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Enzyme electrode reaction for electrochemical blosensors and biofuel cells
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FORA
HEYEFR
e
1. FUHIC : BREBRID
BMERGCBERBARBUDIBIEICEY (B1), B 7

W=, B¥EB., 7IHDWNIBEE VD D-EAKEEYED
ERtEREEFEICRNERGE T TRIRIDIENTED,
BERRLEUICNA AV —N—Z2BRIEENIERET DN A
YO, BEZIDERET/INA A THD/ N1 AREEM (BFC) D
BEREHKZ "I, FINARDOEMEELICIE. ZOBEBBRIED
HERE, BEOMEZSITSHIRBAMBORREIROOND,
BEEEZAWVEIEENBERICICSNTIE. RICYHEERIC
FOTHEIN, BERINBEENESETERIELINT, BUE
BERIBTDIENTED, BRENEEEBCRILEINDIBA.
BEEEFT8E) (direct electron transfer, DET) RUEEEAIEE® L
[EEND, LA L. BEDFROBEEFOIIEEEDSY /o8&
DRCIEHICBEOLNTSY . EFBENREIIEFREERICHL
'C?E%ﬂ(%%%ﬂlﬁ@b:iﬁk’)‘?‘éf:w\ mﬁ%@/m(‘: btﬁ/ﬁutgéﬁtl_
WEBFBHEERT DI EIT—MBICITEHL . ZOLDBIHFE.
EREBENDEFEELEMN TEDRITFRILETLEY (X
TAI—%) ELTHALT. BERICREBERZHESIED
ZENTED, TNAE AT 4 I—% (mediated electron transfer,

FS—F R

NADFERETFIEEE R (DETED)
B #HESH
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O
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Abstract

Enzyme electrodes that combine enzyme and electrode
reactions have been applied to electrochemical sensors and
biofuel cells. The appropriate materials are required for efficient
electron transfer between the enzyme and the electrode. This
paper will describe the fundamentals of enzyme-electrode
reactions, including theoretical equations of catalytic current for
a better understanding of the relationships among the various
physiochemical factors.

MET) BDRIGEND, —7. BRZANV-EILZERTNICIC
HTIF. DETEE L IF MET BB FHRERISICKBERNE
BhSBFERITEY, BAE FIxE. BR) HETINhD,
AW TIEMET BRISZHRODICNAF I L2 bOAS ) IR
HERERT Do

2. BEEMRE LTAHNWShDIELERESR
BRI, ERERE. MFSUDEDICLBBER. HE.
Bib. ERAEOERBEFERE, R BE. PHEEOR
FFCHELETSLOMBMEEE TS V/WWHATHD,
ZORAT, BIGETHRIBIGETRS, I7505. B (8
FH54) NOBFESIMY. B (BFEEEK) CBTE
B RIDEMIET 5. BRAGTHD Y/ \UEEBIIBIET
Y. EHRLTHIBBRILIIBRATFE (T5EV 772
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21 BtRIEEMETDBER (7 /— FAE)

2141 ZAF VP IRDXOLAFE (U VEE) (NADP)) &
FHHKREBEZERER

B ETEROR CRELEADZ (VDI NADP) =@l s L
TR ITB2BEEHTHD, —M&AI7E NADP) IKZ 4R KEEEZD
Bha&RiSlE. TIEEICNADP) H'EEL. LW TEBI®ES
92, EHENADP) B TOEFBEN I, ERHH LV
NADPH h'EEEH S Bt T D, NADPH 2 BB TCEIZEBRI1LY D
BOBEEITFEEICKEL CEEILIRILF—AKREN) 6.
BiETEREYo- T/ VAW O-EEMEERBTIRED
H5% E2Iix/ 1bEYE NADH BN EBEF IR ENRE T E DX
MEexr/ VOBCEREMEZETOY MLIEEDAETRT Y,
F/UDBMNNELED (=EAEDEMENKELED)
DNT. kIFEHBEHNICKELL KD, T/ o-F ./ ldp-
F/ICHLTC2MUEESOVMEEYEERT, COLEE
BEEAER EICEELT DI ET. BEOMERAB LT D,
AFL T =AF LTIV —I3. EBRMEETDZET
BEREICEBMHIDIENTEDY, F/=. NADPH =EE1t9
DUOTITAT—EDO)EWDBEZR VDI EICEDTEH.
NADP)H EEDBEEEZREMRENICTIF2ZENTEDY,
ZDIFE. NADP) kEEEE. #lEE. EFTEATAI—
5. EBCIE DI EZBBRREOEICEZEN DOEEEICEENLT
SEEREMAIREEIND,

2.1.2 NAD(P) JEkFEDE{LIETEER

NAD(P) |Zfk72 L 720\ NAD R EMBbETEZDZ L. 7
SEVURF /) EBAAVEEEFEDDICED, BEEE
FRBEICTDAF I - (BILEER) CBREUANEZEFRS
FIZT2TE RO —t (BRKEER) ICHEITDIENTE
%, BEREEFOPURYIITE RO —EEHTHD, FF+
H—EORMIETE RO —EHEEB T 2D H D,
FTEROTF—EIE, EFEHSEICHLTSVWEERREEZRT
DIZF LT, BFZBRMEITT T DERMEITEL, EREBEZENIC
BEFSFRELTHRAT DI ENDTEDIBE. DETENORERE
KTED, METEBEBERICE LTRLZE<LHARAINTIND
DI, mEt Y THHVSNT VDI O—R 2 EFRILRTH
%, FAD ZFMRDICEDIINI—RXAF 25— (GOx) 3.t

