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‘Low Temperature” Plasmas “In the Kitchen” *

* Plasma 2010 
NRC, 2007

Plasma-processed  
microelectronics

Plasma  
ion-implanted  
artificial hip

Plasma TV



Plasma Etching: IC Manufacture

Plasmas used to process semiconductors to make integrated circuits (ICs) – 
Nanoelectronics has replaced microelectronics: sub-10 nm critical dimensions

Advanced devices

Courtesy Y. Zhang, IBM Research



2010 G. Isbary: clinical trial for wound healing (MW Ar plasma)   

2007 G. Fridman: in vitro cancer cell treatment (Air DBD)   

Abbreviated History of Gas Plasmas  
In Biomedicine

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

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

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

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

1999 M. Laroussi: E. coli sterilization (He DBD)   

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

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

2000 Plasma Surgical Company: Ar jet   



Atmospheric Pressure Plasma 
Sources for Biomedical Applications

(1) Drexel University (USA) 
(2) Cinogy GmbH (GER) 
(3) Old Dominion University (USA) 
(4) IOM Leipzig (GER) 
(5) Eindhoven Univ. of Techn. (NED) 
(6) New York University (USA) 
(7) MPE Garching (GER) 
(8) University of Orléans (FRA) 
(9) McGill University, Montreal (CAN) 
(10) Loughborough University (UK) 
(11) INP Greifswald (GER)
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Courtesy: 
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Before treatment After 7 days/ 5 sessions  
plasma treatment

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

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

Plasma-induced wound healing:  
various anecdotal reports 



Keidar et al., Dec. 2011; melanoma murine model





Plasmas in ambient air at room temperature

e

ion radical

hv
E

• voltage: 10-20 kVpkpk                         
• frequency: 1-10 kHz                     
• power: ~ 1W                          
• distance to finger: 1-3 mm        
• gas: static air in California                             

What are the Key Biochemical Agents?? 
What are the Biochemical Mechanisms??

Cu

HV

glass

Object



Plasma Needle: Can We Understand It? 

• Frequency: RF (13.56MHz) 
• Voltage: 200-400 Vpkpk 

• He flow rate: ~1 slpm (Red < 100) 

• Power consumption: ~1 W  
• Distance to sample: 1-5 mm

E. Stoffels, et al., Plasma Sources Sci. Tehcnol. 11 (2002) 383.

Function 
generator

RF amplifier He flow

Matching box

Air

glass tube 
(4 mm)

needle 
(0.5 mm)
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Plasma needle: Bactericidal effects

S. mutans 
• bacteria 
• anaerobic 
• oral cavity

alive

inactivated
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Fluid Model: Governing Equations

(mass conservation)

(momentum conservation)

(energy conservation)

He (~ 1m/s)

air  
(N2)

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

temperature 
velocity 

species density 
 ion momentum 

collisional heating
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Model Validation: O Atom Measurement *

• TALIF: two photon absorbed laser induced fluorescence 
• collaboration with Ruhr-Universitat Bochum (Germany)

N. Knake, et al, J. Phys. D: Appl. Phys. 41 (2008) 
194006

* Thanks to:



0.5 slpm 1.0 slpm

0.4 slpm 1.5 slpm

Measured O Atom Density: Qualitative Agreement  
with Model

Y. Sakiyama, et al., Appl. Phys. Lett. 97 (2010) 
151501.



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



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. 

See also: 

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



Reactive Oxygen Species: ROS

Radicals          Nonradicals 
!
ROS         ROS

Halliwell, Plant Phys. 2006



Radicals         Nonradicals 
!
Reactive chlorine     Reactive chlorine

Reactive Chlorine/Bromine Species

!
Reactive bromine     Reactive bromine

Halliwell, Plant Phys. 2006



Radicals         Nonradicals 
!
Reactive nitrogen     Reactive nitrogen     
 

Reactive Nitrogen Species: RNS

Halliwell, Plant Phys. 2006



Some Physiologic/Homeostatic Actions of RONS*

Oxidative Burst Immune 
Responses

Vascular Tone 
-Vasodilation 
-Blood pressure 
-Inhibit platelet 
aggregation

Neurotransmission 
-Pre/post synaptic 
transmitter 
-Long term potention/
depression

Biomolecule Modification 
-Lipid/Protein function 
-Enzyme inhibition 
-Membrane stability

Cellular Response 
-Apoptosis 
-Metabolic turnover 
-Proliferation/differentiation

Signaling 
-MAP kinase 
-Redox-sensitive 
transcription factors

*Chiurchiu and Maccarrone, 2011 
Antioxidants and Redox Signaling

RONS



Reactive Species Play Major Role in Aerobic Biology: 
Example of Innate Immune System and Inflammation

Subsequent 
Reactions

Many similar chemical species are created in air plasmas

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



Some Disease States Associated with RONS
1. Cancer 

!
2. Cardiovascular disease 

a. Congestive heart failure 
b. Atherosclerosis 
c. Heart attack 
d. Stroke 

!
3.   Neurodegenerative diseases 

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

!
4. Inflammatory bowel  
      disease 

!
5.  Diabetes 

!
6. Rheumatoid arthritis

7.   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 Ionizing Radiation

O’Neil and Wardman

Formation of radicals  
thought to be central  
to cancer radiation therapy



Castano et al., Nature Revs., 2006

Photodynamic Therapy Creates 1O2



Pelicano et al., 2004

Cancer Chemotherapy and ROS Generation 
or Antioxidant Depletion/Inhibition





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

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

- 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



More details:

Low temperature plasma biomedicine: A tutorial reviewa)

David B. Gravesb),c)

University of California at Berkeley, Berkeley, California 94720, USA

PHYSICS OF PLASMAS 21, 080901 (2014)

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.[1,2] Cancer
immunotherapyand stemcell 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.[3]

Nevertheless, there remains an enormous need for better
therapies tomoreeffectively treat themanydifferent forms
of cancerwithminimal side effects. The focus of thepresent
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.[4]

summarize progress in applying CAP to tumors, mostly for

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 lowplasma ‘‘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,
plasmatreatmentof cell culturemediumhasbeen shownto
be an effective anti-tumor fluid, both in vitro and in vivo.[5]

The cellular effects of CAP appear to strongly involve,
either directly or indirectly, the suite of reactive oxygen
species and reactivenitrogen species (RONS) createdbyCAP
in air environments.[6] 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

D. B. Graves
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E-mail: gravesdav@gmail.com
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Oxy-Nitroso Shielding Burst Model of Cold Atmospheric Plasma Therapeutics  

David B Graves 
University of California 

Berkeley, CA USA  

graves@berkeley.edu    

 

Abstract  

It is postulated that cold atmospheric plasma (CAP) can trigger a therapeutic shielding response in tissue 

by creating a time- and space-localized, burst-like form of oxy-nitrosative stress on near-surface exposed 

cells through the flux of plasma-generated reactive oxygen and nitrogen species (RONS). RONS-exposed 

surface layers of cells communicate to the deeper levels of tissue via a form of the ‘bystander effect,’ 

similar to responses to other forms of cell stress. In this proposed model of CAP therapeutics, the plasma 

stimulates a cellular survival mechanism through which aerobic organisms shield themselves from 

infection and other challenges.  

Keywords: plasma medicine, cold atmospheric plasma, reactive oxygen and nitrogen species, 

bystander effect, hormesis  

 

 

 

 


