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Reactive Species from Cold Atmospheric
Plasma: Implications for Cancer Therapy

David B. Graves

Cold atmospheric plasmas (CAP) formed in air generate reactive oxygen and nitrogen species
(RONS). RONS are biologically and therapeutically active agents and experimental evidence
suggests that air plasmas shrink tumors by increasing oxidative and nitrosative stress on
neoplastic tissue. Most mainline anti-cancer therapies — including ionizing radiation and
chemotherapies — also operate primarily via this pro-oxidant, oxidative, and nitrosative stress
mechanism. The main disadvantage of these conventional therapies is the development of
treatment-resistant cells. A key question for plasma cancer therapies is therefore whether or
not cold plasma will lead to similar oxidative stress resistance. However, there are hints that

combining nitrosative stress with oxidative stress via air
plasma might avoid this problem. Plasma-based cancer
treatment may be a powerful and practical anti-cancer
agent, acting either alone or in combination with other

therapies.

1. Introduction

The major current therapies designed to eradicate or limit
cancer are surgery, radiation (or radio-) therapy, and
chemotherapy. More recently, gene-targeted therapies that
attack specific oncogenes or tumor suppressor genes (and
their associated biochemical pathways) have received
much attention by pharmaceutical companies.[*?! Cancer
immunotherapy and stem cell transplants are also growing
in importance. Local “focalized” therapies that have
received considerable attention include laser ablation,
thermal plasma coagulation, hyperthermia, focused ultra-
sound, and photodynamic therapy, among others.!*
Nevertheless, there remains an enormous need for better
therapiesto more effectively treat the many different forms
of cancer with minimal side effects. The focus of the present
article is to explore the possible mechanisms and oppor-
tunities of cold atmospheric plasma (CAP) as a novel anti-
cancer therapy.

In a recent comprehensive review, Schlegel et al!*
summarize progress in applying CAP to tumors, mostly for
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in vitro but also for increasing numbers of in vivo
investigations. These authors point out that a variety of
different CAP configurations have been explored, including
rare gas jets and dielectric barrier discharges in air, both
direct and indirect. They term the new field “plasma
oncology,” and point out that relatively low plasma “doses”
appear to induce cell cycle arrest and higher doses lead to
apoptosis and ultimately at the highest doses, to necrosis.
Furthermore, a remarkable similarity of anti-tumor action
for all types of cancers investigated has been observed:
carcinomas, skin cancer, and brain tumors. In some cases,
plasma treatment of cell culture medium has been shown to
be an effective anti-tumor fluid, both in vitro and in vivo.l®]

The cellular effects of CAP appear to strongly involve,
either directly or indirectly, the suite of reactive oxygen
species and reactive nitrogen species (RONS) created by CAP
in air environments.[® The point of view of this article is
that both these plasma-generated (gas phase) RONS and
also their liquid phase/cellular reaction products, are
probably the keys to understanding, controlling, and
exploiting plasma oncology.

The important role played by oxidation-reduction
(“redox”) biochemistries in cancer generation, progression,
and therapy is now a well established theme in the
literature. No attempt is made in this article to provide a
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comprehensive survey of this extensive literature, espe-
cially the discussions of using increased oxidative stress for
cancer therapy. This theme and its relation to plasma
oncology are explored further in a subsequent section of
this article. Renschler” provides an interesting historical
perspective, pointing out that the idea to use RONS-
generating drugs to treat cancer, primarily as radiation
therapy sensitization, goes back to at least the early 1960s.
Trachootham et al.[®! provide a particularly comprehensive
(and highly cited) summary of the idea. Recent support for
and further elaboration of this basic idea includes the
papers by Mak et al. and Watson.[**!

The major focus of the current article is to attempt to
establish a closer connection between plasma oncology and
various current therapeutic modalities that also exploit
oxidative and nitrosative stress. Of course, the way that
RONS are generated or delivered to cells will be important in
general. Ionizing radiation penetrates cells so it creates
RONS directly in cells. Chemotherapeutic drugs (or their
metabolite products) will generate RONS in cells through a
series of biochemical reactions after entering cells and cell
compartments like mitochondria. The manner in which
RONS generated in CAP enter cells to affect cell biochemis-
try is still largely a mystery and it is obvious that progressin
plasma oncology will require much more insight into this
key step.