ﬁ-
F Y
e
__ 6B+ A
- o 4
= .
£
o )
&
]
24 e
&
. n
" n
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T T T T T
0.0 0.2 0.4 0.6 0.8
E !V vs. SHE

2 NADHB{LERETEHDF / REFIZFERDBHDMKE S
®o-F/, Mp-F/, A1BFEHIKE
(BEXW4) &1 &IT1ER)

BRICRMTREM LB, F<HRICALNONTER",
L. GOx IIBFRZBRELTRREEATAI—YZMNHATED
DT, MENHEFIDERERIDELY . BRNSBEENDEF
BEMEIMET L. EVFICENWTIEAI I > —%51EE T,
e, BEMSERSNTELDBRICKENEEI DI ETRE
BTl etHhd, TOLLHMBERRING BREZEF
REGBELTHABLEL PQQ Y FAD Z#lkEdT27)0—X
Bk REERNMRNTHER SNz, FAD 2D )L 1— 2 ik k%
5% (FAD-GDH) |JIR7E. mlROmMEE >V FICIE<ANLSNTE
%",

22 ExRIEMETDIER (hY— Fiig

BFC ICHU\TIE. Y — RTISBILBIDETRISHEIT L. B
FFELTCESHICBEICHEELTCLDBENEEEL TS,
BNOZH., ZLTRENLZERLSHY — RBBEDOENLIERS
ELT VIVFEAF 25— (MCO) " ZEITH NS ¥, MCO &I,
ANEN. BIFHNMBOELDIEDE (¥1 1. Z147I.
FATNDMA A EEFNENR1, 1. 2{@)2EIDEEOR
MThy. (V)T /—IVEkE. PRIAVEVE. EUILE
VEEFNENBATES YN PRIAINEVBAFII -,
EUILEYFFSF—F (BOD) BENHD, MCO ITBRHFT
WETIN—REEEIIND A T A NTEFEZITRY., ¥
ATN-NAWI SR —CHEE4BFETT Do <D MCOIZ
BT, Y171 FISBEZOREMEICEELTHY ., EREE
BEFBHTED, MCO DEiE & BREIDEFBENEREDBR.
EFBHAN_ILERSNCTDRELNH D, MCO D DET &k
[GAERESIEIMRELT. EEFEENDE L LT F—)L & 58
TRHFEP. REEERANDT7 ) VFEGRDBEZLZEL
TCNBEESERRTDHED. D7 VILLBSIEEMIIETL
TEEMT D5 ENI<HDNT D, Trametes BEEDS Y HH—
FICBWTITHRKNE 7> StV %, BOD ICHWTIFAILR
FUIEBEEITDIEEBRNFEBRIEHLUICIBEIC. MIEER
PMEINT B2 ENHSNTNS 29, Ffo. MET BBEERICICH
WCTIE. ATFAT—IDHERBICEBELD, BREEOSBME, B
REDOMHBERZZERICANTGERLZITNITE S MET
BIUDET DM AL <KERL. RERBELTDIET. BE.
EE. AMDEICHITDBIRETMES LT, MCO ITIBEEY
BRABELVVSEANSASSDEMMESE LOSHEEEZTRT,

3. BRBERKENAAILZ FOAZIR
3.1 BRERILHEE

NAD ik ZF B2 RZ R < B1LETER (E) DIFEAEIT "Ping
Pong Bi-Bi" BB D> TRENEITT D, CF: AFR/TII. &
B (=5 BRERRICSITDRICY. Exdl) OBERISERIE
TOBERICICDNTEEDT ) BIERISIZIRIIIRTLDIC,
BEBIIBRRICTREEIN. £8% (P) &85, FMIEDox &
red (FBILIE. BETLAEERT,

S+E0x—>P+Ered (1)

AFAIT—HBDIFETIE, ATF4I—5% M) B5 2 /NOEIC

EBNEERDDEFEETEDSE, Eeda2B1EL, BEBITETEN,
BRTHBR{tcNDIETBESIND.

Ered + (nS/nM)Mox - on + (nS/nM)Mred 2

electrode _ @)
Mred —_— Mox +nye
ZZT. nIRHEBEBFHCTHD, R BEOREIBAHID
BN (TRBREBFEETD) EWDODFAETICHITD MET BUatiR
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BRICETDERHAEBNTD

32 NAAILYPOAFYSRER (AFAI—SBBES
BR)

3.2.1 ISR

MET EBEREERISIE. BEREEETETL. ZORIBH
EITLTWDRISBDER (1) EBREAT A —FYDHEEL T
DEDEH (L) DEFRICEODTHEIT DI ENTES, BEE ()
HRISE () BB NSO BBEEENFESIEN =, BR
DAFAT—YDRESEIELE Y COEEDATAIT—H
DEBRISEEICKEET. BERGEEL FICERESNDRR
TEER (IIm) 13, MEERERITERICLEIL.

ilim
ﬁ;_zﬁMhm%L( M ) @)
nuFA ng Km+cem

ERTIENTED, FEARZENEN, 75T —EHEER
KRHEBECTHD

LHu FUEFDICKRELBDEAT A T —YDRENBDF
BHRELLRY, BEBASERWVNLVIAITIIEBRICE DO TERT
DM NFEAEBELBIVREEL D, BRBRITLICHKEL
BLIEY Muh'BELCTWDBRICBDEADERICEEICKE D
T Do ATATI—YDEBRSEEICKELT. RAETEER
IIRDHATREND,

lim
L M ™
nMFAW/DMkCatKMCE \/2 [KM ln (1 + KM)] (5)
ZDRIIem<<KmIcHWNTIE

ilim

i ng k
_nSFA = _DM_CECM (6)

