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Literature report on N,O, exposure to living things

>only N,O; as a main content

Animal . 1, Plant - 0, Bacteria - 0, Virus - 0

The toxicity of dinitrogen pentoxide (N,O)

Threshold Limit

: N.,O- 4+ NO Gas LC50 Value
- 2Vs 2 (1hour) [ppm] (TLV=TWA) [ppm] _
>+ i N,O; ~10 No data
HNO, 08 2
c D NO 1739 25
NO, 176 3
| Eh 0, 9.6 0.1

W.M. DIGGLE and J.C. GAGE: Br. J. Ind. Med. 11 (1954) 140.

https://www.chem.purdue.edu/chemsafety/chem/poisongases.html
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BIXNF-—TRESEL HTHPEIRALUTHTHBITE
HTABOHHATE. FOBVOET L TLATRAEABH
REHTTIXTEEBUTIEN TEIOT. REDIOETIE
FEAPEERVCADILOEFNT MEIZPREL
25T R ATFINEHFEOABTLLIE
HEREOBEIRALO MM ALSL NEFTRETR TR
KEBLE-TVET.

AL RMERTILIGMA-IHBNETR.
®F BrCERLTIXTCTY ABRETHHRVTTE
B EIAFBERBLNTIZATEVIDLHBIATT L. TF
ZIRAITREFTLAMN TARLATLAY ZI8T
FO/WESIET. BAPTHNTSTEF TR &
SICATHEMIRATORTVBLLT I EMBL T
ABEICEVELL RELTCREC ERADGBLRAL

FHEBRZRIEXL

YRAFFTTNETFXTRERER?

FohTLET,

—RERENDLICHARF BDHENTLENOTLLID?
®F ASNLRREL TR ETLOMXFIFPIVIVY
EVHEMER - TRREFTVELA YOI RFIFRTAT
DRETREACLCE>TVBDT. LA TITTER
EBTRES. BOFTCEALRILFRETVIDH RPN
TOATT BERTIZRH YOI F T CHAUENA
GIURFPIITYTRRERTHRGL. BsnRoH
HoTELIELD), ROBREL T F IR AT REMD
TWETAFATIITERTT. TRCETIHERICTY
Lo | [RPREDEDICELrdds) O SARER
HTVET,
—EREAFIAORA LD BLDTLIIBT

®F VERARFTTFIBHLTVSORFYT /L0
WTTH AT/ -NIERIEDRT MRESI5hBL,
FhUCHRLLIEL THBFEROFTRIETER DR TV
T IXTHH M T)ETOT. BSRMILAN T2 7>
T RISTM(WTRGFY T/~ P8 A BE]HE
HFREIEFATVET EL SRATPRPIILEECLT
FATEBTIERELTVT BT/ ULOREITL BED
FEARAIMABLSGBMBRLHTVET,

——ETHBOBZTOTIIITTH, SRIEEDLIRE
LTWDOTLEIB?

®F [@ARRLHFLAOERTR A-2I0=-TR
EROERFFOhTVETH. BROHSTH THRGY
FRCAERSFERTIFOLNEL A LATHTOR
BMLTH FIXTRBADEFASNET MBEH TS
ZHICR BHPRBF LR CUETHF LSO T
WETILLBLRAUDAS PHVET . —HTT7XTR
RORE BPRIVAT. ERIRBIRKHILDEFDIILY
TAETOT FEDCABRSTTHFRET. 7323746
HFROCEIOTUELHEE-TOET.

— BRI A -V sEVLET,

®F [ENRIH-F AP ERR FRERL SN
R TCRTECRTVBDOTULVHEBUTVET FER
EOBHFERBWAT BABRTFIC LT HLORE,
REEESAFLEHE) LT TOEAVEE-TUET. 653
AFEEITE COBRER ECKRL T HRNICHR
OREMBOMREICBF N BV BLFBIETOT,
FUESAL—REBERFCA SRR REFTLEL
WTTH,

Looking Forward to the Space Age, What Is Sustainable Plasma Agriculture?

- Coukd you give us an cutine of the Beam Saber - Plasma Agricuture

Project?
IKaneko: As humantty expands Info space, 00 FrocuUCEon remans an
Impertant lssus. FIOm fow O, 'When COnNSIdenng Sustahatse 10od Systerms,

technoiogy. THYS 1S When my afieniion Shfed to

‘coukd be accompitshed b my fleld of plasma. In a beam saber, Mnovaky
particies. are encicsed In the shape of a sabar. and plasma cauld aiso be

‘sheped siikry.
PHASIT 5 10U In V8rouS KT BOUNGI LS. LGHng, o exarmpe, | & netral

‘example of I 1 Nas long Deen known that Ighring Nas a positve Impact n
CIop QoW BveN N Japanass, T word for Ignning ) wn

a0 piasme).