Conventional anti-cancer therapies often work well
initially, leading to rapid shrinkage of the tumor or tumors.
However, it is not uncommon that this initial effectiveness
is relatively short-lived. The major problem with current
therapies is the development of treatment-resistant cells,
leading to regrowth of tumors, metastasis, and mortality in
many cases. Tumor adaptation to oxidative stress-inducing
therapies such as radiation and many chemotherapies is
commonly invoked as a primary cause of resistance.!>*"’
The fact that plasma oncology relies on oxidative stress
suggests that plasma treatment could
lead to similar problems with resistance.

However, there are hints that RONS
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ity, unlike for example penetrating ionizing radiation. One
obvious question is how a surface or near-surface modality
can affect deeper tissues, and some possibilities are listed in
Figure 1. However it is done, the documented evidence of
the presence of RONS and their products in both in vitro and
in vivo experiments shows that CAP is somehow inducing
oxidative and nitrosative stress in tissues, leading to
apoptosis or necrosis depending on dose. The evidence
for the role of RONS in plasma oncology, summarily
documented by Schlegel et al,! is related to fluorescent
detection of RONS in treated cells as well as demonstrations
of abrogation of the CAP effects with the addition of RONS/
radical scavengers. Of course, strictly speaking, this
evidence is circumstantial, and the observed intracellular
RONS may have been generated at least partly within the
cell. It is well documented that RONS can be generated
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the question of what is happening when Figure 1. The plasma device operates to generate RONS that either enter a cell surface-
CAP is used to treat a tumor. The current covering liquid layer or enter the cells directly. Whatever the effects of the solvated

model is still vague, but the basic ideas
are illustrated in Figure 1.

RONS and their products are in the surface layer of cells that are exposed to them, the
effects on deeper layers of tissue must involve some cell-cell communication. Some
possibilities include mechanisms analogous to radiation-induced “bystander effects,”

It should be stressed that CAP is a the stimulation and involvement of the immune system, or possibly some effects
surface or near-surface treatment modal- associated with local blood flow and O, concentration.
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N,/O, mixtures

Figure 2. Following Lukes et al.'l Air plasma creates various RONS
that end up in the water in the form of dissolved O, (ozone); NO,~
(nitrite); NO, ™ (nitrate), H" (acidity), OH (hydroxyl); H,O, (hydrogen
peroxide), and NO, (nitrogen dioxide). Reproduced with
permission.l") Copyright 2014, Institute of Physics.

intracellularly inresponse to many forms of stress as well as
forming due to exogenous stimuli.l*!}

Recent excellent work by Lukes et al."~ identifies at least
some of the chemistry occurring in water exposed to air
plasma. Figure 2 is taken from this paper, summarizing
some of these results.

The significance of this chemistry and these species is
apparentinthe context of the next several sections in which
they are shown to be important in key biochemical
processes related to known or postulated therapeutic
effects. More details and discussion regarding air plas-
ma--water interactions (sometimes referred to as “plasma-
activated water” or PAW) is addressed in greater detail in
the penultimate section of the paper.

[12]

3. Pro-Oxidant Anti-Cancer Therapies

As noted previously, the idea of increasing oxidative (and
nitrosative) stress on cancer cells as a killing strategy
has received wide support. It is generally acknowledged
that many if not most existing anti-tumor therapies
rely on this mechanism, including ionizing radiation,
most chemotherapies and even some (gene-) targeted
therapies.®"2%13717] The use of RONS-generating agents to
attack cancer seems counter-intuitive at first because it
has been strongly suspected for decades that RONS are
implicated with inducing cancer. It is thought that both
radiation and excessive inflammation are associated with
cancer because they both involve the generation of
RONS.[*819] The dual nature of this redox biochemistry
clearly complicates the story: therapy or damage can result,
depending on the complex biological context as well as the
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duration and intensity of the exogenous application or
endogenous generation of RONS.