M nm Km

ERY) MEEEBRIIAT A T—FREEICLEALTEMT D,

M<<KulIHNTII RISBDEHIAT A T—FREDFEHIR
IZEEBIL. COESORABRITTERDLDICHRILTED

L 225 Dk oyiCrC )
numFA M MM cat*E*M

BRAEIATZIATURICENTE, THEREORIGHA
HoHE. RIVEEIFEMLT—EBMULEICIIASEND, MK
BARIIIEBMT Do

3.22 HMBICGIF-Z8, 58t
HRDOXEHDHDZET, BE - AT I—YEEEIZSN
T, MEDREZEPIZET, ERMEHTE 1~ 10 mA cm™
EDNBREBEENBETCEDZZENDND, BEEED/N T 4—V
VRAERETDIRELEBEREAFELDDIIAT A T—FDERT
HY. BERRIGRE. TEX. BRE. BEt. IR M 224,
BEEDODRIGEREFRLABAEN ORI D2RELNHD, ZZT
ISBEEDRISEREICDNTHLL AT s XF1I—5D8
1LETEMNEBOBLETEMIE. EMExDE @ED
BILETEME (RICORENN) AN FE. BFERI R
F-BRICLEDL. BEBHEMNIIBREAT A I—YEDEF
BERIGREITES K., MESREITNES<ED, FEITTHIC
KERBUENHDE. RICISBFREBIETIIHEL., HEAE
BORFHEEBRME D, ZOEHERIAILF—EFPEN

IR LA VVEIS CTORREIL. AT« T—YDHENEE A2
BEFRIMEEE WV DERERFDIZIEST . AFAI—FDIEE
FEFWHRK - BUKRCEEN D FREEEERREFOEEH R
INd, ThHEHE, AFAI—HBEDFEEFOICEZETTH
DLZENTEDNMWEEBICASKFETD, ATFTAIT—5DY
A4 X, MEREERE, BENLBRESICEY. AT I—H%E
MRMIEDL ZENTERINE, BFBENREISERICTLT
EHMEMNICET T 2,

BEEATAI-—IORDMIS. BEZEICBE>TLDDT.
BRICANDIELHD, KBIF ATAIT—YDEMNEXAT A
I—%5& GOX BLUVFAD-GDH EDRED 2 D FRICEEE
B kK M' s™)) OERGHMEEZTOY MLIZEDTH
21 ERFANFE—SNTIEN OIS, SFEEERT
DT EITHLNA. BAICKET DEMMBIHEEMICKEL
HWEAMEENH DI EN N D, FeCN) * " DESICaE
AEBITDIRTDEE. 2HFRSEREEMIIELIETL
TWBdZ &L Gox DEMHRMMBENEBRZBLTHY.
BENLRAODBNTNDZENFTEEIND, ERICEZEDREE
(PDB 1gal) 2B T#25 & .FAD DEHETDEBERIGT DRYT Y
FOAOMELIC (FAD DiEhS 5 ARREDIERIZ) 72/
FUBN 2 DFEELTLVD, —/5 T, FAD-GDH D155, — 0.1
~ 0.3V (vs. SHE) ICHITDEEITGOx LWE 2 ~3HTKE
W ZHITEERODEDEE (RT Y FOXKEEX) DIEWN
EEZ2BLND, GOXx ERAKICEAEREZBIDATAI—HIC
PNWTEREIIAELKETTD, 2DEDIC. BFEBRDF
EDORIEEEFANRDZET. AT I —YDEBIENDIEE
HEBDZENTED, £EE513. FAD-GDH EDF WIS
KANDBBEERITDFELTHF /) vBEN—ELEEF/
URFEREELE,

T, AT I—FDILHFRBMEMEERICHETI D&
RN D, BEDERDSFEDAT A I—FIZHNTII,
IBEBICFNIZEXRERENITHL, LAIL. RUTY—
PEEZLEIIATAI—52EEMLIEBE. BT DN
BRI, ZNEBDEFRIRE kex). N TOHEIFDE

gy =]
"_W |
'E E}D o
_*__E
<
2
=]
o
® @ quinones, organic redox dyes
= A 4 Fe(CN)™™
O Os complexes
0- o Ferrocenas

T T T

0.0 0z 04 06 0.8
E/V vs. SHE

B3 GOx (8) BXUFAD-GDH (77) LEBEFIBHREDBED 257
RISREEMDEARTHELS EFESBHRDOBIRETEMOBER
(B3t 13)-18) &= & ITER)
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E (Ux). BE (Cop) ICHTE L. ZDBITBTFIRAEIEE BT/
CRSASE

1
Dopp = 5 KexAx?Crr ®)

FIZIE. RT Y MRISSSTH DA R I TLEERE AT 4 T—
HELTEIDRIV—2BREEEICEBRAZRNTCERICE
ELTDIEE. HBEREZB LI ESE01IC13. BI2/NT ROY
IWELTEELUBREZB LI ERUNIE. AT I—FER
Y —EHEDBDAR—HY—E2ELTDENDIAELDHD Y,
Fro. EFBBERHEZE (CBEEEEL)TDHIET, MER
HMIZIIKEFELLELED, B<ITDIETRTEBHLUDERS
EBISELBEO>TLESH. ZILEMHORAICEEECLEES
KW 2ZETEAEBHY DEREOELIERTED P,
AFA LI —INFEaBREEEHICEEILTDFEED—DEL
T. BERENIATAI—YEEHIDEELETED, HONMNL
DATA T LIBEZEREICEELT DEITTESE
ERELTCHBETED, BEEERTEDIEHEE (IRFUE,
EROFIRODUVAIREVLAMIRE) ZBEITDATFAI—
SERND PP, Z)RUICEDH. BFBETESEEISES
NTNDDT. FRINERIT. BREFEF DN SDIESE. AT«
I—5BOBFTERE CTHD, SOICIIBEHITDI EICLDEE
EZDEEANDEELEZERBLLEWNE TGN,

