Non-Thermal Plasmas for Biomedicine:
A New Frontier in Plasma Processing

David B. Graves
University of California, Berkeley

NCCAVS Plasma Applications Group
San Jose, CA

November 17, 2014



Acknowledgements

*Yuki Sakiyama (former UCB Res. Assoc.;
Lam Research)

*H.-W. Chang (Ph.D. candidate, National
Taiwan University, UCB visitor)

-Matt Pavlovich (UCB PhD)
*Sharmin Karim (UCB PhD)
Matt Traylor (former UCB postdoc) *Prof. Doug Clark (UCB)

*Prof. Mark Kushner (U Mich)

NSF NIRT (CTS-0506988)

NSF GOALI (DMR-0705953) . .
Semiconductor Research Corporation Pr oﬁ Gr 24 Morﬁll (MPE, Gar chmg,

Hitachi Corporation Germany)
DOE OFS; Plasma Science Center *Prof. Volker Schultz-von der Gathen (Ruhr

MPE, Garching, Germany .

Lam Research Corporation Univ. B ocl.z.um,. G.er many)
*Dr. Tetsuji Shimizu (MPE, Germany)
*Dr. Jim Barthel (Moffitt Cancer Center,
Tampa)




‘Low Temperature” Plasmas “In the Kitchen”*
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Plasma Etching: 1C Manufacture
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Plasmas used to process semiconductors to make integrated circuits (ICs) —
Nanocelectronics has replaced microelectronics: sub-10 nm critical dimensions



Abbreviated History of Gas Plasmas
In Biomedicine

2011+ M. Vandamme/M. Keidar: in vivo cancer tumor treatment (jet/DBD)

2010 G. Isbary: clinical trial for wound healing (MW Ar plasma)
2007 G. Fridman: in vitro cancer cell treatment (Air DBD)

2003 E. Stoffels: non-destructive cell handling (He plasma needle)

2000 Plasma Surgical Company: Ar jet
1999 M. Laroussi: E. coli sterilization (He DBD)

1995. APC (ERBE GmbH): Ar plasma for endoscopic surgery
1993 Coblation (Arthrocare Co): discharge in saline solution

1940 Hyfrecator (Birtcher Co): low power and no ground pad

1926 Bovie knife: the first clinical use of a electrosurgical device

1893 A. d’Arsonval: compatibility of HF with nerve and muscle



Atmospheric Pressure Plasma
Sources for Biomedical Applications
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Plasma-induced wound healing:
various anecdotal reports

Treatment of Topical Wounds: Tissue Regeneration:
Suppurated Burn Wound (2009 conference)*

Before treatment After 7 days/ 5 sessions
plasma treatment

*Richard M. Satava, MD FACS
Professor of Surgery
University of Washington



British Journal of Cancer (2011) 105(9), 12951301 Keidar et al., Dec. 2011; melanoma murine model
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What are the Key Biochemical Agents??
What are the Biochemical Mechanisms??

Object

Plasmas in ambient air at room temperature

glass Cu
* voltage: 10-20 kVpkpk
« frequency: 1-10 kHz
* power: ~1W
« distance to finger: 1-3 mm

* gas:

static air in California




Plasma Needle: Can We Understand It?

E. Stoffels, et al., Plasma Sources Sci. Tehcnol. 11 (2002) 383.
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Matching box l [
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generator
* Frequency: RF (13.56MHz)
- Voltage: 200-400 Vpkpk
glass tube needle - He flow rate: ~1 slpm (Re, < 100)
(4 mm) (0.5 mm) * Power consumption: ~1 W

* Distance to sample: 1-5 mm



Plasma needle: Bactericidal effects

J.Goree, et al, J.Phys.D. 39 3479 (2006) and IEEE Trans.Plasma Sci. 34, 1317 (2006)
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Fluid Model: Governing Equations
Neutral Gas flow (He, N,)

He (~ 1m/s)
V- (pu) =0,V- (pmairu —-pDVay, )= 0 (mass conservation)
V- (puy;)=-Vp - V- 4 E gin. (momentum conservation)
v (—}\VT - ucpT)= d + qu‘ .+, (energy conservation)
temperature
velocity

ion momentum
collisional heating

Plasma dynamics

species density

on,
a’? +V-I', =§, (mass conservation)
electron, I'; =sgn(g;)n,wE - D;Vn; + nu (drift-diffusion)
* * a 8
155 L2y (. )+ & (és T, - éneDesz ) =-T',-E - Q (electron energy)
He*, He,",N,+ ot 3
goV-E=Y g, (Poisson’s equation)

Y. Sakyiama et al, J. Appl. Phys. 101 (2007) 073306 and J. Phys. D 41 (2008) 95204



Species Fluxes to Surface
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Model Validation: O Atom Measurement *

» TALIF: two photon absorbed laser induced fluorescence
» collaboration with Ruhr-Universitat Bochum (Germany)
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N. Knake, et al, J. Phys. D: Appl. Phys. 41 (2008)



Measured O Atom Density: Qualitative Agreement
with Model
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Reactive Oxygen and Reactive Nitrogen
Species (RONS)

Reactive oxygen and nitrogen species often cited as
key species in plasma biomedical applications.

