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Medical applications 
of low temperature non-thermal plasmas 
A new (old) field… 

Violet rays: since the beginning of the 20th century 

In use for decades, 
but its efficacy has not been evaluated! 



Et maintenant en français… 



Already in use but not cold plasmas 

Electro-surgery 
Electro-cauterization 

Rouen	
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- cancer applications or “plasma oncology,”
- plasma pharmacology,
- plasma treatment of implants for biocompatibility.

In the late 2000s, several LTP sources were approved for cosmetic and medical use. Examples are:
in 2008 the US FDA approved the Rhytec Portrait® (plasma jet) for use in dermatology. Also in the US
other plasma devices are in use today for various medical applications, such as the Bovie J-Plasma®

and the Canady Helios Cold Plasma and Hybrid PlasmaTM Scalpel. In Germany, the medical device
certification class IIa was given to the kINPen® (plasma jet) in 2013, and the PlasmaDerm® device
(CINOGY GmbH) was also approved. Figure 1 is a timeline graph showing the major milestones in
the development of the field of low temperature plasma medicine.
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Figure 1. Timeline showing some major milestones of the new field of the biomedical applications of 
low temperature atmospheric pressure plasma. This timeline does not show the case of thermal (hot) 
plasmas,  which  were  used  for  many  decades  in  medical  applications  requiring  heat,  such  as 
cauterization and blood coagulation. 

2. LTP Takes on Hygiene and Medical Challenges 

As can be seen from Figure 1 the biomedical applications of LTP started with experiments on 
the inactivation of bacteria on biotic and abiotic surfaces and media. Bacterial contamination proved 
to pose severe challenges for some industries and in the healthcare arena. The industrial challenges 
are mainly around the problem of food contamination and sterilization of food packaging. Several 
well‐publicized food poisoning incidents (EHEC, Listeria, Salmonella) pointed out to consumers that 
the present methods employed by the food industry may not be adequate to insure food safety. The 
healthcare  challenges are  linked  to nosocomial  infections  caused by antibiotic  resistant  strains of 
bacteria, such as Methicillin‐resistant Staphylococcus aureus (MRSA) and Clostridium difficile (C‐diff). 
Every  year  in  the  US,  hospital  acquired  infections  (HAI)  kill  thousands  of  patients  with 
compromised  immune  systems. HAI  are  caused  by  inadequate  sterilization/decontamination  of 
instruments,  surfaces,  clothing,  bedsheets,  and  personnel  (nurses  and  doctors).  In  most  cases, 
contamination by strains of bacteria resistant to the best antibiotic medications available today is the 
cause of HAI. LTP is therefore considered as a novel technology that can be successfully applied to 
help solve some of the challenges described above. 

The most  recent application presently  receiving much attention  is  the use of LTP  to destroy 
cancer  cells  and  tumors  in  a  selective  manner  [38–58].  Starting  around  the  mid‐2000s  several 
investigators  reported  experiments  showing  that  low  temperature  plasmas  (LTP)  can  destroy 
cancerous cells in vitro. This was followed by some in vivo work showing that LTP can reduce the 
size of cancer  tumors  in animal models. The  in vitro work covered a host of cancerous cell  lines, 

Figure 1. Timeline showing some major milestones of the new field of the biomedical applications
of low temperature atmospheric pressure plasma. This timeline does not show the case of thermal
(hot) plasmas, which were used for many decades in medical applications requiring heat, such as
cauterization and blood coagulation.