4. F&WH
BEZERMESE L CBEESRISEROMBEICZOIESICT
Z—UORBEMEBLTLD, BR. BE. FEMMAEDpH VD
BHAFRET. SOMEEYEERT, B TDHEBE ST TR F—
BT /INA ZNDISEDEFINT D, IREZBERIERS .
KERICHTDTNA X ZEHABE L TN EHICIE. ZDEEAS
FUZFDHEZRDDIEREEHE L. BEtF. MEAZ, RE
B2 NN AT/ 00—0DONBRISEIOICHE L. D EFHERT
FICERWUBATW ZEDNMERFRICE D, AEICHNT., B
EZEREBE L TWDERNEDISICHATRICEELTLVD
MMCDNT. §ZULHMAZBIVTEHRRBALE, EROHMEORRE
KREDMIFICENITEIVTH S,
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BER S

HEEME B BB &R R

EREDEEBRADKRELCICHBEIND ZIVAVFA—IVEY. BRET7IVI ZOLBEOEBRICMFTEDOHELICFATND
RARVBEFEREEZ/NETISMIBATNHNE T PIVAVFA—INDPDZIIVT « FOFEERITE. ] 8. NSV L AEF
DNEZRREICSEESEEZER TSI ENMONTEY . FICFA—ILPIRIT 1 RAEKT D SAM I, NAAR Y &7
/ RFOHEEL. BFHRNDIERLEERLALTRAECERASNTNET,

HERROABPEEMEIE

NEHP S TS T,

~ =5k )(_jj_:l_ l\ E'f: *ﬁﬁ
TIVH 2 FFH—IVEEEMR [A—A—TO— K| R&
< Amino type > < Carboxyl type >
[A458] 16-Amino-1-hexadecanethiol, hydrochloride [C385] 10-Carboxy-1-decanethiol
[A423] 11-Amino-1-undecanethiol, hydrochloride [C387] 5-Carboxy-1-pentanethiol
[A425] 6-Amino-1-hexanethiol, hydrochloride [ HS-(CH,),-COOH n=15,10, 5 ]
( HS-(CH,),-NH," CI' n=16,11,8,6 |
< Carboxy disulfide NHS ester type >
< Hydroxy type > [D537] Dithiobis(succinimidyl undecanoate)
[H337] 11-Hydroxy-1-undecanethiol [D539] Dithiobis(succinimidyl hexanoate)
[H338] 8-Hydroxy-1-octanethiol S-(CH.).-CO-NHS
[H339] 6-Hydroxy-1-hexanethiol -(CH,)-CO-
[ HS-(CH,),-OH n=11, 8, 6 ] S-(CH,),-CO-NHS n=10, 5
[D550] Dithiobis(C,-NTA)
< Oligoethylene Glycol type > oo
. . . o COOH
[A483] Amino-EG6-undecanethiol, hydrochloride HOOC._N HWS\S“A&M L coon
[ HS-(CHy):-(OCH,CH)NH; ClI | coon o woon 20
[C445] Carboxy-EG6-undecanethiol
[C463] Carboxy-EG6-hexadecanethiol < 1 shot type >
[ HS-(CH,),-(OCH,CH,);-OCH,COOH  n=16,11 | [A515] Amino Coupling Kit
H354] Hvd EG3-und thiol [C488] Carboxylic acid-SAM Formation Reagent
[ ] Hydroxy-EG3-undecane 1o [B564] Biotin-SAM Formation Reagent
[H355] Hydroxy-EG6-undecanethiol [N475] NTA-SAM Formation Reagent
([ HS-(CH,),-(OCH,CH,,-OH  n=6,3 |
< Sulfobetaine type >
[S350] Sulfobetaine3-undecanethiol
[ Hs/\/\/\/\/\/\,:q*/\/\so, ]
RZARVERERBK
AT es st R st
Q o N o
C490 10-CDPA N NN F330 FDPA FW;_OH
(IDH F F F F F F 6H
o [e]
A517 11-AUPA i ol M457 M-EGa-UPA | -0 0 o
o
Hsgg 1 1 _HUPA HO/\/\/\/\/\/\E;OH 0407 ODPA /\/\/\/\/\/\/\/\/\%_OH
OH
rfed o
F340 FHPA FP o b-on
F F OH
*INHSIELHDNAF TR

INA 2T —DIEH T ECRIE
I ARmER BT LE T, FLIEIB5,

¢ https://www.dojindo.co.jp/products/contents/biosensor.html
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FEZRm

BFATAI—5(FvUP) I OB FHISBFEZITRUBDA FICEFEZBESBEIYE T, HFoEBRERMISAIATH
F9, . NADH =7 h SV D LABRICEDUEBBREDPEZ-ERICEDNIF U HEE, BREN DRRLEHFEMICIIRL
BREIMEEY T, NMETIE. RREMNELE LT 1-Methoxy PMS U, HME~TILHIBIET TREX 1-Methoxy PES, #&

BATAI—9BE NMAEVIIB COERNBREINDIBRNEATELBEF AT A I EZMUHATNET,

e PMS 1-Methoxy PMS B[S WA S Amine-reactive PES  Thiol-reactive PES
A—H—0—F | BRI WFEEA MO003 M470 A543 T509
KA @) O @) O O
HEEM
(kSRR X o ) @) o)
pH ZE 4
) L Zay @) @) O
e X X X NH, & SHE
B ETEAL - 168.0 mV 169.5 mV 173.0 mV 162.5 mV
BLETTEMIT. EEKREEELTRELLEDESZHLTNET,
<BRILETENMDBE SR >