Mak and co-workers[® note that chemotherapeutic drugs
that target the genes that turn cancer “on” (oncogenes) or
“off” (tumor suppressor genes) have been relatively
unsuccessful to date because of the genetic complexity of
tumors and the ease with which they can mutate to become
resistant to the drug. There are so many ways for the tumor
to mutate to protect itself from specific genetic pathways
that drugs that target a few genes are unable to remain
effective for long enough to be truly therapeutic. These
authors suggest that a more reliable strategy is to look for
drugs that combine an increase in oxidative stress with
attacks on anti-oxidants or anti-oxidant generating
enzymes. Watson also supports this approach, emphasizing
the role that anti-oxidants play in sustaining cancer cells
and the need to address this weak point of tumors in order
to attack late-stage cancer.[*"]

The potentially important role of cancer stem cells (CSCs)
in re-growing tumors after conventional RONS-based
therapies have shrunk most of the tumor is related to this
theme as well. Diehn et al.*®! showed that CSCs are more
resistant to radiation than normal tumor cells at least in
part due to their intrinsically low levels of RONS and
correspondingly high concentration of antioxidants. The
factthat plasma oncology relies on a similar oxidative stress
mechanism raises the concern that anti-oxidant based
resistance will also render plasma therapy ineffective as
well. If this turns out to be true, CAP therapy may offer no
real advantage over existing therapies. Some authors have
pointed out that since cancer cells will tend to adapt to high
RONS levels, thus leading to therapeutic resistance, the
anti-resistance strategy should involve manipulating the
tumor oxidative stress adaptation.[#1621]

One strategy that has received considerable attention
withrespecttochemo-sensitization and radio-sensitization
is the use of nitric oxide-related compounds, either via NO-
donor drugs or through gene therapy in which nitric oxide
synthase (NOS) is enhanced for increased endogenous NO
production. As I point out in the following section (and as
seen in Figure 2 reproduced from Lukes et al.l*?]), the fact
that CAP methods can and usually do involve reactive
nitrogen as well as reactive oxygen may offer hope that CAP
will be able to escape this trap.

4. CAP-Generated NO, Chemistry: A Way to
Avoid or Reverse Resistance?

Although the present article is intended to be only the
briefest introduction to NO, biochemistry and its potential
relation to plasma oncology, the scope of the field of nitric
oxide-related compounds in biochemistry should not be
underestimated. The comprehensive reviews of nitric oxide
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(NO) and peroxynitrite (ONOO™) by Pacher et al. and Szabé
et al. will begin to give some idea of the size and scope of the
field.>2%! pacher et al. reference nearly 1 500 papers. Nitric
oxide has been the topic of on the order of 100 000 articles
since its discovery as a biologically significant molecule in
late 1980s. Understanding the role of CAP in generating
NO,-containing species that may be able to interact with
complex biochemical processes that respond to these
compounds will no doubt be an extended effort, to say
the least. Nevertheless, there are some hints already that
NO, generated by CAP may be very important for a range of
biomedical applications, and cancer therapy is one of them.

The special significance of NO, chemistry for CAP is the
fact that CAP operating in air can create biologically and
therapeutically significant concentrations of NO, locally. As
noted above (cf. Figure 2) and as is described in further detail
later in the article, this gas phase source of NO, can be
readily transferred to liquid media adjacent to the plasma.
Hence we know for certain that CAP generates a chemistry
(e.g., nitrite NO, ™~ and peroxynitrite ONOO ) that is closely
related to the NO chemistry described by Hirst and
Robson!?#2°! and many other authors.

There is a substantial literature on the role of nitric oxide
(NO) and related compounds as a direct cancer therapy or as
an agent that re-sensitizes tumors to chemotherapy or
radiation therapy (e.g., ref.**™° Figure 3; following!®*))
illustrates the ways that nitric oxide can influence cancer
therapy. These authors suggest that NO may be in some
sense an “‘ideal” anti-cancer agent.

They note that the most potent and attractive aspects of
NO therapy is in combination with other modalities,
specifically taking advantage of chemo-sensitization and
radio-sensitization.?® The use of NO as a radio- (or
radiation-) sensitizer was identified as early as the late

High levels of NO" increase blood flow

High levels of NO" promote
Cytotoxicity
High levels of NO* promote
Chemosensitization

Inhibition of NO" decreases tumour blood flow

Blood flow modification

High levels of NO* promote
Radiosensitization
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1950s. Later work showed that NO contributes to the cell-
cell communication known as the “bystander effect.”*%:31]
This is potentially important in the context of plasma
oncology as noted above since CAP is a tumor-surface
application technique and apoptotic-inducing information
must be transmitted from the site of application to interior
tumor tissue.