-wnat are

Kaneko: First, plasma can generate varous KInds of reaceve gasses from

e dir {10gen and Orygen), SuCh 85 G208 and MPEgeN CK0e gases. THS
which means

agricutrar appacasons
tens of watis of energy—much less than other meens. If I's made wh soer
or cry ¥ o cover the
costs.
s alows fox e Creation of aftematves fo charmical terilzars and pestiides
fight on e farm wth the benaft of being low-cost, Iow-snergy, and removing
the costs of iransporiafion and fust. This makes & sustainable and Eartn-
Mencay. TS 1S Wiy | 50 Daleve TS Wil DACOM § POtantal echnius 1F
aeemtm?

‘on of the cnaracters for ‘moe piart. £ The oea that “ics Qrows wed In years.
‘SDUTCENt WM IGPEING” s Daen DasSed GOMN SNOS (0N 250, THS project
repiace 2 beam saer

[EXPO2025 GUNDAM NEXT FUTURE PAVILION D 2ARXAAMRFTvH &YUB| ]

Kansko: Tha Sun i Nsed piasma and exiremaly hot, but now, hers IS such
& NG 2 CoI AT At OB POTA, PIESM 00U orly D MENtANd N &
Vacuum. Througn fechnological avancements of fhe pest cecages, | can

now be preserved In &, and non-Thermal, gentle piasma Tat humans and
[pants Can HUCh CaN NOW DS MAGS N3 CONolied. B uses e Not IMRed 1o
‘agrcsiure. Piasa i 250 Lsed N ihe ik of medical appicatons.

~ Whist Kind of resarch s curmenty beihg done?

Kaneko: REQIAING SDACTC FESAEITT, EXDANMENts @ DHNG 00NG oN e
Pants araDIO00S!S NAKANA aNna DS JaPONicUs. SNce, Tor eXampIe, & the

jplarts, fomaioes, and more. Basl, I partiauar s showihg an Increase In the.
ProQUCE] BOTA.

- That's quite ambitious. How do you think e project wil deveiop In e
ture?

Kaneko: In T8 WOrK Of “MODiG St GUNGRIT, SQTULIS 1S Part of 10 Space
‘colonses. In achualty. we IR not D2 100 1ar OfF 1o e IoauCton of Cops

QENB(C INfCMON of AFEDOPS' INAIaNa 1S kNoWN, PESA Can bs appled
o e leaves. easy Now tat we

Ferttzers
wouid be exiremedy costly o send via rocket. On the ofher

Know of piasma, scn
ihaiana and promotng the GTowd of Iofus japonicus, we Nave moved on fo
‘stranermes. Wb are CLTertly G0Ng reseerch on stanberes 1 see I plasma
‘can maka It sirong against liness or f here are any effacts on the leaves and
e

IKaneko: We'T CuTerlly perfonTing research but antcipate an increase In
POYPREncis. PCYpNencis afe ENMowidants Mt plants are said 10 proaucs
when wen pasma, the

producton ot o0
can potentily INcreEse. We 27 &S0 PerfoTIng IS tasts on Dast, fce

raa, o [

- Is there anything else you'd ke 1o a0d?

Kaneio: The ttre 3 ¥

fesss lia & s just around the comes. And as we head there, | want 10 use
ot course, s

5ot st Imited 1o space. I Tils 1echnology Can D Lsed on Earm 1o schve B
PIODIETS W 100k Wl | RODS W CaN &l WoNK 1008MeX 10 CTest Tt RALFE,

“Fun for All into the Future
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Key challenges for growing crops
on the Moon

R Air
. HEX CRIETUP Water
é “ [ #rTU7 ] Light
Suitable Soil
= Fertilizer
i -
- Pesticide