EFATAI—REE : 1 mmol/l. A% : 0.1 mol/l LIC/DMSO
fEFEMR : GC (¢ 3mmx 55 mm). SHRER : Ag/AgCl (3 mol/INaCl). X3#& : Pt (¢ 0.5 mm x 50 mm)
FAIAEEIE : 400 mV. RAFSIEME : 400 mV. F/MFSIEE : -400 mV, #F51EE : 100 mV/sec

1-Methoxy PMS

BFATAI—YELTHONDPMS (T F I AMILT
IT—bh) [F RICHLUTHEBICRZETHY . BRCORENE
HTL. TNICWHL. AERBIEF, KITITDREENELL.
KPP A-INEICEBITBIT DD, BRATORBRENH
BETY,

1-Methoxy PMS

-

00 1

@ A EXARTZ (BB S ZHRA)

OAIBEARTEF (BEHSRHRA)
50

EEE (%)

o 1 2 4 5 7 10
REE#HE)
PMS$EM25 mmol/l7KARDZE M

1-Methoxy PES

1-Methoxy PES |d. 1-Methoxy PMS [ZEERAM~T7 )L A MBI COREMZSHIBEF AT A I—5T9, £/=AmII. NADH %=
MALERICRTAREINDER (DO 7R7—0) EBSEU EOBREZEZRLET,

[ 1-Methoxy PES [l 1-Methoxy PMS

< pH REMLLERER >

AFAI—5BK%30°CT30HEREL=%E. WST8 &
NADH THEBRICZITWAT A T—5 DR EMETM LIz, Z
DFER. 1-Methoxy PMS |J pH6 DA EICHE 2 EBROEEEISIES
IZFH D7z —A T 1-Methoxy PES T3 pH 8 (EMARTHE
AT S =,

1BIAL pH SR CIBRRE AL

REBER pH4 pH5 pH6 pH7 pH8 pH9 pH10
30°C, 30 Hi2idf%

KERTEEMIIRBERDINEEZ 100 £ LIcEEDHERT

. SETEM (%)
I
1
1
1
1
1
1
1
1
I
1
1
|
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<EREEE> e [ 1-Methoxy PES [l B 7 RS —E
1 mmol/l WST-8, 1% Triton X-100 D 50 mmol/| HEPES buffer (pH7.0))8& (.
1-Methoxy PES ($BE2 umol/l) £7/=13 2 778 = —E ($EE 0.05 U/ml) & i EEEEMAS (N
AIeATA T —FBR=EAR L. TDAK%E5°C T4 HEREL . & A 100 = = = s = e ]
T4 T—2%38% 100 pl |Z 200 pmol/l NADH (50 mmol/I HEPES buffer pH7.0) 26% ﬁ%
100 pl Zhlx. 37 °C T 20 D RIGEDIRAE (450 nm) ZRE L LEE L /=, C
ZDHRR., DT7RT—EIIH20% DETHESN/z. —75 T 1-Methoxy
PES (IRHBERZEBASDEEER LI, 3
prr
Ha
Ik
iy
0
AEEE 5°C, 45 H

Amine-reactive PES - Thiol-reactive PES

Amine-reactive PES (377 3 / ERIS4% . Thiol-reactive PES IIF 74 —ILRICEEZ BT DHRBEFATAI—Y T, N1 AT
THERAINDIBIEERBRESTDIEICEY . RERNA T HADEEIBFINE T,

—RRMEY NN IBREICIT T —DFA—IL(SH) IFFEEL BV =0, ARz U NNIBREERBNDBENLHY £9, Thiol-
reactive PES ZERADMRIZIT. & /N BBEEERDETFERALEE 0,

< Amine-reactive PES D—i&f 5B = IEAHFFEIE >
{3 & Amine-reactive PES ZB& 9 DE OB BEIRETEMI DI ENTEZET,

= . TN ye sy
* Amine-reactive PES i /(32%’;;}%)5 7 (KRR Amineﬁztive PES f3%)
- Tricine /'Y 7 7 — (pH8.3) » & Il

i (BRYVREE)
(4°C, 14000 xg, 5 58) PES E&fl& 3=

< Amine-reactive PES %1Z5% L 7= FAD-GDH ZR\/= )L a— Az >

v
< VoL a—25Fm T_p-
1
. L

| |

@ @

- =

@ @

= 'FJ m— SRIZ3 FAD-GDH
= PES 125§ FAD-GDH

0 100 200 300 o 20 40 60 80 100 FAD: JSEVT7FZUIXULAFR
23— ZE (mg/ml) BRI (9) GDH : )L 01— BikEBEE

BF AT A I—51E8 GDH ZFB(\D I & THRIEH GDH TIIAHREL IV I-XREDEERVEZSY ) VIMENFTRETT,

mE 58 HEWMAME(¥) A—H—3—F
100 mg ¥9,000
1-Methoxy PMS MO003
19 ¥54,800
1-Methoxy PES 50 mg ¥23,500 M470
Amine-reactive PES 10 mg ¥59,600 A543
Thiol-reactive PES 2 mg ¥36,400 T509
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Topics on Chemistry

The Past Half-Century of Regulated Cell

The study of regulated cell death is central to understanding
many diseases, including cancer and neurodegenerative
diseases. In the past half-century, the knowledge gained on
regulated cell death has resulted in the discovery of numerous
new cell-death mechanisms. Dojindo Laboratories have focused
on cell biology in the past several decades, and the company has
developed many products related to regulated cell death to cater
to the needs of cutting-edge research. The upper half of Figure
1 shows the history of regulated cell death, and the lower half
displays the new research tools developed or commercialized by
Dojindo Laboratories.