Sonveaux et al.[*!list a series of reasons why NO can play
an anti-tumor role: (i) vasodilation; (ii) inhibition of cell
respiration; (iii) direct radio-sensitization; (iv) modulation
of tumor immunity; and (v) modulation of angiogenesis.
Recently, Oronsky et al. have proposed the concept of
“hyponitroxia,” orinadequately low levels of nitricoxide, in
analogy with hypoxia (i.e, low levels of oxygen), as a
promoter of tumor generation and growth.*? These
authors describe “...the role of persistently low NO
concentrations or hyponitroxia as a key mediator in tumor
progression.” Bauer provides evidence of an important
tumor apoptotic intercellular signaling mechanism involv-
ing NO and ONOO~.[*%!

NO has also been shown to be a potentially powerful
agent to sensitize chemotherapeutic agents to remain
active against a variety of tumors, although at least one
exception was noted by Hirst and Robson.[** The likely role
of peroxynitrite was noted in the later review by Hirst and
Robson.[?°]

Sonveaux et al!*®! summarized the situation as
follows:

Exploitation of the biology of NO offers the opportuni-
ty to improve the efficacy of conventional anticancer
treatmentssuchas chemo- andradiotherapy. Different
NO donors and NOS agonists (i.e., nitric oxide synthase
enzyme promoters) have now been tested in

High levels of NO" inhibit
Angiogenesis
High levels of NO" promote
Apoptosis

High levels of NO" inhibit
Metastasis

Figure 3. Following Hirst and Robson.>* NO is at the center of a suite of positive therapeutic anti-cancer actions. Reproduced with

permission.*# Copyright 2014, Wiley-Blackwell.
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preclinical settings, revealing a variety of mechanisms
that contribute to transiently improve blood flow and
pO, (i.e., tissue O, concentration), thereby increasing
drug delivery and the stabilization of radiation-driven
DNA damages.

The effects of NO donors or NOS-promoting agents on
blood flow and tissue oxygen concentration are especially
interesting in the light of very recent results from Collet
et al.®* These authors showed that applying a He plasma
jet for 5min to the skin of anesthetized mice induced
significant increases in both local blood flow and tissue O,
concentration. The increase in tissue O, concentration
lasted on the order of several tens of minutes and was
shown to be very localized to the point of application of
the plasma jet. This is reproduced in Figure 4. Although the
mechanism responsible for this effect is not certain,
one possibility mentioned by the authors is the creation
in the treated tissue of nitrite anion (NO,~), a well-known
nitric oxide precursor in acidic environments. The possible
direct role of NO generated in the plasma was eliminated
when an experiment placing gauze impregnated by de-
ionized water between the plasma jet and the skin showed
similar effects. The fact that the same results as without the
water-soaked gauze on the skin were observed strongly
suggests that the effectis mediated through a compound like
nitrite, known to be often formed in water adjacent to CAP. A
key element of this scenario is that the plasma application
also often creates nitrate (NOs~; the conjugate base of nitric
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Figure 4. Following Collet et al.3¥ A 5min application of a He
plasma jet to the skin of five mice (two locations each) resulted in
a significant increase in sub-cutaneous tissue O, concentration
(top) and blood flow (bottom). Averages are shown in the
colored lines in the top and bottom panels. Reproduced with
permission.3#! Copyright 2014, Institute of Physics.
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acid, or HNOs) with corresponding effects on lowering pH.
Nitrite is known to form NO under acidic conditions (cf. the
following section), and so the known effects of NO (listed
above) on blood flow suggests this may be the cause of the
observed effect on CAP-treated mouse tissue. The following
section briefly summarizes the surprising number of
therapeutic roles known to be played by nitrite.