Growing crops using

lunar-regolith simulant*

¢ Sand-like substances that simulate
surface sediment (soil) of the moon.
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LHS (Lunar Highland Sediment) LMS (Lunar Mare Sediment)
Air .
Oxide Wt.% Oxide Wt.%
Os NO«
< Si0,  49.12 Sio, 4822
L Hiah To, 063 Tio, 2.70
ow ig
AlLO 26.29
Temperature Temperature — ALO, 1240
MnO 0.06 MnO 0.06
N205
MgO 2.86 MgO 1597
CaO 13.52
Add 20ml to lunar ERERs
Bubble in 100ml regolith simulant Na,0 255 Na,0 173
water for 24 min with 5 rice seeds K,O 0.34 K,O 0.42

2

pﬁ P,O, 0.17 . PO, 023
Lol 041 Al Lol 056 ‘
‘0 0 0:' Total  99.15 Total 98.87 -

There is no nitrogen source in the lunar-regolith simulant
= Supply of nitrogen source using plasma-synthesized N,O; solution

40
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60
Weight at 8 days after sowing
o 40
E
E =
ey ]
. | [\ "
0
0
LHS LMS LHS LMS LHS LMS LHS LMS
Cont. Cont. N,O; N,Oq Cont. Cont. N,0; N,Oq

In both the LMS and LHS, the nitrogen fertilization effect of the plasma-synthesized
N,O; solution was observed.
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DAY 110

s Rice cultivated using lunar regolith
Cont. N,O simullant and N,O; solution reaches
heading stage.

Cont. N,Os

Influence of ions eluted from the lunar regolith simulant
lon chromatography on the supernatant after soaking the lunar regolith simulant

Supernatant Liquid pH | NO; | PO,/ | Na* K" | Mg>" | Ca*" A"
Solution

Pure water 9.09 | 0.82 | <0.2 5.0 1.3 1.6 4.6 0.08

Lunar-Regolith
Simulant

N,O; dissolved water | 6.76 620 | <0.2 9.0 3.5 20 130 | <0.008
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T3ARCLBE=ARYIFAE DR

Ny

— \N . X‘“:l’"‘l%% e e i s e
GAFFINIT7—LA I A e Ty B
FAN . BRI
: . o = Hhm L
EEEXIEJ—%;‘& i ig FHE
RER
‘N T3X< L
j%f?‘OOWJ o, BB v
EMAR @ | —— {171
' LAY«
AKUEZES "-1%—“03' B AR AR
TSANEE [ & ARENE

FEBEE D7D
P 7E 7 2.4

Frontier Research in Duo (FRiD)
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Plasma
Device

’/D*{RTXT -N medium DAY 32

N,O: suppl
N N 2Us SUpply N

.

[ 1 A
1week 2weeks 1week 2 weeks KNO,
NZOS

T. Yamanashi, S Takeshi, S. Sasaki, K. Takashima, T. Kaneko, Y. Ishimaru, N. Uozumi: Plant Mol. Biol. 114 (2024) 35.
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Plasma generated
N,O5 gas

Ay Vermi-
‘ ,_ ulite

S. Takeshi, K. Takashima, S. Sasaki, A. Higashitani, T. Kaneko:
Plasma Process. Polym. 21 (2024) e2400096.

Cumulative nitrogen (pmol)

N,O: + H,0 — 2HNO;

500

450 t ® N:Os gas -7

400 1 - - —Total N in N2Os gas R

350
300
250
200
150
100

50

0 2 4 6 8 10
Gas exposure time (min)

| EREEHRORT |
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1200

Gas Bubbling Process ® N.Os gas
® NOx gas

- = =Total N in N20Os/NOx gas

—
S
S
S

o0
S
=)

1 (N,0.) : 100%

1: Conversion

n (NO,) : 2.9%

Total nitrogen (umol)

Efficiency 0 P —o— : 9
0 5 10 15 20
Gas bubbling time (min)
_ Total nitrogen of nitrate (NO3 ™) in water Henry constant He
= Total nitrogen supplied as gas (N»Ocg, NOy) Main N,O, He® [mol/(m3P,)]
NO 1.9%X107
. . . _4
* N:20s achieved nearly 100% conversion efficiency, NO, 12> 10
: o NO, 3.8%107%
while NOx was only about 3%.
NZOS @

* Reasonable result from the Henry's constant of N,O.