2. LTP Takes on Hygiene and Medical Challenges

As can be seen from Figure 1 the biomedical applications of LTP started with experiments on
the inactivation of bacteria on biotic and abiotic surfaces and media. Bacterial contamination proved
to pose severe challenges for some industries and in the healthcare arena. The industrial challenges
are mainly around the problem of food contamination and sterilization of food packaging. Several
well-publicized food poisoning incidents (EHEC, Listeria, Salmonella) pointed out to consumers that
the present methods employed by the food industry may not be adequate to insure food safety.
The healthcare challenges are linked to nosocomial infections caused by antibiotic resistant strains of
bacteria, such as Methicillin-resistant Staphylococcus aureus (MRSA) and Clostridium difficile (C-diff).
Every year in the US, hospital acquired infections (HAI) kill thousands of patients with compromised
immune systems. HAI are caused by inadequate sterilization/decontamination of instruments,
surfaces, clothing, bedsheets, and personnel (nurses and doctors). In most cases, contamination
by strains of bacteria resistant to the best antibiotic medications available today is the cause of HAI.
LTP is therefore considered as a novel technology that can be successfully applied to help solve some
of the challenges described above.

The most recent application presently receiving much attention is the use of LTP to destroy cancer
cells and tumors in a selective manner [38–58]. Starting around the mid-2000s several investigators
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Medical applications of low temperature non-thermal plasmas 

Air environment at atmospheric pressure 
Tgas < 40°C, cooler even better 
Liquid interface  

PLASMAS	FOR	THERAPEUTIC	APPLICATIONS	

Therapeutic applications require: 
 

 1/ non-equilibrium plasmas: 
   Te = 1-10 eV ≠ Tg = 300 K (0.025 eV) 

 

 2/ atmospheric pressure 
 
1+2 = real challenge     what kind of electrical discharges ? 



Glow discharges 

streamers 

1: primary electron 2: avalanche in a few ns 

3: streamer 
velocity: 108 cm/s 

4: conductive chanel 
diameter: 100s µm 

How to avoid the glow to arc transition ? 

High space-charge 
electric field 

Yu. Raizer, Gas Discharge Physics 

A. Fridman, Plasma Chemistry 

5: glow to arc transition              thermal plasma 

Atmospheric pressure 
Pd=100 à d=1.3 mm ! 

ELECTRIC	BREAKDOWN	



1/ external preionization: 

Key point: how to avoid the glow to arc transition ? 

Very	efficient	but	complex	and	expensive	
High	value	products:	high	power	lasers	

2/ current limitation: 

résistive	
Laroussi	et	al:	
IEEE	Trans.	Plasma	Sci.	(2002)	

Capacitive	(DBD)	

Gap	25	cm,	Ne/SF6/F2	

Photo LPGP 

Classical discharges = discharges between 2 electrodes inside a closed chamber 

Gap	4.5	cm,	He/air	

Photo LPGP 

Overlapping	the	streamer	heads	

homogeneous																									filamentary	

NON-EQUILIBRIUM	PLASMAS	AT	ATMOSPHERIC	PRESSURE	



A. Fridman Drexel University 

FE-DBD 

treatment over a large surface area 
                   but 
short gap (few mm): external treatment 

OPEN	DISCHARGES	

Direct DBD 
 Tissue exposed to plasma 
 Charged, excited species, radicals 
 UV, electric field 
 Tolerable current through tissue 

Surface DBD 

Plasma afterglow 
No current, very small amount of ions 
Mainly long-lived reactive species 
UV rays 



A. Fridman Drexel University 

FE-DBD 

treatment over a large surface area 
                   but 
short gap (few mm): external treatment 

          Plasma needle 
 
"a non-destructive atmospheric  plasma source for 
fine surface treatment of (bio)materials."          

E Stoffels et al 
Plasma Sources Sci. Technol. 11 (2002) 383–388 

RF discharge (usually high Tg) 
 
Needle tip is at room temperature: 
biomedical applications allowed 

OPEN	DISCHARGES	



PLASMA	JETS	



,	

RF plasma jet DC microplasma microwave 

HV-LF excitation 

PLASMA	JETS	



All kinds of electrical excitations: DC, AC, RF, MW, continuous or pulsed 
 
Rare gases (with or without admixtures: O2, N2, H2O2,…) but also pure N2 or Air 
 
Unlimited terminology: APPJ, Plasma Plume, Plasma Pencil, Plasma Gun, Plasma Torch,… 
 