In 1972, John Kerr from the University of Queensland and
his colleagues published a seminal article on cell death in the
British Journal of Cancer. In the article, natural cell death was
called apoptosis for the first time". After that, many regulated
cell death types, including pyroptosis in 2001, necroptosis
in 2005, ferroptosis in 2012, and autosis in 2013, have been
recognized by the scientific community. The most widely studied
type is undoubtedly apoptosis®. However, in the first 20 years
after its discovery, apoptosis did not receive much attention,
as demonstrated by the number of annual publications (Figure
2, left). In 1993, with the discovery of an association between
apoptosis and p53, the well-known tumor suppressor gene?,
there was explosive growth in the number of annual apoptosis-
related publications that continues to the present day (Data
Source: PubMed).

Although ferroptosis is one of the more recent discoveries, the

Death Research
Dojindo Laboratories, Chaojun Zhang (3R#812)

growth in ferroptosis papers has surpassed that of necroptosis

and pyroptosis, which were respectively discovered in 2001

and 2005 (Figure 2, right). It appears that only ferroptosis has

experienced a similar publication growth rate to apoptosis.
Ferroptosis, a unique iron-dependent form of nonapoptotic cell

death associated with increased lipid peroxides, was named by

Professor Stockwell in 20127,

Small molecules such as erastin and (1S, 3R)-RSL3 are known
inhibitors of tumor cell growth that induce ferroptosis. These
compounds do not trigger apoptosis and therefore do not
cause chromatin margination or polymerase cleavage. Instead,
ferroptosis causes changes in the mitochondrial phenotype.
Iron is also necessary for small-molecule ferroptosis induction;
therefore, these inhibitors can be inhibited by iron chelators.
Erastin acts through the inhibition of the cystine/glutamate
transporter, causing decreased intracellular glutathione (GSH)
levels®. Given that GSH is necessary for GPX4 function,

fnniinl Publicat

Figure 2. Annual regulated cell death publication numbers
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History of Regulated Cell Death & Dojindo Laboratories
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Figure 1. History of regulated cell death and Dojindo Laboratories



®
DQ/INNEWS No.184(2023)

Cystine Glutamate .'.
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Figure 3. Essential pathways of ferroptosis

depletion of this cofactor can lead to ferroptotic cell death.
Ferroptosis can also be induced through the inhibition of GPX4,
which is the molecular mechanism of action of RSL3.

In October 2022, the Iron, ROS & Ferroptosis in Life, Death &
Disease Conference was held in Awaji Island, Japan. Hundreds of
ferroptosis researchers from institutions worldwide attended the
conference, including Professor Stockwell, who gave a keynote
speech titled “10 years of ferroptosis—Emerging mechanisms
and therapeutic applications” . In his speech, he summarized
key pathological contexts involving ferroptosis and emerging
therapeutic applications that modulate ferroptosis. Dojindo
Laboratories also supported and attended this conference.

Recently Todd Golub's team reported a new copper-ion-
dependent form of cell death called cuproptosis®. They showed
that copper-dependent regulated cell death in human cells is
dependent on mitochondrial respiration and occurs by means
of direct binding between copper and lipoylated components
of the TCA cycle. This results in lipoylated protein aggregation
and subsequent iron-sulfur cluster protein loss, which leads
to proteotoxic stress and ultimately cell death. To better
demonstrate the cuproptosis pathway, an illustration from a
recently published paper is provided in Figure 4”.

In the 50 years spanning the first description of apoptosis

Dojin-do's booth in the Iron, ROS, & Ferroptosis in Life, Death &
Disease Conference, organized by Cold Spring Harbor Asia

in 1972 to the first report of cuproptosis in 2022, research into
regulated cell death has made great progress. Despite this, there
are still many unanswered questions, and we believe there are
many discoveries and achievements to be made in the future.
Going forward, Dojindo Laboratories is committed to keeping up
with the trends in the field and introduce new research tools that
contribute to the growth of regulated cell death research.
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HEILS

JIOM =2 XD&H

FOO—SZRTRIN—22 A= M7 7 o—SHBASERE O ER ELTHMSNTNE T, 2012 £(C IO E 7 AZD Stockwell
SICEY. 7O IFH L WD 1 DELTRESNEZLAEY . 70223, #A1 4 U RGEUREEBR LMD
ERICEOTCEIERIENBHETRN—IMBETEE LTHESN T ET 2, Stockwell SDRFRICE VT, /MO Liperfluo At
Lipophilic ROS D#&HADHEX TO—TE LTEREINTLNET Y, 7IO0 M2 RIEHh2IEESBERREBNLET,

1) Stockwell, B.R. et al.,Cell, 2012,149, 1060-1072.
2) Z[E & , DOJIN News, 2017, 162, 1-3.
3) Stockwell, B.R. et al., Cell, 2017,171(2), 273-285.