But what is known about these species in biology
and medicine?

One major focus of the talk is on these species and
their role in biology and medicine



Related to the HUGE biomedical literature..., e.g.

Reactive Species and Antioxidants. Redox Biology Is
a Fundamental Theme of Aerobic Life

Barry Halliwell
Plant Physiology, June 2006, Vol. 141, pp. 312-322

The field of antioxidants and free radicals is often perceived as
focusing around the use of antioxidant supplements to prevent
human disease. In fact, antioxidants/free radicals permeate the
whole of life, creating the field of redox biology. Free radicals
are not all bad, nor antioxidants all good. Life is a balance
between the two: antioxidants serve to keep down the levels of
free radicals, permitting them to perform useful biological
functions without too much damage.

Halliwell B, Gutteridge JMC (2(506) Free Radicals in Biology and Medi-
cine, Ed 4. Clarendon Press, Oxford

See also:



Reactive Oxygen Species: ROS

Radicals Nonradicals
ROS ROS
H,0,

Superoxide, O, ~

Hydroxyl, OH’

Hydroperoxyl, HO,"
(protonated superoxide)

Carbonate, CO,; ™

Peroxyl, RO,

Alkoxyl, RO’

Carbon dioxide radical,
o,

Singlet O,'Sg *

Halliwell, Plant Phys. 2006

Hyp(;bromous acid, HOBr*
Hypochlorous acid, HOCI”

Ozone, O,°

Singlet oxygen (O,'Ag)
Organic peroxides, ROOH
Peroxynitrite, ONOO ™

Peroxynitrate, O,NOO™
Peroxynitrous acid, ONOOH*
Peroxomonocarbonate,

HOOCO,"



Reactive Chlorine/Bromine Species

Radicals Nonradicals

Reactive chlorine Reactive chlorine

Hypochlorous acid, HOCIP
Nitryl chloride, NO,CI*
Chloramines

Chlorine gas (Cl,)

Bromine chloride (BrCly®
Chlorine dioxide (ClO,)

Atomic chlorine, CI°

Reactive bromine Reactive bromine

Hypobromous acid (HOBr)
Bromine gas (Br,)
Bromine chloride (BrCl)*

Atomic bromine, Br’

Halliwell, Plant Phys. 2006



Reactive Nitrogen Species: RNS

Radicals

Nonradicals

Reactive nitrogen

Nitric oxide, NO’
Nitrogen dioxide, NO,
Nitrate radical, NO, rof

Halliwell, Plant Phys. 2006

Reactive nitrogen

Nitrous acid, HNO,
Nitrosyl cation, NO™
Nitroxyl anion, NO™
Dinitrogen tetroxide, N,O,
Dinitrogen trioxide, N,O;
Peroxynitrite, ONOO ™
Peroxynitrate, O,NOO ™
Peroxynitrous acid, ONOOH?
Nitronium cation, NO,”
Alkyl peroxynitrites, ROONO
Alky| peroxynitrates, RO,ONO
Nitryl chloride, NO,Cl
Peroxyacety| nitrate,
CH,C(O)JOONO,*



Some Physiologic/Homeostatic Actions of RONS*

Oxidative Burst

<>

é Signaling
-MAP kinase
-Redox-sensitive
transcription factors

- 4

~

4 Cellular Response
-Apoptosis
-Metabolic turnover
-Proliferation/differentiation

- /

*Chiurchiu and Maccarrone, 2011
Antioxidants and Redox Signaling
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Reactive Species Play Major Role in Aerobic Biology:
Example of Innate Immune System and Inflammation

Dedon and Tannenbaum, Archives of Biochemistry and Biophysics, 423, 2004
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—

Many similar chemical species are created in air plasmas



3.

Some Disease States Associated with RONS

Cancer

Cardiovascular disease

a. Congestive heart failure
b. Atherosclerosis

c. Heart attack

d. Stroke

Neurodegenerative diseases
a. Alzheimer’s
b. Huntington’s
c. Parkinson’s
d. Multiple sclerosis

Inflammatory bowel
disease

5. Diabetes

6.

