refers to direct CAP treatment being performed on the cancer cells for 1 min or 2 min. The ‘‘15, 22, or 30 mM H2O2’’
refers to DMEM with that specific concentration of H2O2 which was used to affect the growth of cancer cells with or without activation (Reproduced with
permission from D. Yan et al., Sci. Rep., 2018, 8, 15418).
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of the CAP-treated medium on the same cells with and without
the activation. The CAP-treated medium contains nearly all
of the long-lived reactive species produced in a direct CAP
treatment. A much higher percentage of cell death was achieved
when the plasma-activated medium (PAM) was applied to the
activated cancer cells compared to the non-activated cells.95

Finally, the activated cells also showed sensitivity to an RNS,
NO2

�. The non-activated PA-TU-8988T cells were not affected by
NO2

� even at concentrations as high as 900 mM. In contrast, the
cell viabilty of the activated PA-TU-8988T cells drastically
decreased following the addition of just 50 mM NO2

�.95

The CAP-induced cell activation has two basic features: a quick
sensitization and a slow desensitization.95 After just 2 seconds of
CAP treatment, activation was noted, however, cell activation
became more prominent after 20 seconds of treatment. Unlike
sensitization, the desensitization of the activated cells was a slow
process. It took about 5 hours for the activated cancer cells to
completely desensitize. Slow desensitization is important because
the CAP-generated ROS only remains in the extracellular environ-
ment for about 3 hours after CAP treatment. The slow desensi-
tization naturally guarantees the maximum cytotoxicity of the
reactive species on the CAP-treated cancer cells.

The basic operating parameters of CAP source can be
manipulated to obtain different levels of cellular activation
following direct CAP treatment.115 Parameters such as the flow
rate of the carrying gas (Helium), the discharge voltage, and the
discharge frequency each had an impact on the activation of
pancreatic cancer cells. It was found that the greatest impact on
cell activation was seen with alteration of the discharge voltage.
An intermediate discharge voltage had the most significant
impact. A 0D chemical simulation revealed that under a particular
discharge voltage, the maximum activation level could be attained
when the maximum densities of short-lived reactive species
produced by the CAP jet were reached. This conclusion suggests
that the short-lived reactive species may contribute to the
activation. However, one recent study demonstrated that the
activation of the cancer cells could be realized by the extra nano
pulsed magnetic field.116 Thus, it is still possible that the physical
factors contribute to the activation phenomenon.

Here, we just discuss two possible activation mechanisms
based on the short-lived reactive species and physical factors in
CAP, respectively. In terms of the short-lived reactive species,
we suggest that certain short-lived reactive species such as 1O2

may damage the function of the membrane-bound catalases,
which has been proposed to be important in the anti-cancer
mechanism of CAP treatment.54,117 The damage to the extra-
cellular catalases may not cause the death of cancer cells but
may weaken the resistance of the cancer cells to the cytotoxicity
of long-lived ROS. Alternatively, the physical factors in CAP may
potentially trigger the activation state of cancer cells. We
suggest that the electromagnetic effect in CAP may trigger the
activation through the effect on ROS channels such as aquaporins
(AQPs). AQPs have been screened as the main channels for
transmembrane diffusion of H2O2.118–122 The level of AQPs in brain
cancer cells can affect the anti-cancer capacity of CAP treatment
with regard to the effect of the long-lived reactive species.123

The permeability of aquaporin channels can be influenced
by changes in important amino acids such as histidine and
arginine, which may be affected by the extra electric fields
based on the atomic dynamic simulation results.124–129 There-
fore, the electromagnetic effect of CAP may increase the perme-
ability of the reactive species channels and promote the influx
of reactive species into the activated cancer cells resulting in a
greater cell death rate.

Summary

We noted that a key question about the CAP cancer treatment
has not been fully or properly answered. How can CAP be used
as a tool in clinical cancer treatment rather than just be used in
the lab? The direct CAP treatment and the indirect CAP treat-
ment represent two quite different possible utilities of CAP
cancer treatment. The former represents a surgery replacement
or an assistant method to surgery, while the latter represents a
potentially new pharmacological modality.

