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Plasmas occurring in nature 7]
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Plasma sources & mode transition &4
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discharge path of high

Type (i) Type (ii) Type (iii) electrical currents.
Corona Spark DBD Effluent 1000
g Dark Glow
0. 0 U oewa 3[R~
Plasma Charges ' s 500
Plasma re
1 1 > i
Plasma Remote or effluent 0 nglscbargef”zo"_.
Y v 10> 103 101 10
| | | | | | | | <
< No glow,
Target () 105 or?l);:J sgc);/\ela r
g3
E 10
103 101 10

Current (A)

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



Optimal temperature range is narrow 15
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S. Yoshimura, Jpn. J. Appl. Phys. 60, 010502 (2021)



Optimal temperature range is narrow 15
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History of direct & indirect irradiations &4

Gas temperature >10,000K ~300K = Biological temperature £ 1°C
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Indirect - PAL: Plasma-activated solutions

Plasma-activated Lactec : PAL
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Plasma medical innovation — cancer therapy

Plasma cancer treatments
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Hierarchical complex systems -d
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Effects of plasma-liquid interactions e

Plasma — Electrical discharge phe
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History of diagnostics )

Plasma source <> Gaseous chemistry <> Aqueous chemistry <> Plasma-biological interaction

Flow dynamics Flow Il (Brubaker 2019)
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Gaseous - nonequilibrium physicochemical reaction field w

N and O atom density (1013 cm~3)
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Chemical network - Artificial and natural systems 4]

The plasma-liquid interactions
associated with a plasma discharge are
similar to those occurring in the Sun

Solar wind
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K. Ishikawa, Jpn. J. Appl. Phys. 61, SA0802 (2022).
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Aqueous - nonequilibrium physicochemical reaction field w

* Nitrous oxides dissolve and OH radical oxidizes organics
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OH radical mediated reactions 15
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Inorganic and organic antitumor agents 15 [
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Aqueous reaction lactic acid and OH 15

e Conformation

Solvated water
molecules

Acidification in water
(Alberty-Legendre transform
in Thermodynamics)

°o®
Alcohol (OH)/Aldehyde(C=0)/Carboxylic acid (COOH)
C;HO;— C. ;3 synthesis, C; modification, C_; decomposition

Organic chemistry, Physical chemistry, Photochemistry, Electrochemistry,

Organic electrochemistry
Pubchem: G. S. Hwana U. Texas@Austin 18



Plasma-induced aqueous chemistry 15

« Hydrogen abstraction
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Chemical aspect - Radical reactions 15

Generation of reactive species involving radicals
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Induction of cellular responses 15
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Intercellular metabolism 15

« Metabolic reprogramming: Nutrient acquisition and
metabolism of malignant cells (Aerobic glycolysis, "Warburg
effect")

— Bio-energetic (Glucose oxiation, ATP, etc.)

| — _Bio-synthetic kAmino acids, Lipids, Proteins as biomass)
| — Redox baIance|(NADPH, GSH/GSSG, etc.)
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ﬂ Glycolysis ﬁ —_— - il \
|_T|| | ( Gip —{> \

PPP
N\

T TOR | 3PG —|I>—’ Nucleotides
£ Llactate < IPyruvate e —-—

Amino Acid =» FIEGIERE
AcCoA .
TCA cycle Citrate —» Fatty acid =—»
& Fumarate . ROS 0,

after DeBerardinis and Chandel, Sci. Adv. 2 (2016) e1600200. 22




Differences in metabolites

API

" Archives of Biochemistry and Biophysics ’ :

Volume 683, 30 July 2020, 108414

Non-thermal plasma-activated lactate
solution kills U251SP glioblastoma cells
in an innate reductive manner with

altered metabolism

Glycolysis Metabolism in PAL

Kenji Ishikawa *
Shinya Toyokuni
Masaaki Mizuno
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PAL modified the metabolic profiles