Rheumatoid arthritis

/. Lung
a. Bronchial asthma
b. Chronic obstructive pulmonary disease
c. Acute respiratory distress syndrome
d. Cystic fibrosis

8. Skin
a.Chronic skin inflammation
b.Psoriasis

c.Atopic dermatitis
d.Acne

9. Eyes
a.Macular degeneration
b.Cataracts

10. Reproductive disorders
a.Male/female infertility
b.preeclampsia
c.hydatidiform mole
d.fetal embryopathies



Bio-Radicals Formed by lonizing Radiation

Int. . Radiat. Biol., Vol. 85, No

Name Formula
singlet oxygen (excited state) '0,
superoxide/hydroperoxide radical O, " /HO;
hydroxyl radical ‘OH

hydrogen peroxide H,O,
hypochlorous acid HOCI
hypobromous acid HOBr
hypothiocyanous acid HOSCN
nitric oxide radical NO

nitrogen dioxide radical NO,
dinitrogen trioxide N,O;,

nitroxyl HNO
peroxynitrite/peroxynitrous acid ONOO " /ONOOH
nitrosoperoxycarbonate ONOOCO,
carbonate radical COs
carbon-centred radicals RC(X)R’
peroxyl radicals on carbon RC(OOHN(X)R’
thiyl radicals RS’

disulfide radical-anions (RS..SR")~
thiylperoxyl radicals RSO0’
sulfonyl radicals RS(O)(O)’
sulfonylperoxyl radicals RS(O)(O)OO’
nitrogen-centred indolyl radicals -N*-

phenoxyl radicals, e.g., tyrosine TyrO’

. 1, January 2009, pp. 9-25

O’Neil and Wardman

Formation of radicals

thought to be central
to cancer radiation therapy



Photodynamic Therapy Creates 0,

Excited singlet

state

Tumour cell necrosis ’
Triplet 3 i

state

¢l

2

Non-th L red light
on-thermal red lig Cround

state

: .,° Neutrophil

Castano et al., Nature Revs., 2006



Cancer Chemotherapy and ROS Generation
or Antioxidant Depletion/Inhibition

Agents that cause cellular ROS stress

Mechanism

Agent

ROS generation

GSH depletion

Inhibition of antioxidant enzyme

Pelicano et al., 2004

Arsenic trioxide

Anthracyclines

Bleomycin

Bortezomib

Cisplatin

N-(4-hydroxyphenyl) retinanmde
Emodin

Buthionine sulfoximime (y-GCS inhibitor)
Diethylmaleate
Ascorbic acid

Mercaptosuccinic acid (GPx)
Aminotniazol (catalase)
Ethacrymic acid, TLK199 (GST)
2-Methoxyoestradiol (SOD)



Redox-Directed Cancer Therapeutics:
Molecular Mechanisms and Opportunities

ANTIOXIDANTS & REDOX SIGNALING
Volume 11. Number 12, 2009 CoMPREHENSIVE INVITED REVIEW

© Mary Ann Liebert, Inc. Georg T. Wondrak
DOI: 10.1089/ars.2009.2541
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Targeting cancer cell redox homeostasis
by small molecule prooxidant intervention
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Implications/questions for plasma medicine



Summary of RONS Importance in Biological
Function

-  RONS are known to play key roles in normal
physiological functions such as cell signaling,
vascular tone, neural transmission, apoptosis, etc.

- Well established that excessive RONS can be
carcinogenic and are associated with many
degenerative and other important diseases and

aging

-  RONS are also known to play key roles in immune
system — mostly innate (inflammatory) system, but
also adaptive system



Summary of RONS Importance in
Established Therapies

- The mechanisms of all antibiotics (e.g. Collins et al.,
2007) and at least some antifungal and antiparasitic
drugs (e.g. Artemisenin) appear to involve ROS
generation.

- Many cancer therapies are based on the direct or
indirect creation of RONS. Radiation therapy,
photodynamic therapy (PDT) and certain
chemotherapies all exploit this effect.

In other words, it is NOT SURPRISING that plasma medicine
works - it is based on RONS chemistry that works in other therapies



Confluence of Redox Biology and Plasma Science: Status

Low temperature plasmas create RONS and other
reactive species in relatively high densities at
ambient gas temperature

Preliminary positive results for infection control
(disinfection/sterilization and antisepsis); wound
healing; cancer therapy; various dermatology
applications; dental wound/cavity/biofilm treatment,
others

But how do plasma-generated RONS work in detail?
(e.g. through reactions with lipids/proteins?); Does
plasma-generation of RONS provide unique
advantages?



TOPICAL REVIEW

The emerging role of reactive oxygen and
nitrogen species in redox biology and
some implications for plasma applications
to medicine and biology

J. Phys. D: Appl. Phys. 45 (2012) 263001 (42pp)

More details:

PHYSICS OF PLASMAS 21, 080901 (2014)

Low temperature plasma biomedicine: A tutorial review®

David B. Graves”
University of California at Berkeley, Berkeley, California 94720, USA

Reactive Species from Cold Atmospheric
Plasma: Implications for Cancer Therapy

David B. Graves

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