R. Sander, Atmos. Chem. Phys. 15 (2015) 4399.
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Fommm—m—-—-—-—-—-—---- ! DAY 14
DAY0 , DAY5 ! DAY25 DAY32
%
Transplanting Nitrogen addition Observation Length
Fresh weight

Rhizobium N,O; KNO,

KNO; powder

nitrogen-deficient
condition
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% FSAYARBERIL_EROZRMIEHR (RHENE)

DAY 5

DAY 14

DAY 25

(A) Rhizobium —_ + - - +
(C) Indirect N,Og - - - + +

S. Takeshi, K. Takashima, S. Sasaki, A. Higashitani, and T. Kaneko: Plasma Process. Polym. 21 (2024) e€2400096.

50
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DAY32

J SANERMAEE_ERDERMIEINR (HiULE)
i

(A) Rhizobium — + — — +
(B) KNO, — — + — —
(C) Indirect N,O4 - - - + +

S. Takeshi, K. Takashima, S. Sasaki, A. Higashitani, and T. Kaneko: Plasma Process. Polym. 21 (2024) e€2400096.

51
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< A4 X+ XF (Arabidopsis thaliana)

y o 5L VEARER

s « &5 ) LBIE
,/( | « DIFVVEBIRE
ﬁﬁy%?mw - EDOHEEH

GCaMP3EAZE{K
ALY LAA (Ca?) EEE I fR L AT BE
Bl RIZELN-EEDEDETF

Toyota et al., Science 361 (2018) 1112.
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J S ANEN, O R C KB EMRRIRE(Cazt) 57

Control (Air) N,O. & B R 5t N, O[5 AT B& &t

ERErAL_ SR SRRt rAE SR AR
7 N [/ N ]

® AirBBEY-Ca2ts 4 \ YA BB ETRERE] - 0.3 [umol/s]
AirBBST:CaZ* T FILHEAELLL A - o0 [
® N,O Ha5¢

* 25 25Ca* VT FILOREE(ER or RAZNMTLTER)
- BT B R -5~ EOHIIEH

S. Sasaki, H. lIwamoto, K. Takashima, M. Toyota, A. Higashitani,
T. Kaneko: PLOS ONE 20 (2025) e031857.
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LN
Volatiles ' )

)
h P

Biotrophic . SA \/ ET

pathogens / m\
®
—
WT / ® e ® e

Larva (Pieris rapae) - aa ©
[Ca**].,, change by larva chewing - / \'\

insects

Necrotrophic (;::::t:g
pathogens Beneficial
- - microbes
Jasmonic Acid (JA)-
2+ . i i i
Ca** response  related genes expression Insect chewing ( physical stimulus)
L 0.6 15001 3 :?&%3 . i l
05 joat 5 g, 10001 ﬁ 2T a0l joat 5 40m
‘= 500 < >
~o04] E fgg i it 3 305 JA-related stress response
— 3 T 2200 =)
d 03 5 S 3 =
g 2 100] g 20 .
w %2 ® = 100{ e -
5, 10° 8
0 50 100 150 200 250 300 0o 20 40 60 180 O0 10 20 30 50 600 Defense response
.14 time after wounding (s) time after wounding (min) time after wounding (min)

Toyota et al., Science 361, 1112 (2018) Broekgaarden et al., Plant Pys. 169, 2371 (2015)



Toyoda et al., Science 361, 1112-1115 (2018)

Pest attack—induced response

>l HFL e FLSESVE O ME QEF O EECELTLLRENR
5 SR IUBREERIS W TLEIUMIERHIE

. Propagation Immune

activation

Immune
activation?

Defense-related gene
e PDF12

N,O; induced response © PRI

N,O; induced [CaZJ’]cyt propagation response similar to the pest attack—induced response

O N,O; exposure also can induce activation of plant immune system?
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EEGEBAM N,OES i N,O; rich gas : 0.32 pmol/s

3 . . B—
i 2 1
Portabl 1 -
14 dayS 1st p?as?mae 0 Q—M—e
7/ \ module A | [n T

& ;

‘ 3

Absorbance [-]

No |NO: o, Ex1: 30 s (9.7 umol) x 3 times
T = . Ex2: 60 s (19.4 ymol) x 3 times
: Ex3: 90 s (29.1 umol) X 3 times

Wave number [cmi ']

18 days  2nd E;f,‘f,‘t,gf N,O; - 200 ppm
(< 100W)
AAL—kN\D)L
6.0
= 1
5.0 * %
24 days 3rd . B =
(e0]
= 40
e
o
o 3.0
3
<
32 days > 20
¢ X "~ 10
HoTYy
0.0
& KB EE 9 DNon-targeted LC-MS analysis S o8N A
& A E 2 D Targeted GC-MS analysis (1,8-Cineole, Linalool, Methyleugenol ) P