=] & A—H—T—R
1 MBS 7 > (Fe®) FerroOrange F374
[2] I NIV RUTEA 7 (Fe?) Mito-FerroGreen M489
(3] I OV R TEEERREY MitoPeDPP M466
(4] =Pl iz3ld Lipid Peroxidation Probe -BDP 581/591 C11- L267
(5] BEEIER(L Liperfluo 1248
6] ~OVI7ILTER MDA Assay Kit M496
[7] SEMEETE(ROS) ROS Assay Kit -Highly Sensitive DCFH-DA- R252 *
8] SEIEEE R TE(ROS) ROS Assay Kit -Photo-oxidation Resistant DCFH-DA- ~ R253 *
[9] IINE I Glutamate Assay Kit-WST G269 *
ol 2 zFv Cystine Uptake Assay Kit UPO05 *
1] JyFxr GSSG/GSH Quantification Kit G257 *

A— == RIZ*EODNERED [ 5 o« e
HUOAE - ZRAIRCBSAS, | STATIA-E B

= Sy | XnapoELesIIOr—s 2k
L | IO TH375, TTIHRRDHIHTTHOHA K%

pads ISP L CRELTSYET, HLAITBED,
0 https://www.dojindo.co.jp/products/contents/ferroptosis_guide.html
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EBEELT

AR ER 1 7 2RI E 5 2

FerroOrange

HIIEBATRLZLEHEIOIBREBRERCHY . BRARBEEREHAERT IENMEINTINE T, SIE. FU/N\UBFESED
BA 7T (BARH ELTOEENEEINTS Y. ZO50VRIGEISHBIEECMHEESLICEES L TWVD I EANRBINTNET, &
MERICHNT. HIERNETHERIE, KEM., M UAR—S—DEESEEEIDEHUN) A F > (F) KU HEW) 1A (Fe*)D
BEEMDIENEETHDEEZONTNET,

ABEIT, BAEMBRS IO TL— M) —F—ICTHRIEBNO_M#EBEICEEITDIENTEET, AREIESRRITFMT D72
T CHIREAEEE L. IR0 Fe* SBIRMICRMUBNENXRERELF T, (Ae=543 nm. Aen = 580 nm)

FerroOrange [Cl3F L — MEEISd V) F 1 A, FerroOrange & Fe™ I3FERTEMICRIG T D7D, Fluo-3 DEOKEAIN DL TO—
TOBHEEEIIERUET,

<HABEMBICKDI A= TFH1>

HelLa #B3%ZF\T. HMBRAICHET D Fe” BLU#FL — MEE Bpy (2,2 -bipyridine. #2E : 100 pmol/l) &8 (HRE7>E
ZOLEAN . F&EE 100 umol/l) DFMEEICELY . MR Fe** DZ1b% FerroOrange |[C K WHESR LT=, #F L — MEEERM
952 ETEMBOMBBICEENBHBENMET LI NS, HRRAICISREMND Fe™ i BRI DI EN R TE/

<HRHFRMG>
Ex =561 nm. Em =570-620 nm
24— )L/X— 20 um

XERMI, IRBEMRZRACEMAE MEFFERE. FIHRELEDOTEEDT. AL E L.

Mito-FerroGreen

Mito-FerroGreen (3. FeS IS X ZPALERDIEELTHSND I MOV RU TR ) 1 7 > (Fe?) &BIRMIC/KRIS L3al V8
H (Aex =505 nm, Aem = 535 nm) ZHKITDHETHY . HERZKU) AT DA TRIVA A=V TICRBT DI ENHTRETT,

Mito-FerroGreen (Zl3 3 L — MEEIEZH Y FH Ao Mito-FerroGreen & Fe* I3FERIEMICRIG T B7=. Fluo-3 DESHENILI I A
BO—ToBREREEIIELZDET,

<BXBEMBICEDA A= TH>

HelLa #REZR(\. S PO R PHICRET B Fe* HELUEF L— bEXEE 10 mmol/l DFO & §% (100 umol/l FEE 77 > E = Lk (1))
OFRMBEIZEY. I O RUFRD Fe* DZE{t% 5 umol/l Mito-FerroGreen IC K WS Lz, ZDHR. S NIV RUFPICHRET
D% (EX) 3. HERMUBEICIIEIVENEX (RRR)HAZSN, #$FL— MNEEREBZRML M TIE. Mito-FerroGreen M
HRER)ISIFEAERSNEN DT

-DFO,-Fe(ll) -DFO,+Fe(ll) +DFO, +Fe(ll) (DFO: Deferoxamine)

<IRHRMA>
Ex = 488 nm. Em =500-565 nm

XAHRL, IREERARZRCZHARE KEBFERE. FUHEEDIEEDT., #RLLE L.

e 8= FEWMAME(¥) X—H—3—F
1 tube™ 16,100
FerroOrange F374
3 tubes 36,300
Mito-FerroGreen 50 ug x 272 28,400 M489

<(ERRIFOEZ > %1)1 tube &H7=4) . u-Slide 8 well 2048 %2) 50 ugdr7=") . p-Slide 8 well 61§
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7 BEAME BB )% HE

MitoPeDPP

MitoPeDPP (3. #ifERZFEBLCI OV RUFPICEREL. BHROREAHERBEDICE OTHEMICBIEINEXER LI, B
IHEDRES LVBENEENERE (Aex = 452 nM, Aem = 470 nm) TH D=, AERBADKICE DY X — PR BRFROBREN
FELBRETEDIEND, BXEMBEZRAV-I NIV R FPOREBEBRBIEYNDA A—2 2 THEEETT,

< Rotenone ZB | =B BEE (LI DR LR >
Hela fif3ICAEEZRIM L /=&, Rotenone ARZMA. HAXWEMEBEEZR\THEL /=, Rotenone ZMICKWUHRRRNICEET S
NI RUFZOREBM BB EEH T R LI,

=i
) Rotenone AINBE%

) Rotenone 7N 90 734
) Rotenone &N 180 731&
) BEES

) AITEEE S

XARmMIIBEAAFZEZE BREHRRS ICLURREINIZRATT,

B HEMAMIE(¥) A—H—TO—K
MitoPeDPP 5ugx3 21,800 M466
<FEREOBEZE> 5ug HI=). 96 well plate 1-58%,35mm dish 5-25#%

