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2Green Food System Strategy  (2021. 5. 12)

Low risk pesticides
50% reduction in 

chemical pesticide use

30% reduction in 

chemical fertilizer use

Ministry of Agriculture, Forestry and Fisheries of Japan



3Air APP Induced Liquid Phase Chemistry

Air Atmospheric Pressure Plasma (Air APP)

Several plasma irradiation systems so that 

desired reactive species can reach the target
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Air APP Irradiation System : Agriculture Applications

【sterilization/virus inactivation】
(during cultivation)
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【plant immunity activation】

Plasma Device

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

【nitrogen fertilization】



Plasma Effluent Gas
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Gas Air

Voltage (Vp-p)   20 kV

Frequency (f) 8.3 kHz

Irradiation Time (T) 0 ~ 120 sec

Irradiation Length (L) 100 mm

Air flow rate (Fair) 4 ~ 16 L/min

Water flow rate (FH2O) 0 ~ 150 μl/min

Experimental Condition

Air Atmospheric Pressure Plasma (APP)

Strawberry pathogen:
Colletotrichum gloeosporioides (C. glo.)

Germination rate =
𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑖𝑑𝑖𝑎

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑖𝑑𝑖𝑎

Germinated

(発芽)

C. glo. Conidia 

(胞子)

Air APP Effluent Spray System for Pathogen Control



7

• Conidia suspension 

– 5uL conidia suspension with density 

of 2×106 conidia/ml in DW

– 6~12 hours cultivation under 28 ˚C

Air flow : 

16L/min

=

8kHz

20kVpk-pk

Germination Suppression (Sterilization) by Air APP

⚫ Germination rate drastically decreases 

with an increase in the water flow rate

⚫ Germination rate gradually decreases with 

an increase in the plasma irradiation time

K. Shimada, K. Takashima, Y. Kimura, K. Nihei, H. Konishi, and T. Kaneko: Plasma Process. Polym., 17, e1900004 (2020). 



8Key Reactive Species in Solution

 H2O in plasma acts as a hydrogen source 
and enhances dissolution of reactive 
species in liquid phase, related with 
pathogen germination suppression. 

40 mL DW 

UV OAS

H2O2aq + HNO2 aq + H+
aq → HOONOaq + H2Oaq + H+

aq

P. Lukes et al, Plasma Sources Sci. Technol., 23, 015019 (2014)

10 cm

Y. Kimura, K. Takashima, S. Sasaki, and T. Kaneko: J. Phys. D, 52, 064003 (2019)
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⚫ p-HPA is NO2
+

aq scavenger.

⚫ Nearly 50% of NO3
-
aq generation 

is reduced by p-HPA

N2O5aq

②

NO3
−

aqNO2
+

aq

①

NO2

p-HPA

NO3
−

aq

H2O

→ [NO2
+][NO3

−]aq

NO2
+
aq Production from N2O5aq

②

①

HNO3gas

[NO2
+]aq

[NO3
−]aq

NO2
+ : Nitronium Ion

N2O5 : Dinitrogen Pentoxide 



10Reactive Oxygen/Nitrogen Species for Sterilization

Gas phase  

Liquid phase 

Plasma

Air  (N2gas , O2gas )  

+  Water (H2O)

HNO3gasN2O5gas

N2Ogas

NO2gas

O3gas

NO2
+

aq

[NO2
+] [NO3

−]aq

H2O

NO3
−

aq

HOONO2aq

pH < 4

HOONOaq

pH < 1

H2O2aq NO2
-
aq

HNO3aq

Dissolution

N2O5aq

Gas Phase

• N2O5gas, O3gas, NO2gas, etc…

Liquid Phase

• NO2
+

aq production from N2O5aq

• N2O5aq + H2O2aq → 

HOONO2aq + H+
aq+ NO3

-
aq

• Highly reactive species:

NO2
+

aq and HOONO2aq

Y. Kimura, K. Takashima, S. Sasaki, and T. Kaneko: J. Phys. D: Appl .Phys., 52, 064003 (2019) 

pH < 2

OHgas



Air APP Irradiation System : Agriculture Applications

【sterilization/virus inactivation】
(during cultivation)
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【plant immunity activation】

Plasma Device

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

【nitrogen fertilization】

N2O5
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Temp.（℃）

Molecular weight

108.01

Properties Preparation

32

Solid Gas

P4O10 + 12HNO3 → 4H3PO4 + 6N2O5

✓ Hazardous

✓ Concentrated acid  -> Environmental pollution

Unique reactivity

At gas-liquid interface

N2O5

N2O5aq

Gas

Liquid

NO2
+

aq

[NO2
+][NO3

−] aq
[1]

[2]

[1] A.F. Holleman: Inorganic chemistry (De Gruyter, Berlin, 2001).

[2] M. Galib and D.T. Limmer, Science (80-. ). 371 (2021) 921.

●Reactive intermediate form

NO2
+

aq, [NO2
+][NO3

−] aq, N2O5aq

+ H2O

NO3
−

Others

Oxidation, 

Nitration

Dinitrogen Pentoxide (N2O5)
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Balanced Generation of O3 and NOX

Gas temperature

O3 NOx

O3

NO2

NO

Radical
Flux 

(molecules/cm3/s)

N 0.5 × 1017 

O 1.3 × 1017 

Temperature: 298 K

Reaction time after plasma region : ~ 1s

Temperature

density

O3 NOx

N2O5

Optimum

Balanced generation of O3 and NOx is 

difficult using single plasma reactor

How to Synthesize N2O5 Selectively ?

O3 + 2NO2 → N2O5 + O2
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Is it possible to generate N2O5 selectively ???

Combination use of O3 generator and NOx generator

Temperature

density

O3 NOx

LT HT

O3 + 2NO2 → N2O5 + O2

O3 + NO → O2 + NO2

Air FT-IR N2O5

High-Temperature (HT) reactor

[NOx generation]

Low-Temperature (LT) reactor

[O3 generation]

NOx

O3

Simple Idea for Selective N2O5 Generation
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S. Sasaki, K. Takashima, and T. Kaneko: Ind. Eng. Chem. Res. 

60, 798 (2021)

High Density N2O5 Production from Air Plasma

HT plasma

LT plasma
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Nitrogen 
fertilization

Growth 
promotion

Virus inactivation 

Plant immunity 
activation

N2O5

Potential Effects of N2O5 Exposure to Plants

Sterilization
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⚫ Qβ phage Virus Inactivation Effects

⚫ Nitrogen Fertilization Effects

⚫ Activation of Plant Immunity 

Applications of Air APP-N2O5



18

Qβ phage virus infects 

bacteria such as E. coli.

Virus Inactivation Effects by APP-N2O5

B: Air

A: N2O5

C: O3



Positive 

control
SM 

10      102       103 104       105

+Air 10      102       103 104       105

10      102       103 104       105

+N2O5

+O3
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Trap with phosphate buffer

#1 #2 #3

#1 #2 #3

Mist of Qβ phage 

(1x109 pfu/ml)

→ N2O5 treatment 

for 15 min 

→ Trap with 30 ml

of 100mM phosphate 

buffer (pH7.0)

→ Plaque assay

> 3-log reduction in 

titer of Qβ phage

Mist solution:  

phosphate 

buffer (pH7.0)

Mist solution:  

DW

Plaque Assay: Virus Inactivation Using APP-N2O5

N2O5

N2O5

O3

O3
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⚫ Qβ phage Virus Inactivation Effects

⚫ Nitrogen Fertilization Effects

⚫ Activation of Plant Immunity 

Applications of Air APP-N2O5



21Conversion Efficiency From N2O5 to Nitrate

Direct Exposure
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Total N supply given from N2O5 gas

Amount of total N of NO3
－

in soil rinsed solution
400

300

High efficiency nitrogen fertilization !