5. Nitrite Therapies

It has been appreciated for at least a decade that nitrite
anion (NO, ") can act therapeutically, most probably as a
precursor source of nitric oxide. (e.g,*>*) There are
numerous ways that nitrite can be reduced to nitric oxide
in the body, but they mostly involve low concentrations of
oxygenand an acidic environment. The simplest example is
the following reaction sequence, in which an acidic
environment leads to the formation of NO and NO,:

NO, + H' < HNO, (1)
2HNO, — NO' + NO;, + H,0 (2)

It should be noted that the reactions in liquid phase can
be much more complex than this, especially in the presence
of red blood cells and other metal-containing organic
molecules. Nevertheless, the role of acidification in
“activating” nitrite is well established.!*”}

The most common therapeutic application of nitrite is in
the form of aqueous solutions of sodium nitrite, delivered
intravenously or even orally.**! Figure 5, taken from Kevil
et al, illustrates the point. The remarkable number of
potential therapeutic uses of this simple molecule testifies
to its power to modify blood flow and inflammation. Kevil
etal list seven different clinical trials under way (circa 2011)
testing various aspects of nitrite therapy. The relation
between these well documented and extensive applications
of systemic nitrite and the effects of plasma biomedicine in
general and plasma oncology specifically are still specula-
tive, but the potential connection is compelling.

6. Air Plasma RONS and Plasma—Water
Interaction

Generation of NO, has been noted from the beginning of the
use of CAP in biomedical applications. For example, Stoffels
et al. showed that NO was one of the more important
products for the helium “plasma needle” operating in air.*!
Bruggeman et al.*>%°! measured absolute NO densities in
various atmospheric pressure rare gas plasma jets and
found values on the order of a few to a few tens of ppm
(about 10**-10" cm™3). Higher values were reported by
Vasilets and Shekter®! in their air plasma “torch”
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Pulmonary Hypertension
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l low density lipoproteins
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Figure 5. Following Kevil et al.35) Illustration of the remarkable number of therapeutic applications of nitrite, delivered systemically.

Reproduced with permission.35 Copyright 20m, Elsevier.

configuration: depending on the distance from the hot
plasma region and the air gas flow, they measured NO
concentrations from several hundred to several thousand
ppm (~10*°>cm 3 — 10 cm™3). This device has reportedly
been used in Russia since about 2 000 for various wound
healing and sterilization applications.*! Liebman et al.
report NO concentrations of up to 200 ppm for an air flow of
300 sccm through an atmospheric pressure plasma jet using
a compressed air flow.*?! Surface dielectric barrier dis-
charges operating in air were reported to generate on the
order of hundreds to thousands of ppm of both NO and NO,
in confined spaces next to the grounded electrode./** Spark
and glow-type discharges in air can create even higher
concentrations rapidly.[**

CAP operated next to water create what is sometimes
referred to as “plasma-activated water” or PAW. The RONS
components and relative concentrations of the PAW of
course depend on the type of plasma (e.g., rare gas jets,
microwave torch, gliding arc, dielectric barrier discharge,
etc.,) the nature of the mass transfer and mixing between
the gas and liquid phase, the presence of other components
in the water and so forth. In spite of the obvious differences
in types and operating conditions, the presence of NO,
compounds, usually in the presence of hydrogen peroxide
(H,0,) and under acidic conditions has been repeatedly

Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201400068
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identified in PAW.[*245°] The simultaneous presence of
acidified conditions (e, H" or Hs;O" concentration
relatively high), hydrogen peroxide (H,O,) and nitrite
(NO;7) results in the formation of peroxynitrite, and this
compound can degrade rapidly to OH and NO,:*?

NO; + H,0, + H" — 0 = NOOH + H,0 (3)

0 = NOOH < OH' + NO, (4)

Peroxynitrite is known to be a very important nitric
oxide-related compound and it has received considerable
attention in the literature, as noted above.?*! The mecha-
nism noted above to form peroxynitrite from acidified
nitrite and hydrogen peroxide has been known and utilized
by biochemists interested in making and saving the
compound. In this case, stop flow configurations are used
with a strong base added immediately after formation of
the unstable peroxynitrous acid.[*"

Itis perhaps most appropriate to finish with a quote from
the paper by Lukes et al. in reference to the summary
diagram reproduced here in Figure 2:[*%

Thus the overall post-discharge bactericidal effect of
the air plasma in water involves the synergistic effect
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of acidic conditions, nitrites, and peroxides through
the cytotoxic activity of secondary reactive chemical
species NO, NO,, OH, and ONOOH, and possibly also
contribution of ozone transferred from the plasma
into the liquid.