Discharge operated in a non-sealed electrode arrangement 

 plasma « expansion » outside the discharge region 
  either through high gas flow or determined by the electric field 

 
Plasma or afterglow (effluent) delivery on targets 

PLASMA	JETS	



0 5 10	 15	 20	 25	 30	 mm	

Air	
Helium	

mm	

mm	 mm	 mm	

mm	
mm	

 Coaxial DBD 
 Applied voltage (pulsed) : 3–40 kV (100ns–10µs) 
                                           (typically 5 kV, 500 ns) 
 Frequency : 1–50 kHz (typically 20 kHz) 
 

 Gas : He, Ar, with or without O2/N2/H2O 
 Gas flow : 50 to 5000 sccm 

MICROPLASMA	JET	



The plasma jet is not continuous; it is rather a streamer guided by the gas channel 
 

The velocity of the “guided streamer” is of several hundreds km/s 

 Stable at atmospheric pressure 
 Low gas temperature ≈ 300-350 K 

MICROPLASMA	JET	



	Possible	use	for	endoscopic	treatments	

Photo LPGP Photo LPGP 

ENDOSCOPIC	TREATMENTS	



Plasma Gun 



Splitting  



Splitting 



Mixing  

Transfer 



RS	PRODUCTION	AND	CONTROL	



FLUID	DYNAMICS	





§  Athmosperic pressure plasma 
§  Cold plasma jet 
§  Variable in length (some mm) 
§  Easy to use and handle 
§  Generation of UV/VUV radiation and 

chemically active species (radicals) 
§  CE     -   certified 

Dimension: 
L=190mm,Ø 20mm 
Weight:   
170g 
HF-Voltage: 
 1,1MHz;2…6kV 
Gas temperature: 
30°C - 150°C 
Gas flow: 
1-5 slm 

kINPen 09 (@ INP Greifswald) 

kINPen™: basic module 

INP Greifswald 



Phase II study : MicroPlaSter 

distance to wound controlled by ultrasounds 
Georg Isbary 



Microwave Plasma 





Cellular effects in vitro induced by cold atmospheric plasmas 

Lethal effects: 
 –  Inactivation/killing of microorganisms (prokaryotic cells) including antibiotic-

resistant pathogens 
 –  Inactivation or killing of mammalian cells (eukaryotic cells) including cancer cells 

mainly via induction of apoptosis depending on intensity (time) of plasma impact 
 
Non-lethal effects:  

 –  Influence on/stimulation of metabolism of microorganisms (prokaryotic cells)  
 –  Specific/selective effects on mammalian cells (eukaryotic cells):  

 Influence on cell migration  
 Influence on expression of surface proteins responsible for cell-cell and cell-

matrix interactions  
 Influence on/stimulation of cell proliferation  
 Influence on/stimulation of angiogenesis  
 Reversible impact on DNA integrity, influence on cell cycle  
 Reversible permeabilization of cell membranes (“plasma poration”)  
 Non-thermal blood coagulation  

CELLULAR	EFFECTS	



Mechanisms of the biological effects of cold atmospheric plasmas in vitro: 
 

 – Significant biological plasma effects are caused by plasma-induced changes to the 
liquid environment of cells 
 

 – Reactive oxygen and nitrogen species (ROS, RNS/RONS) generated in or 
transferred into liquid phases play a dominant role in biological plasma effects. 9

It is of special significance that the modification of the cellular environment 
resulting from plasma is in most cases assumed to be caused by the same ROS and 
RNS/RONS as appear in regular cell metabolism in the body. These control and 
communicate physiological and pathological processes.

The impact of plasma on cellular functions is cell-type specific. In an exploratory 
study using cell culture models, Jurkat cells (T lymphocytes) were most sensitive to 
cold atmospheric plasma whereas other cells (human cell lines like MRC5 fibro-
blasts, HaCaT keratinocytes, THP1 monocytes) were remarkably robust [23]. 
Effects in skin cells are based on redox changes are caused mainly by oxygen-based 
radicals and hydrogen peroxide [24–28].