=
i
H
a
£
T

B0
iy

FEZRm
AEE @R bR a3

Lipid Peroxidation Probe -BDP 581/591 C11-

<BE>
- EEBMtESBEICRETED
- BiME. v1o07L—MN)—5—, JO0—HY A bA—5—THRHATEE

RERIT. BICHIIEEFEOEAZFE LTI TH BEEAIDROS ICE>TRIEENDIET, BREBOBAICELLET. &
BERED2 BOHEALEREZERIDIET, BEOBRILEREZSREICREIDIENTRETT, . TL—MJ—=5F—-TD
BHEAFRETH DI, BHXOBELPI T -2V TRICSERATRETT,

<ETFTFLREBFTRBATHE >
HepG2 #HA2% 200 umol/l tert-butyl hydroperoxide (¢-BHP) T2 BRIMNIEE ICAE B TRREEMB(ERSZRE L,
ZFOHRER. BME. TL—hNJ)—F— JO—YA MPA=F—DNWITNOBREBRTERHTEDZENDD DI,

Green Red = (&R BY BRI ER]
_ Control a Green:
o Unstalned £ Ex = 450-490 nm Em = 500-550 nm
k= Ce"s HP- @ Red:
Q — ted 273
o £ ate 8c Ex = 540-580 nm Em = 593-667 nm
8 g3 (T7O0—HA hxX—5—]
4o 26 FITC 7 1 L5 —
I 2 (Ex = 488 nm Em = 515-545 nm)
lin & ol kS [FL—KhJ)—=5—]
,.& 0 1 o« =T Green: Ex = 490 nm Em =530 nm
Scale bar: 50 pm Frrc-.n Control  {“BHE, Red: Ex=570nm Em=610nm
m& B8 FEMAMIE (¥) X—Hh—23—F
Lipid Peroxidation Probe -BDP 581/591 C11- 200 tests 29,800 L267
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FEZRmM

R L)% a2

Liperfluo

Liperfluo |d. BILAEDRESSIUBENEENERE (A = 524 nm, Aem = 535 nm) TH D=, AEHRADKIZLBDY XA —
HPBAROBREXDFELEERTETET, BILEIIKPTIITEASELELH Y FEAN. HIRBSEDORBMOS VM TIIEY
MERDTEND, BABEMBICLDEMBEOBRILEEBDA A— I 70— A4 M AN —ICLDHMBEDBEELIEEEDDHTIC
BRTDHIENTEET, £/, Lperfluo [THABTE AN X LD—DELTEEAEHDZ IO M- IAMEICS T, #SKEFHD
IEEABRLYOREREXTO-T7ELTHEREINTINET,

< L929 HRIA L = iRHFI >
1929 MBI AE R A S TH L B AR GRIEE 1 umol/l) L= (37 °C. 30 7)., 1EithfRE®E. -BHP (tert-Butylhydroperoxide)
HAESOHLUVMEHA RN GEEE @ 250 umol/l) . 2 BRABICHES L ——BMEZRAVTHREL,

Control t-BHP(250 umol/t)

AIEEB © Zeiss LSM510META
D012 AV N

FITC (GFP, Alexa488) wide filter HFT UV/488,
NFT490, BP505-550

SiMRZR NV OBRCIEEOHERBEMREA XA -2 0T
TIRME ABEXRFRIR SHEZRE REHEE

=) BE FEMAME(¥) A—H—3—F
Liperfluo 1 set (50 pgx5) 24,200 L248

<FERE¥MOBEZR> 50 ug 7=V, 5-50 @ (REFARH)

FEZRm

vOrorILTE NIEFY b

MDA Assay Kit

<HE>

- HEPHEEROVYO PN TERENNETHE (Hk/the)
- REORENFTELHBRAEH’EE

- VM oO07L—MAEICHID

MDA Assay Kit (3. F7/NLEYY —)VEE(TBA) E¥ O 27T E K (MDA) DRISICK W ERT DIEEWDRAE K/ I3H A% AE
THIET, AHMPOMDAREZEETEE T, BH. A+ MITATBIRICHITDHMOBRICZF < OICBLFLER A SR L

<HARXHREY > T IV TRIEATRE >
MREAERANETDIESIF. BXETHETEEY, EEBEIERANETDEEIL. Y TILEDPFEIND MDASEELY
AIESE (BEEEE L ITHEE) a&RTEFT,

B|HE tbesk WEYTIVE S E ATRE MDA SEE &5
i) O X 1-3 X10cells 1-10 pmol
' BHIE 1 10-30 mg HHE 1 1-10 pmol
e © © H. &% | 20-50 mg H 5% © 1-50 pmol

AEAPSEXBIIZEONS
MDA R

B8 FEWMAME(¥) A—H—T—RK
MDA Assay Kit 100 tests 31,000 M496

B0
Iy
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BiofilmjTestPiece A Kit
10TIHHIMjl estriece SS‘EYL!"

24-wellPlate @ 0

Biofilm Formation Assay Kit

Biofilm Viability Assay Kit

2Uftests

L
8 plates
96 tests

ZhHSWEY RIZ ﬁg

96 tests

PANDEBNEHDEZFIITEHP KUBFENLET
URL : https://www.dojindo.co.jp/

.,

RBF—

GTP TR F— S

DOJ/IN NEWS No.184

R—>Z31—2 No.184 =542 B 28 HEIT
#AEHE{LZARFT DOJINDO LABORATORIES

REZR 2 23R BB R BT FH R 2025-5 T 861-2202
HITEMTSE WHBR RESETE SABN F4ERT HFUL<IE—&2T

14