NO3
－

N2O5 gas

η

η=63%

η: Conversion efficiency



22N2O5 Fertilization Methods
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Control DAY5～ DAY26～

Observation: DAY47 Observation: DAY52

N2O5 Fertilization Effects on Plant Growth 

Nitrogen deficient Lotus japonicus 30s exposure

Cont. DAY5 DAY12 DAY19 DAY26

N supply

N2O5 Exposure Start Day

N2O5 Exposure Start Day
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⚫ Qβ phage Virus Inactivation Effects

⚫ Nitrogen Fertilization Effects

⚫ Activation of Plant Immunity 

Applications of Air APP-N2O5



25Investigation on Action Mechanism of N2O5 to Plants

Glu

Growth 
promotion

Immunity 
activation

damage

Time0 s~

Ca2+

Membrane
potential

ROS

sec 〜min min 〜 hours

Gene expression

days

…
Initial 

responses

N2O5

✓ Prediction of N2O5 effects on plants
✓ Proposal of agricultural applications using N2O5

Knowledge in plant biology
Relation between stimulus and responses
• Initial responses to gene expression
• gene expression to phenotype

etc…

• Initial responses
Ca2+ signaling

• Early responses
Gene expression

Early responses



26Experimental Method

RT-qPCR
sampling

Measurement of gene expressionLive imaging of [Ca2+]cyt

Live imaging of Ca2+ signaling Sampling for PCR RT-qPCR

0 m 10 m

Since exposure

• Inactivate the cellular activity

• homogenization

• RNA extraction

• cDNA generation

• JA-related genes

• Antimicrobial peptide-related 

gene

Transparen   lm

  ores en e
N2O  O 

ex i a on

 o al e pos re hole e pos re

24 h

Focus on plant immunity

N2O5N2O5

Arabidopsis Thaliana expressing a calcium ion sensor protein (GCaMP3)



27Live Imaging of Ca2+ Response after Whole Exposure

N2O5 : 0.3 [μmol/s]
exposure time：10 [s]

Scale bar : 1 [cm]
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• Air : No [Ca2+]cyt increase

• N2O5：Increase [Ca2+]cyt➡️ Decrease over time

 stimulated on plant surface

 through stoma etc…

[C
a2
+
] c
y
t

High

Low

Air N2O5
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N2O5

N2O5 GAS
Activation of plant immunity

      Jasmonic acid signal ⤴
      Ethylene signal ⤴

Plasma

Botrytis cinerea

Cucumber mosaic virus

B. Cinerea hyphae 

infecting to leaf tissue
Lesion size reduction

Supression

D. Ts kida e, K. Takashima, S. Sasaki, S. Miyashi a, T. Kaneko, H. Takahashi, and S. Ando: PLOS ONE 17, e0269863 (2022).

Activation of Plant Immunity

Immunity activation 

effect of N2O5 was 

demonstrated by 

the inoculation tests

Inoculate leaves with pathogen



Ca2+ Signaling by N2O5 exposure
Before After

[Ca2+]cyt

H
igh

Lo
w

HighLow
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N2O5

Ca2+ Signaling

Jasmonic acid-related 
gene expression

Activation of Plant Immunity
D. Tsukidate, K. Takashima, S. Sasaki, 

S. Miyashita, T Kaneko, H. Takahashi, 

S. Ando, PLOS ONE 17, e0269863 (2022) .

Arabidopsis 

thaliana

24 h

Expression of genes 
en oding an imi robial 
pep ides 

Activation of Plant Immunity by Air APP-N2O5
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We have developed a new air atmospheric pressure plasma device 
synthesizing high density N2O5 selectively and demonstrated the applications 
for sterilization, fertilization, and plant immunity activation.

Synthesis of 

medicinal chemicals

(Drug discovery)

Activation of 

plant immunity

Sterilization

Summary

Nitrogen fertilization 

Growth promotion
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