To maintain the cellular redox balance, numerous antioxidants, redox sensors, 
redox enzymes, and repair mechanisms are involved. This has been proven experi-
mentally using proteomics and transcriptomics. A low intensity of plasma impact 
stimulates cellular redox signaling, which results in increased anti-oxidative capac-
ity as well as initiation of the repair processes if needed. This kinetics of biological 
effects is called hormesis, and is actually discussed in the field of redox biology as 

Table 1.1 Important reactive oxygen and nitrogen species in biology; following [20]

Reactive oxygen species (ROS) Reactive nitrogen species (RNS/RONS)
Superoxide: O2

−• Nitric oxide: •NO
Hydrogen peroxide: H2O2 Nitrogen dioxide: •NO2

Hydroxyl radical: •OH Peroxynitrite: ONOO−

Singlet oxygen: 1O2

Ozone: O3

Organic radicals: RO•, RO2•

Important practical consequences result for the medical application of cold 
atmospheric plasmas (CAP) based on these insights from redox biology:

• Redox active species identified as active compounds of CAP play an 
important role in physiological wound-healing processes. This is the scien-
tific basis of the concept of plasma-supported wound healing. Hence, 
plasma action supports the body’s own functions that are pathologically 
impaired e.g., in the case of non-healing chronic wounds.

• Because of the physiological occurrence of these plasma-generated redox- 
active species, excess concentrations of these substances can be effectively 
antagonized by the body’s own antioxidant defense systems. Consequently, 
under regular conditions, any input of these reactive oxygen and nitrogen 
species by local and time-limited plasma treatment will not cause increased 
risk of unwanted side effects.

• Different sensitivity of different cell types suggests the possibility of selec-
tive plasma effects.

1 Introduction to Plasma Medicine

MECHANISMS	



- Sterilization and decontamination 
- Skin and tissue sterilization 
- Hygiene 
 
- Dermatology 
- Dental care 
- Blood coagulation and primary hemostasis 
- Inflammation 
 
- Wound and ulcer care (clinical studies) 
- Antitumoral effect and tumor treatment (case studies) 

Treatments in vitro and in vivo (animal models and clinical tests) 

THERAPEUTIC	APPLICATIONS	



CHRONIC	WOUNDS	HEALING	
– Open, highly infected skin lesion 
 

– Persistent for more than 3 months 
without healing progress 
 

– Not cured after 12 months of therapy 
 

– Main causes are circulatory disorders of 
veins or arteries 
 

– Diabetes, spinal cord injury, other 
disorders that cause immobility 
 

– Risk factors: age, pregnancy, obesity, 
smoking, former severe leg injury, venous 
thrombosis, standing and sitting for long 
periods 
 

– Standard wound care: debridement, 
saline solution, modern wound dressing, 
compression stocking 



MicroPlaSter 



Pat.72: Therapy area 



CHRONIC	WOUNDS	HEALING	
– UV radiation and reactive gas species (i.e. O3) 

 Disinfection 
 
– Nitric oxide (NO) or other nitrogen species (NOX) 

 Stimulation of tissue regeneration 
 Wound acidification 

 
– Electric current 

 Stimulation of micro-circulation and angiogenesis 
12

The results of basic research gave rise to the early hypothesis that plasma- 
supported wound healing may be based not only on the reduction of bacterial colo-
nization or elimination of wound infection, but also by direct stimulation of 
regeneration of damaged tissue. Based on this hypothesis, the concept of plasma- 
supported wound healing was developed. This is based on a combination of clean-
ing and antisepsis on the wound surface, with a stimulation of tissue regeneration in 
deeper wound areas (Fig. 1.4) [44–46].