The biological effect of CAP on cancer cells has been studied
for more than a decade. What we learned so far is largely
limited to the long-lived reactive species-caused effect, which
results in a very limited understanding of the uniqueness of
CAP (Fig. 8). The discovery of the cell-based H2O2 generation and
the activation phenomenon of CAP-treated cancer cells changes
the some basic understanding of the anti-cancer mechanism. In
our opinion, CAP treatment is essentially different from the
conventional reactive species treatment based on long-lived
reactive species such as H2O2. The uniqueness of CAP cancer
treatment relies on its capacity to generate short-lived reactive
species and other factors such as physical factors and their
corresponding biological effect. The indirect CAP treatment
solely depends on the actions of the long-lived reactive species,
which can be easily obtained by other methods. Besides, we recently
revealed that biological samples can also affect the physical proper-
ties of bulk CAP by providing feedback from the cells to the CAP

Fig. 8 The tip of the iceberg. Direct CAP treatment or the direct impact of
bulk CAP on cells involves more CAP-related basic problems and unique
features. The conclusions obtained from the indirect CAP treatment
simplify the whole picture of the interaction between CAP and cells.
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source when the CAP jet contacts different cell lines.130 It is
promising that we may see that many new unknows about the
biological impact of bulk CAP, such as potential physical effect.131,132

Conclusion

In this review, the cancer treatment based on cold plasma
technology has been introduced based on direct CAP treatment
and indirect CAP treatment. Two new cellular responses, the
cell-based H2O2 generation, and the activation phenomenon
were illustrated as unique features to discriminate the direct
from the indirect treatment. Compared with the indirect CAP
treatment, which mainly relies on long-lived reactive species,
the direct CAP treatment involves not only the complex inter-
action between the short-lived reactive species with the cells but
may also involve the potential physical effect on cancer cells.
The short-lived reactive species may not only trigger the cell-
based H2O2 generation but also contribute to the activation
phenomenon. The physical factors may also be partially respon-
sible for the activation phenomenon. These discoveries suggest
that there are still many unknowns to explore in the direct CAP-
based biological effect on the cancer cells, and these unknowns
may be the keys to understanding the full uniqueness of CAP
cancer treatment. Further studies on these questions may
finally guide the use of CAP as a clinic cancer therapy modality.
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N. J. English, J. Chem. Phys., 2018, 149, 245102.

126 J. A. Garate, N. J. English and J. M. D. MacElory, J. Chem.
Phys., 2011, 134, 02B613.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

3/
20

24
 8

:1
9:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00329h


This journal is©The Royal Society of Chemistry 2020 Mater. Adv., 2020, 1, 1494--1505 | 1505

127 R. Reale, N. J. English, J. Garate, P. Marracino, M. Liberti
and F. Apollonio, J. Chem. Phys., 2013, 139, 11b161_1.

128 J. E. Hall, J. A. Freites and D. J. Tobias, Chem. Rev., 2019,
119, 6015–6039.

129 P. Marracino, M. Liberti, E. Trapani, C. J. Burnham,
M. Avena, J. Garate, F. Apollonio and N. J. English, Int.
J. Mol. Sci., 2016, 17, 1133.

130 L. Lin, D. Yan, E. Gjika, J. H. Sherman and M. Keidar, ACS
Appl. Mater. Interfaces, 2019, 11, 30621–30630.

131 D. Yan, Q. Wang, A. Malyavko, D. B. Zolotukhin,
M. Adhikari and M. Keidar, Sci. Rep., 2020, 10, 11788.

132 D. Yan, Q. Wang, M. Adhikari, A. Malyavko, L. Lin,
D. Zolotukhin, X. Yao, M. Kirschner, J. H. Sherman and
M. Keidar, ACS Appl. Mater. Interfaces, 2020, 12, 34548–34563.

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

3/
20

24
 8

:1
9:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00329h



