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– for low-temperature plasma sciences and innovations

•Fundamental, basic 
(source, diagnostics)

•Green & nano, DX
•Bio, medicine & agri
•Semiconductor 



Plasma sources & mode transition

K. Ishikawa, Ch. 2-1. In Plasma Medical Science (Academic Press, 2018); A. Schulze (1998); 3

Joule heating in the 
discharge path of high 
electrical currents. 
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Optimal temperature range is narrow
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Time

Distance

Non equilibrium

Te≠Tg

Thermalization

S. Yoshimura, Jpn. J. Appl. Phys. 60, 010502 (2021) 

A balance between source 
input and consumption-loss of 
energy determines the 
resulting temperature of the 
living organism, which is 
surrounded by the 
environment.

Temperature should be controlled for biology



History of direct & indirect irradiations
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2000 2010 2020199019801970

Gas temperature >10,000K ~300K ≡ Biological temperature ± 1˚C 

He DBD (Kanazawa 1988)

Plasma scalpel 
(Link, Glover 1973)

Electrosurgery (Taylor 1929)

Electroporation 
(Neumann 1982)

Ar plasma coagulator 
(Storek 1993)

Plasma needle (Stoffels 2002)

FE-DBD (Fridman 2006)

kINPen (von Woedtke 2009)

Microplaster (Simizu 2008)

LF-jet (Kitano 2008)

NEAPP (Iwasaki 2008) Enclosure (Nakamura 2020)

kINPEN med

Helios scalpel, etc.
Mild plasma (Ikehara 2013)

Streamers, (coronas)

DBD

Effluent, remote

`

K. Ishikawa, Free Rad Res 2023, 57, 239



Indirect - PAL: Plasma-activated solutions
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Plasma-activated Lactec：PAL

H. Tanaka et al., Sci. Rep. 6, 36282 (2016).
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F. Utsumi et al.,  PLoS ONE 6 (2014) e81576;

plasma control
In vitro and In vivo

http://www.tokai-med.ac.jp/kagaku/student/s081018/sb/
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• Preferential killing of 
tumor cells

• Issues
• Clarification of plasma 

diagnostics and the 
antitumor mechanism of 
Plasma-activated liquids

Plasma medical innovation – cancer therapy

Brain
GliomaLung

Breast

Stomach

Liver
Pancreatic

Uterine
Cervical

Colon

Skin
Melanoma

http://diagrampic.com/human-body-outline-diagram/

Plasma cancer treatments 

H. Tanaka

Prostatic
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Laser diagnostics

Electron spin 
resonance (ESR)

Hierarchical complex systems -diagnostics
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History of diagnostics

92010 2020

Plasma source Gaseous chemistry Aqueous chemistry Plasma-biological interaction

O 3P (Takeda 2013)
Gaseous species

PAM (Tanaka, Utsumi 2013)

O 3P (Jia 2014)

ESR (Ishikawa 2012)

ESR (Kurake 2016, 2017)

PAL (Tanaka 2016)

Aqueous radical

Metabolism (Kurake 2019)

LTS (Jia 2011)
Electron phenomena

Flow dynamics

Systematic I (Takeda 2017)
Systematic II (Takeda 2019)

Flow I (Brubaker 2017)
Flow II (Brubaker 2019)

Metabolism (Ishikawa 2020)

Organics (Liu 2023)
Organics (Tanaka 2021)

ESR (Uchiyama 2015, 2018)

Free radicals in biology

Intracellular metabolism



Gaseous - nonequilibrium physicochemical reaction field
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Laser diagnostics

K. Takeda, J. Phys. D 50, 195202 (2017).
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Chemical network - Artificial and natural systems
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The plasma–liquid interactions
associated with a plasma discharge are 
similar to those occurring in the Sun

11K. Ishikawa, Jpn. J. Appl. Phys. 61, SA0802 (2022).

Chemical network of nitrogen derivatives



• Nitrous oxides dissolve and OH radical oxidizes organics

Aqueous - nonequilibrium physicochemical reaction field
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N. Kurake et al., J. Phys. D: Appl. Phys. 50, 155202 (2017); H. Uchiyama ibid 51, 095202 (2018); 
PLoS One 10, e0136956 (2015). Toyokuni et al., Plasma Medical Science (Elsevier, 2018).



OH radical mediated reactions
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Pyrolysis (in sonochemistry) Photolysis Reactions under Plasma
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Effects of plasma-liquid interactions
Plasma – Electrical discharge phenomena

Liquid phase
Interface

Water
Cell culture medium

Blood Cell Solid surface

Water (Dissolved gases, pH, 
Conductivity, etc.)

Inorganic salts

• Membranes, 
• Extracellular matrix 

(Connective fiber), 
• Cytoskeletal filaments 

(Microfilaments, Microtubules, 
Intermediate filaments)

Ringers' solution

Proteins (Peptide, 
Amino acids)

• Red blood cells, 
• White blood cells, 
• Platelets

• Cells
• Tissues 
• (Epithelial, Connective, 

Muscle, Nervous)
• Organs

Gaseous phase

Carbohydrates (Saccharides)

Lipids (Glycerol, Fatty acids)

Nucleic acids (Nucleotides)

Solid phase
Gaseous phase

Skin

Constituents

Wound

From liquids 
to living bodies
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Inorganic and organic antitumor agents

・O ・NO
・OH

N2  O2

H2O

Membrane Cell death
Cell

H2O
2 Organics

Modification

Lactate

UV/VUV
e－ e－e－

ONOO－
OCl－

・ NaCl
・ KCl
・ CaCl2
・ Lactate-
Na

RONS

NO2
－

Plasma activated lactate

Intracellular
RONS

Antitumor agents and intracellular response in PAL. 