Although Lukes et al. were discussing the effects of the
bactericidal effects of PAW, the chemistry they describe is
surely relevant to plasma oncology as well.

7. Concluding Remarks

The use of CAP for cancer therapy is in its earliest stages.
Preliminary results seem promising, but progress will be
most rapidly accelerated if we can identify at least some of
the most important mechanisms through which plasma
works to shrink tumors. CAP in, or mixed with, N, and O,
creates copious quantities of various reactive oxygen and
nitrogen species (RONS) in the gas phase. These species
enter adjacent aqueous liquid phases to form solvated
species that are known to engage in rapid reactions with
important biomolecules such as proteins and lipids. The
known importance of RONS (and their reaction products) in
established anti-cancer therapies such as radiation therapy
and many chemotherapies suggests that the observed anti-
tumor effects of CAP are due to the same or a very similar
biochemistry. It may prove fruitful, therefore, to focus on
the creation and delivery of RONS via CAP to maximize anti-
tumor effectiveness.

The fact that conventional pro-oxidant therapies such as
radiation and chemotherapy are often limited by anti-
oxidant based resistance suggests that CAP-based therapies
might suffer the same fate. However, the apparent role of
NO-related compounds in minimizing or reversing resis-
tance suggests that CAP might exceed the capabilities of
current cancer therapies since NO, species are generally
among the products of CAP. The recent results that show
CAPincreasinglocal blood flow and tissue O, concentration
offers encouraging evidence that CAP could be a powerful
adjuvant therapy for conventional cancer treatments.

Furthermore, the fact that nitrite is created in aqueous
solution adjacent to CAP in air coupled with the multiple
therapeutic applications of this compound suggest it might
be significant in plasma oncology as well. Many of the uses
for systemic nitrite therapy are related to the apparent role
of this NO precursor in blood flow, vasodilation, ischemia,
and/or inflammation. It is possible that this nitrite-blood
flow connection is the cause of the observed increased local
blood flow and O, concentration in the mouse model.

The character of CAP as a unique therapeutic modality
seems most likely related to its ability to locally create, in
situ, a host of important reactive species. It is, at least in
principle, possible to deliver the same species that are
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created by CAP using other approaches such as NO donor
drugs; NO and/or NO, gas; H,0, in solution; and nitrite/
nitrate in the form of aqueous nitrous and nitric acid
solutions. However, the fact that CAP creates them all
together in one place and under the control of the plasma
generation device suggests that CAP may offer unique
advantages in practice. In some CAP devices, the presence of
physical effects such as electric fields, charges, and photons
could synergize with reactive species, adding potentially
important features to the technology.

It will be important in future studies to identify key
plasma-generated RONS and track their effects on both
normal and neoplastic cells. The issue of where these
species originate, how they are transported to and within
cells, what reactions they experience and finally how their
effects are transmitted to other cells will all be important
questions to explore in the future.

Acknowledgments: The author wishes to thank Zdenko Machala,
Theodore Brown, Maurice Ringuette, Timothy Grammer, and Jeff
Roe for helpful comments and suggestions on the paper. This
paper was presented at the First International Workshop on
Plasma for Cancer Treatment in March 2014. In addition, many
useful discussions involving UC Berkeley colleagues Douglas
Clark, Matt Pavlovich, Sharmin Karmin, Zilan Zhang, Carly
Anderson, and Toshi Ono are gratefully acknowledged. Some of
the work described here was done with the support of the
Department of Energy, Office of Fusion Science, Low Temperature
Plasma Science Center.

Received: May 5, 2014; Revised: May 5, 2014; Accepted: June 24,
2014; DOI: 10.1002/ppap.201400068

[1] G. L. Semenza, Nat. Rev. Cancer 2003, 3, 721.

[2] M. Vanneman, G. Dranoff, Nat. Rev. Cancer 2012, 12, 237.