K. Ishikawa et al, Arch. Biochem. Biophys. 688, 108414 (2020)

Compound name PC1 : PC2 PC3
Asn 1.4E-01 3.8E-02 2.6E-02
Lactic acid 1.4E-01 1.2E-03 3.6E-02
Pro 1.4E-01 6.4E-02 2.7E-02
S-Adenosylmethionine 1.4E-01 3.6E-02 4.9E-02
CoA 1.2E-01 9.4E-02 7.3E-02
Pyruvic acid 1.1E-01 1.1E-01 1.4E-01
Ala 1.1E-01 1.1E-01 1.4E-01
Fructose 6-phosphate 1.1E-01 3.0E-04 5.9E-02
Glutathione (GSH) 1.0E-01 1.2E-01 4.6E-02
Sedoheptulose 7-phosphate 9 9F.02 11F-m 11F-01
Acetyl CoA o o = =) oy <) W2
Galactose 1-phosphate 22
Erythrose 4-phosphate 22
Glucose 1-phosphate 1
Citric acid 1
Cys 22
S-Adenosylhomocyste Controll | P2
ere Control2 | P2
Glycolic acid Co ntrql b
NADH Control3 I I I | o
Hydroxyproline Lactecl I p2
cis -Aconitic acid Lactec2 La Cte C IJl
ATP Lactec3 D2
Glucose 6-phosphate PAL1 I . p1
NAD* PAL2 P A L 1
Putrescine PAL3 | p1
Isocitric acid Medium1 |I I I Pl
Uric acid Medium2 o p2
Cystathionine Medium3 M e d | m p1
Glycerol 3-phosphate T 1
ADP-ribose p2
n PAM13mm2 | I | b
Ornithine PAM3mMMS3 I p1
Xanthine PAM3mm1 PA M p1
PRPP PAM3mm2 D1
Spermine PAM3mm3 | I D1
NADPH -3.7E-02 -1.7E-01 1.2E-01
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Key results in metabolism 15
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NO in plasma-induced ferroptosis

Redox Biology

v 3 Volume 43, July 2021, 101989
ELSEVIER

Research Paper
Lysosomal nitric oxide determines
transition from autophagy to ferroptos

after exposure to plasma-activated
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Plasma-liquid & living organism interactions &7}

us -
Blood coagulation Cancer treatment Selective killing effect (2011)
(Fridman 2006) (Fridman 2007)
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(Iwasaki 2008) (Isekl 2011) coagulation Ferroptosis (Jiang . £
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Pathology — plasma pharmacy

Plasma stress

)

Chemistry
Y (Reactions)

Physics Plasma

Stress,

Normal cell

(Collision) O @0y
5 1 & ¢

increased (Homeostasis) [\ Injurious stimulus
demand Oxygen/nutritional deficiencies,

Hypertrophy
Hyperplasia
Atrophy

Adaptation = = =— =
Inability to adapt

= > Cell injury

Chemicals, infectious agents,
Immune response, Physical stimuli
I Aging, Genetic abnormalities

Metaplasia

Subcellular alternation

Apoptosis
(Programmed cell death)

Cellular fragmentation

v v

Reversible cell injury

Point of irreversibil_ity_

Necrosis

Breakdown of cellular contents

Healthy (Plasticity)

Robbins Pathology

Physiological homeostasis

Irreversible disorder

Infection, dysfunction Disease
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Plasma triggers nonequilibrium reactions &/

|Collision (Physical action)

» 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

Generated unstable species
Ichemical reaction

subsequently react with other species and generate various products as a . /%1
consequence of physical actions and chemical relaxation (PACR). S
Coherent process: Wave field dynamics
Stimulation Plasma physical action Trelector)  Therma
| Reactive species >. PACR Emergence of Energy Conerent
f ) functions ’m
\ Chemical relaxation . .. , :
\ / 7‘ 7‘ Functionalization i Final
- o Relaxatlon Sequential Network Chamed reactions
.| Stimulation Living organisms
<
o
§ Environmental stresses,
Time = dose of reactive species
Physical Chemical Biochemical Btologtcal Hormesis Toxic (Death)
Electric field,  Receptor, Metabolism, Phenotypes, Immunity, £
Light, lon, etc. Redox reactions Stress responses Proteolysis, %

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



Understanding of complex plasma reactions &

« 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.

a) Conventional b) Present status c¢) Future goal
Plasma Plasma (Functional nitrogen) Plasma
(@) (@)
Reactive species elected reactive species Ggsequs reactions
B BB

Media (ex. water) Media d\\fECOndary

=

Primar o M eedback

Living organism Y ﬂ Living organism fé»é
1

ed
(Hierarchical) é

ResB_QEses Res‘[j)_olgses J L e%or/é)/ é) %

%
Phenotypes Phenotypes Living organism

Linear cascade Multiple paths & synergisms Clustering network

T. Kaneko et al. Jon. J Aop/ Phvs 61 SA0805 (2022).



Conclusion - plasma as a tool to open life innovation w

Low temperature plasma

Physics electron ion radical light Chemistry
0" 0 %Zb X

(Collisions) (intermolecular
reactions)
__________________________ .
Gaseous phase | non-equilibrium reaction field (,3 | Interface __
Liquid phase | N OO gerosol : Solid
Water _ Qu_bb [_e I Cld_lC_Gi - l_Oﬁ.i ________ /I Po[ymers

Inorganics (Salt, etc.)
Alcohols  Organics (Glucose, Amino acids, etc.)

Biological matters

* 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.
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