Impeded wound healing is a big challenge for both patients and clinics. Despite 
different etiologies, this kind of wound is frequently characterized by disturbed syn-
chronicity of the different processes of wound healing, wound infections, accumu-
lation of liquid, necrosis of the wound edge, excessive tissue neogenesis, and 
increased release of proteinases and cytokines [47]. Proteinases disturb the genera-
tion of the extracellular matrix and inhibit the migration of fibroblasts and keratino-
cytes that is essential for successful re-epithelialization in later phases of wound 
healing. Besides a resulting deceleration and inhibition of wound closure, an 
increased number of immune cells is detected [48].

Usually, immune cells are attracted from the blood and the surrounding tissue 
fluid to the wound, which prolongs the inflammatory phase of wound healing. 
Persistence of immune cells is also given in low-germ chronic wounds. It is not yet 
completely clear whether this is the cause or the result of disturbance to wound 
healing. There are several signs that a misguided cellular redox signaling will hold 
the balance of wound inflammation. The concept of redox balance describes homeo-
stasis of the oxidative and reductive processes in cells and tissues. Reactive oxygen 
and nitrogen species (ROS, RNS/RONS) or radicals, which are normally generated 
by the respiratory chain or in conjunction with inflammations, are eliminated by 
enzymatic and non-enzymatic defense mechanisms [49]. It was supposed for a long 
time that such reactive species alone cause cell-damaging effects. Nowadays, their 
necessity for cellular processes beyond pathophysiological effects is well known 
[50, 51].

Integrated concept of plasma-assisted wound healing

superficial cleaning and antisepsis

stimulation of tissue regeneration,
cell proliferation, angiogenesis
anti-inflammatory effects

Fig. 1.4 Basic concept of plasma-supported wound healing

T. von Woedtke et al.

H.-R.	Metelmann	et	al.	(eds.),	
Comprehensive	Clinical	Plasma	
Medicine,	Springer	Nature	2018		



CANCER	TREATMENT	
Cold atmospheric plasmas are able to induce apoptosis in cancer cells  
in vitro 

 Drexel Plasma lab (Fridman et al) (1st  2007) 
 

in vivo 
 PLASMED – GREMI, CIPA-TAAM, CBM, Germitech, INEL, CERB (1st  2009) 

non systemic treatment with little or no side effects 

Antitumor activity of plasma has been demonstrated in vitro on: 
 Melanoma (G361, B16, A2058) 
Glioblastoma (U87MG) 
Hepatocellular carcinoma (BEL-7402, HepG2) 
Colorectal carcinoma ( SW480, HCT-116, COLO320DM) 
Lung carcinoma (A549, H460) 
Breast carcinoma (MCF-7) 
Cervix carcinoma (HeLa) 
Oral carcinoma (HSC-2, SCC-15) 
Pancreatic carcinoma (MiaPaca, COLO357) 
… 



in vivo antitumoral activity 
HCT-116, colon 
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CANCER	TREATMENT	



HCT 116    Colon 
NTP 

FE DBD treatment 

CTRL	 NTP	 NTP	NTP	 NTP	 CTRL	

NTP 
Plasma Gun treatment 

CANCER	TREATMENT	

à  anti-metastatic effect 





CASE	AND	CLINICAL	STUDIES	



MECHANISMS	
– RONS generally acknowledge to be important in plasma therapeutics 
 

– E-fields and photons are important in some cases (e.g. gene transfection/transdermal 
delivery; photon-induced chemistry) 
 
Existing therapies using RONS: 

 – antibiotics 
 – antifungals 
 – antiparasiticals 
 – cancer therapy          wide recognition of positive role of RONS in cancer therapy 
  - PDT (O2(a)) 
  - radiation 
  - chemo 

 
 
 
Plasma-generated RONS effects are confined to near-surface regions and are applied on 
timescales short compared to biological responses 
BUT 
Observed plasma therapeutic effects suggest longer time and length scales are involved in 
plasma therapeutics 