[3] A. M. Hirst, F. M. Frame, N. J. Maitland, D. O’Connell, Biomed
Res. Int. 2014, 2014, 878319.

[4] J. Schlegel, J. Koritzer, V. Boxhammer, Clin. Plasma Med. 2013,
1, 2.

[5] F. Utsumi, H. Kajiyama, K. Nakamura, H. Tanaka, M. Mizuno,
K. Ishikawa, H. Kondo, H. Kano, M. Hori, F. Kikkawa, PLoS One
2013, 8, e81576.

[6] D. B. Graves, J. Phys. D. Appl. Phys. 2012, 45, 263001.

[7] M. F. Renschler, Eur. J. Cancer 2004, 40, 1934.

[8] D.Trachootham,J. Alexandre, P. Huang, Nat. Rev. Drug Discov.
2009, 8, 579.

[9] C. Gorrini, L. S. Harris, T. W. Mak, Nat. Rev. Drug Discov. 2013,
12,931.

[10] J. Watson, Open Biol. 2013, 3, 120144.

[11] A. Matsuzawa, H. Ichijo, Antioxid. Redox Signal. 2005, 7,
472.

[12] P. Lukes, E. Dolezalova, . Sisrova, M. Clupek, Plasma Sources
Sci. Technol. 2014, 23, 015019.

[13] D. Trachootham, W. Lu, M. A. Ogasawara, R.-D. V. Nilsa, P.
Huang, Antioxid. Redox Signal. 2008, 10, 1343.

[14] S. C. Gupta, D. Hevia, S. Patchva, B. Park, W. Koh, B. B.
Aggarwal, Antioxid. Redox Signal. 2012, 16, 1295.

www.plasma-polymers.org

Early View Publication; these are NOT the final page numbers, use DOI for citation !!



8

Plasma Processes
and Polymers

[15] G. T. Wondrak, Antioxid. Redox Signal. 2009, 11, 3013.

[16] V. Sosa, T. Moliné, R. Somoza, R. Paciucci, H. Kondoh, M. E.
LLeonart, Ageing Res. Rev. 2013, 12, 376.

[17] H.Pelicano, D. Carney, P. Huang, Drug Resist. Updat. 2004, 7, 97.

[18] H. Wiseman, B. Halliwell, Inflammatory Dis. Prog. Cancer
1996, 29, 17.

[19] S.P.Hussain, L.J. Hofseth, C. C. Harris, Nat. Rev. Cancer 2003, 3,
276.

[20] M. Diehn, R. W. Cho, N. A. Lobo, T. Kalisky, M. J. Dorie, A. N.
Kulp, D. Qian, J. S. Lam, L. E. Ailles, M. Wong, B. Joshua, M. J.
Kaplan, I. Wapnir, F. M. Dirbas, G. Somlo, C. Garberoglio, B.
Paz, J. Shen, S. K. Lau, S. R. Quake, J. M. Brown, I. L. Weissman,
M. F. Clarke, Nature 2009, 458, 780.

[21] A.K. Maiti, “Overcoming Drug Resistance Through Elevation
of ROS in Cancer,” in Molecular Mechanisms of Tumor Cell
Resistance to Chemotherapy, Vol. 1, B. Bonavida, Ed., New
York, NY Springer, 2013, pp. 135-149.

[22] C.Szabé, H. Ischiropoulos, R. Radi, Nat. Rev. Drug Discov. 2007,
6, 662.

[23] L. Pacher, J. S. Beckman, L. Liaudet, Physiol. Rev. 2007, 87, 315.

[24] D. Hirst, T. Robson, J. Pharm. Pharmacol. 2007, 59, 3.

[25] D. G. Hirst, T. Robson, Curr. Pharm. Des. 2010, 16, 45.

[26] P. Sonveaux, B. F. Jordan, B. Gallez, O. Feron, Eur. J. Cancer
2009, 45, 1352.

[27] M. M. Reynolds, S. D. Witzeling, V. B. Damodaran, T. N.
Medeiros, R. D. Knodle, M. A. Edwards, P. P. Lookian, M. A.
Brown, Biochem. Biophys. Res. Commun. 2013, 431, 647.