S EELFDETEMT (RT-PCR)
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Tu?.t'a?s.'fv”
(ppm)
160 :
140 %
Geranyl diphosphate (GPP
yl diphosp ( ) o Y 150
Glucose---cgl---l----* o o e 100
colysis /k/\/k/\ T ™ ,8-cineole
o A ~0-p-0-P-0 80 I %
O O
60
OH
LIN o ]
| 20
| 0
Cineol Linalool
-Ci . Linalool [ cont Exl [0 Ex2 [ Ex3
1,8-Cineole:

*JJ'I_, EE{’EFH 30s 60s 90s

I—HYDEYES-UT YRR e s

MAAE. B, RRE. 8E oo } o I
0.006 0.05 iL

0.04 A

0.005
0.004

1,8-Cineole D B E 7L &0, o
& pE E{EF(CIN) S EEDEMIZL 51 D, g o H ‘ i

Relative expression

R. Tateishi, N. Ogawa-Kishida, N. Fujii, Y. Nagata, Y. Ohtsubo, S. Sasaki, K. Takashima, T. Kaneko,

A. Higashitani: Sci. Rep. 14 (2024) 12759 o 0.00
cont Ex1 Ex2 Ex3 cont Ex1 Ex2 Ex3
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DANR(QBI7—V) EELIAMIERA

Flow reactor for
Virus disactivation ) ’

QP phage

Qp phage suspension

=> . Atomizer ~ 5um
Plasma effluent gas |
through PTFE tubing
Vacuum generator
. Compresser
A: N,O, i
B: Air ve |Sodium hypochlorite sol
C:0, _L —
. * e L |_

Phage Collector
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Trap with phosphate buffer

N,OIZK DI A ILAAREE

Mist of QB phage
(1x10° pfu/ml)

— N,O; treatment
for 15 min

— Trap with 30 ml
of 100mM phosphate
buffer (pH7.0)

— Plaque assay

{&\Q
\\

N
xéq' ¥ 0

)RR E R

SHTLLED
FEIEA AT EE
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~Seven species of human coronaviruses~

Species Isolated in Disease
HCoV-229E 1966 Cold
HCoV-NL63 2004 Cold
HCoV-OC43 1967 Cold
SARS-CoV 2003 SARS
HCoV-HKU1 2005 Cold
MERS-CoV 2012 MERS
SARS-CoV-2 2020 COVID-19

Evaluation of viral titer

> Time

» Microscopy
Observation

HCoV-229E 1y tion

EMEM %10, 100, LLC-MK2 Cell
1000, ...)
fected

Cytopathic

effect (CPE)

Uninfeced |

66
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Virus inactivation using N,O; At gas-liquid interface = “Reactive form”
- O: Virus(+), 1st G a N2O; 0 N0
: Virus(+), 1st exp as
g 6- O: Virus(+), 2nd exp Liquid \ Ref [2 +H,0, +H.0. HOONO,
g 5 — @: Virus(+), 3rd exp NO.* 205aq - » Nitration
) - +0rganic
0 _ .
<4 _ 99 9 /0 Ref [1] [Noz ][N03 ]aq [1] AF. Holleman: Inorganic chemistry (De Gruyter, Berlin, 2001).
e 4 (2] M. Galib ar dDT lemer e (80-.). 371 (2021) 921.
O Inactivation
= 3 - §
=
o9 ON®.
o 2
Detectlon limit N,O; [FaRAFTIA4ILA
0 L1 1 1L Z:iﬁ,“:‘:;bﬁ;:j]

o 1 2 3 4 5
N,O; Exposure (min)
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el ngiack s
(i 5 5B% 100mm)

L9 REEEKTSAVEEH AEEEE

NER = EEEE

BERRSEEEIR

1MW AV 44

=

1 / LEdis

////ﬁ$¥ﬁﬁﬁ

TPRTFEHEHR

e

L

EZ#20 um

RAER GG i
(a—hk) | (BYY)
. WEIRIERE
EALI-RER (C. glo), MG2061%%
HRiE Air
2K (mm) 150 700
TJ&%E',E - Lgis (mm) 94 500
AR < Looo (Mm) 10 40
ENANEE (kV) 20 14~ 15
R # (kHz) 8.3 11
KB A E : Frpo (L/min) | 0~143 | 0~1500
ERAE : Far (Lmin) 4~20 8~ 16
MEEN:PW) 40 140

68
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