David	Graves,	UC	Berkeley	

Hypothesis: plasma triggers a therapeutic response via RONS 
 

1.  Burst (10-100s) of RONS from plasma react with liquid and then layer of 
surface cells 

2.  Generation of longer-lived species: H2O2, oxidized/nitrated proteins, 
peptides, amino acids, lipids, etc 

3.  These species diffuse to and enter cells or act as ligands to membrane 
surface receptors 

4.  This initiates cell responses: DNA damage, cell cycle arrest, and other redox 
mediated stresses associated with mitochondria 

5.  Cells try to adpat, e.g. by generating anti-oxidant enzymes 
6.  Cells too weak or unable to adapt may die, strengthening the organism 
7.  Stressed cells will communicate to adjacent and distant cells, e.g. via release 

of cytokines 
8.  Immune system stimulations and/or blood flow or oxygenation may results 
9.  Net result is similar to what is intended by immune system response: trigger 

and activate tissue repair, protect against infections, destroy tumours 

MECHANISMS	



Plasma-generated RONS both simulate and stimulate natural healing responses 



Energy transport through multiple interfaces  

Core	plasma	power	input 	è 	active	plasma	chemistry	
Core	plasma	&	effluent	interface 	è 	steep	gradients	
Effluent	region 	è 	passive	plasma	chemistry	
Effluent	&	liquid	interface	è 	multi-phase	interaction	
Liquid	solution 	è 	liquid	chemistry	
Liquid	&	bio	interface	è 	bio-chemistry	

electrode 

electrode 

electrons 

ions 
radicals 

neutrals 

pow
er 

ions ions ions 

pow
er 

pow
er 

hν hν

energy 
radicals metastables 

neutrals 

metastables 
Core	plasma	

Effluent	

Liquid	

Biological	
matter	



§   Multiphase interfaces: 
§   Plasma – gas – liquid – surface (solid) 

§   Multispecies: 
§   Electrons, pos. ions, neg. ions, neutrals, radicals, excited species, photons 

§   Multiscale problem – time: 
§   Electron dynamics: ps – ns 
§   Ion dynamics: 100 ns – µs 
§   Plasma chemistry: 100 µs – ms 
§   Surface chemistry: s – min    

§   Multiscale problem – space: 
§   Surface structures: nm – µm 
§   Charged particle gradients: µm – m 
§   Neutral particle gradients: 10 µm – m 

Challenges & Opportunities 



6

1.3  Scientific Basics of Plasma Medicine

Research in plasma medicine needs a consistent transdisciplinary approach. Physics 
describes the composition and activity of plasma and how it is influenced by techni-
cal parameters. Life sciences carry out basic research on plasma effects on cells, 
tissue, and organisms. Medicine explores biological plasma effects in a clinical 
context with a view to therapeutic applications. Interdependency of all three disci-
plines is the basis of the potential of plasma medicine and its application-oriented 
research approach from bench to bedside. In this context, the early investigation of 
possible unwanted side effects and risks of plasma application has been an impor-
tant focus of research from the very beginning (Fig. 1.2) [13, 14].

Plasma sources Biological effects

in vitro

in vivo

Therapeutic Applications

development physiological liquids

cells:

cell and tissue cultures:

organisms:
animal experiments
clinical tests/trials

isolated tissues/organs

not contaminated/infected
contaminated/infected

-

-
-

-
-

-
microorganims
mammalian cells

adaptation

diagnostics

optimization, control,
monitoring

experimental applications

Fig. 1.2 Research in plasma medicine: combined and coordinated research tasks in plasma physics 
and life sciences

The main aim of research in plasma medicine is to refine the use of thermal 
plasmas associated with destructive effects to achieve selective non-thermal 
plasma effects for the manipulation of specific cell functions.

Research in plasma medicine comprises both basic research on the mecha-
nisms of biological plasma effects and application-oriented as well as clinical 
research to identify promising fields of implementation in medical practice.

T. von Woedtke et al.
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CONCLUSIONS	

– control of the reactive species delivery 
– understanding of the process chain leading to the therapeutical effects 
– optimisation of the applications (dose?) 