[28] B.T. Oronsky, S.J. Knox, J. J. Scicinski, Transl. Oncol. 2012,
5, 66.

[29] L. K. Folkes, P. O'Neill, Nitric Oxide 2013, 34, 47.

[30] R. B. Mikkelsen, P. Wardman, Oncogene 2003, 22, 5734.

[31] P. Wardman, K. Rothkamm, L. K. Folkes, M. Woodcock, P. J.
Johnston, Rad. Res. 2007, 167, 475.

[32] B. Oronsky, G. R. Fanger, N. Oronsky, S. Knox, J. Scicinski,
Transl. Oncol. 2014, 7, 167.

[33] G. Bauer, Anticancer Res. 2014, 34, 1467.

[34] G. Collet, E. Robert, A. Lenoir, M. Vandamme, T. Darny, S.
Dozias, C. Kieda, J. M. Pouvesle, Plasma Sources Sci. Technol.
2014, 23, 012005.

Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201400068
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

D. B. Graves

[35] C.G.Kevil, G. K. Kolluru, C. B. Pattillo, T. Giordano, Free Radlic.
Biol. Med. 2011, 51, 576.

[36] D. A. Vitturi, R. P. Patel, Free Radic. Biol. Med. 2011, 51, 805.

[37] J. O. Lundberg, E. Weitzberg, M. T. Gladwin, Nat. Rev. Drug
Discov. 2008, 7, 156.

[38] E. Stoffels, Y. A. Gonzalvo, T. D. Whitmore, D. L. Seymour, J. A.
Rees, Plasma Sources Sci. Technol. 2006, 15, 501.

[39] A.F. H. van Gessel, K. M. J. Alards, P. J. Bruggeman, J. Phys. D.
Appl. Phys. 2013, 46, 265202.

[40] A.F.H.van Gessel, B. Hrycak, M. Jasiski, J. Mizeraczyk, J. A. M.
van der Mullen, P. J. Bruggeman, J. Phys. D. Appl. Phys. 2013,
46, 095201.

[41] V.N. Vasilets, A. B. Shekhter, “Nitric Oxide Plasma Sources for
Bio-Decontamination and Plasma Therapy,” NATO Peace and
Security Series A: Chemistry and Biology (Ed: Z. Machala),
Springer, pp. 393.

[42] J. Liebmann, J. Scherer, N. Bibinov, P. Rajasekaran, R. Kovacs,
R. Gesche, P. Awakowicz, V. Kolb-Bachofen, Nitric Oxide 2011,
24, 8.

[43] M. ]. Pavlovich, D. S. Clark, D. B. Graves, Plasma Sources Sci.
Technol. 2014, in press.

[44] D. B. Pavlovich, M. J. Ono, T. Galleher, C. Curtis, B. Clark, D. S.
Machala, Z. Graves, J. Phys. D 2014, submitted.

[45] K. Oehmigen, M. Hahnel, R. Brandenburg, C. Wilke, K.-D.
Weltmann, T. von Woedtke, Plasma Process. Polym. 2010, 7,
250.

[46] M. Najrtali, J.-M. Herry, E. Hnatiuc, G. Kamgang, J.-L. Brisset,
Plasma Chem. Plasma Process. 2012, 32, 675.

[47] R.Burlica, R. G. Grim, K.-Y. Shih, D. Balkwill, B. R. Locke, Plasma
Process. Polym. 2010, 7, 640.

[48] M. ]. Traylor, M. J. Pavlovich, S. Karim, P. Hait, Y. Sakiyama,
D.S.Clark, D. B. Graves, J. Phys. D. Appl. Phys. 2011, 44,472001.

[49] C. A J. van Gils, S. Hofmann, B. K. H. L. Boekema, R.
Brandenburg, P. J. Bruggeman, J. Phys. D. Appl. Phys. 2013, 46,
175203.

[50] Z. Machala, B. Tarabova, K. Hensel, E. Spetlikova, L. Sikurova,
P. Lukes, Plasma Process. Polym. 2013, 10, 649.

[51] K. M. Robinson, J. S. Beckman, Methods Enzymol. 2005, 396,
207.

DOI: 10.1002/ppap.201400068

R Early View Publication; these are NOT the final page numbers, use DOI for citation !!