×

Plasma

PAL

Intracellular
metabolites

15



• Conformation

Aqueous reaction lactic acid and OH

Pubchem; G. S. Hwang U. Texas@Austin

Solvated water 
molecules
Acidification in water
(Alberty-Legendre transform 
in Thermodynamics)

C3H6O3→ C＞３ synthesis, C3 modification, C＜3 decomposition
Alcohol (OH)/Aldehyde(C=O)/Carboxylic acid (COOH)

Organic chemistry, Physical chemistry, Photochemistry, Electrochemistry, 
Organic electrochemistry

16



• Hydrogen abstraction 

Plasma-induced aqueous chemistry
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Chemical aspect - Radical reactions

Ex. hydrogen abstraction of OH radical

A
∙OH

OH−＋ A｜∙＋

A∙
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∙OH

OH−

∙OH

H2OH+

One electron

Generation of reactive species involving radicals

DissociationExcitationSinglet
(Grounded state)

Triplet Doublet

Electrochemistry
Solution chemistry

Electron transfer

Radical cation

Rich aqueous chemistry in plasma induced reactions.
Physical actions Chemical reactions. (PACR) 18



Induction of cellular responses

H2O2NO2
−

Glycolysis

Plasma

Liquid

Cell

Pyruvate

Glucose

ATP

Lactate

TCA cycle

Acetyl-CoA
ATP

CO2

CO2

Citrate

Carbons

Organics

Inorganic reactive oxygen & 
nitrogen species (RONS)

Gas

Plasma-biological matter 
interactions

In situ diagnostics at 
real time

Gene expression

Signal transduction

Metabolism

Air entrainment Negative ionsRadicals Light
Electron

Ca2+

PI3K
Ras

Akt mTOR

Amino acids

How plasma induced intracellular reactions ?

Glucose Decomposition

Regulated cell death

GFRs
VDCC GLTs

AP-1

MAPK

GADD45

Plasma-activated organics

19
Cellular molecular mechanism



Intercellular metabolism
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• Metabolic reprogramming: Nutrient acquisition and 
metabolism of malignant cells (Aerobic glycolysis, "Warburg 
effect")
– Bio-energetic (Glucose oxiation, ATP, etc.)
– Bio-synthetic (Amino acids, Lipids, Proteins as biomass) 
– Redox balance (NADPH, GSH/GSSG, etc.)

Glucose

Pyruvate

3PG

G6P

AcCoA
Citrate Fatty acid

Lactate

PI3K
Akt

mTOR

Amino AcidMyc

Fumarate

Glycolysis
PPP

Growth factor

TCA cycle

Glutamine

Lipid

Proteins

Nucleotides

ROSHIF1

after DeBerardinis and Chandel, Sci. Adv. 2 (2016) e1600200.

ATP O2



Differences in metabolites
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Principle component analysis
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NO in plasma-induced ferroptosis

23



Plasma-liquid & living organism interactions
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Blood coagulation
(Fridman 2006)

KINPen (von Woedtke 2009)
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Pathology – plasma pharmacy
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Plasma triggers nonequilibrium reactions
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• The relaxation of the initiating physical impulses that exceed a 
physiological stress level propagates this network so act as stimulations. 
Thus, the plasma-induced reactions are both dynamic and reversible. These 
subsequently react with other species and generate various products as a 
consequence of physical actions and chemical relaxation (PACR).

Time

Stimulation

Relaxation

Reactive species

Physical Chemical Biochemical Biological
Electric field, 
Light, Ion, etc.

Receptor, 
Redox reactions

Metabolism, 
Stress responses

Phenotypes, Immunity, 
Proteolysis, 

Emergence of 
functions

Plasma physical action

Chemical relaxation
PACR

Physiological level

Chained reactionsSequential Network

K. Ishikawa, Jpn. J. Appl. Phys. 61, SA0802 (2022).
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Conclusion - plasma as a tool to open life innovation

27

• Low temperature plasma surface interactions – physics and 
chemistry - kinetic control of reactions

• To elucidate physical actions, chemical reactions (PACR) using 
multiple in situ analyses at real time during processing.

Low temperature plasma

Liquid phase
Interface

electron ion radical light

Water
Inorganics (Salt, etc.)

Organics (Glucose, Amino acids, etc.)
Biological matters

Polymers
Solid

radicalbubble ions

Alcohols

Physics
(collisions)

Chemistry
(intermolecular 
reactions)

Gaseous phase
aerosol

non-equilibrium reaction field
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• Similarities and differences between animate and inanimate systems. All 
the multiple pathways quantitatively are analyzed by multiple in situ
and real-time measurements during this process.

Understanding of complex plasma reactions

Phenotypes Phenotypes

Plasma (Functional nitrogen)Plasma Plasma

Responses Responses

Treated Treated

a) Conventional b) Present status c) Future goal

Linear cascade Multiple paths & synergisms Clustering network

Media (ex. water)

Living organism

Media

Living organism
(Hierarchical)

Living organism

Primary

Secondary Media

Selected reactive speciesReactive species Gaseous reactions

Network

Feedback

T. Kaneko et al., Jpn. J. Appl. Phys. 61, SA0805 (2022). 29
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