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1.1 IR, UNEMBRENI I B AT v
vy re—4—%H\\5, UNERE R ZERET 5

Lal, Yo N EREEAT -V EREI S Y5 micros.cope
ERd DL, BRALFHEIIIRT oA A Z Y b
HNNIBVNT T T A —F W, UNE Figure 1.1 SECM system
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’?3?“\/ N Voltage [V]

© FEEAOFTGIVNS R Figure 1.2  Cyclic voltammogram
© TEWORM T CIISEENRETE S (cv) of microelectrode(8]. Pt
@ REMLEROSEETE D microelectrode (radius = 10 pm), 1 mM
® W OEWERET TOREN R TH D FeCH,OH in PBS. Scan rate is 20 mV s,
® JRETHZRRAIED FTRETH D

PNV RIS T, T A U INE R B S LR SO TR 0 SR LR e S B AL
\CAREFT D &, JEREDER & 72 0 EHER (hpe) (Figure 1.2, 1) BN55h5[4-7],

liipw = 4nFDCa (X 1)

(n: SEFE L F: 7 7 757 —E%=96500 [C/moll, D: L8R [cm2/s], C: EXALF UG
B [mol/cm3], a: FEMY-EE [eml])
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YO E 1o & L, RG=rda 2Tl SN D, BIZITRG B2 ThD & &, ROOHEH
S Th5 4] 1% T4.43]

L5, RGAA10SLED A Macroelectrode B Microelectrode

ke, XOZEZOE EFHA
AEETH D5, MHTPIER
REHTHY, bokb LILLLY \ lz/

JRE R BN TZDIZ, T4 — «—

27 RIBRN % < FA & _

ﬂ%)ﬁ‘s\ g%yﬁgvﬁoﬁéﬁk A r'y

WoEmTH, Bk D

RN TERMZERST Z & /

MNTE5H, Emn/ha< Sigmoid type
mivE. TN T oo .

JRETE b BT 5D, Eo, Voltage Voltage

PN E IR, & Figure 1.3 Diffusion layer of macroelectrode (A: liner diffusion) and
BHRRIC B T 2 ES microelectrode (B: hemispherical diffusion) [5].

B AL ROS Z B R D

X227 5,

Liner diffusion Hemispherical diffusion

Current
Current

123 Z4—FNRvHoHRE

BB R b FolCE WSS, BUNERTII 1R L@ ERER AR,
ZOWRRE T, BEXALFALOSTRITERIRYEI L 0 B~ L fia S s (Figure 1.4A), La~L,
HTART T AT v 7 7a L O OREHI BN TS < & (Figure 1.4 C) . BAALFUSTED
PEBD IR K> THE SN D720, 7S 7 ITHRERMEIIEAD T 2, EmRDHEZE 5 1T
SFIES<IEE BRMEITRADT 2281225, ZOBRERTT 477 4 — Ky 7 LIRS,



— 5T, @R EOFEEYE I\ EME IO
T & (Figure 1.4 B) . EEMRIC X 2 IEBPREIZH D b

(A)

OO, HEEYE ETL Ry 7 2AFEOBARTOND T2 7 ~
DEFESHML TN (VR 7 2 A7 D7), = /T\
DERERTT 4T 74— Ky kb‘5o k., &b
CIES B &L BFD b ARSI K Y B w)| | —i\ |
T5, i, R R ihofiﬁﬁ (z i) L. v
PEEEL e L CRIEZ 7ry P LI2bDET Fu—Fh v
—7 LIS, Conductive substrate
(©)
1.2.4 Generation-Collection €— F | | | |
_’-’J &

GC £&— FTix., Bt AR I 5 BRI O Insulating substrate

ZOUNEMIZ X U 35 (Figure 1.5), EXALFRIG
FEORET B 7 7 A NDA A —T 70, 3B B
SN2 ESCFEROCHE O EBFHE A S5, v
7RIS SBHT 2 B Ji &4 2 W E &
T 256, Ny 27 7700 REKHTE 572012 &k
JERRSIMNARE T D, T DT, ARRE Sy 2T
LELTHATHY ., Hhx 220 re-ors M arm i /A
WHNTWD, iR GCE— KSECM D& & LT,
R Bl sz v a— 24 d v X —BEORSE
TEVEREAL MRS HERHm S 2 1 D (k).

Figure 1.4 Basic principle of
SECMI[3].

A hemispherical diffusion

B: positive feedback

C: negative feedback

1.25 Fa—J#FEEE

Figure 1.5 GC mode

SECM A A= 72T 5 EMAERE. M
INEERRDAER ) T8 S & —TE J%P‘f LAERT D “H S —iE (constant height) £ — K7 (Figure 1.6A)
b, B EABIRmE OB — IR FFLEAET S —& (constant distance) £— I

(Figure 1.6B) [T KAIE 5,
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IREMRL T 4 — RNy 7 il 24T 5 MBS 7 < I BRI Z2 7 TH 5, £ D72, SECM A A
— VU 7IFIOE— RIS TV S, mS—EE—F SECM 28\ T, xAUT 47
FB &— R&FHT 2 &, kil Lo 7072102 X0 S — R R ERES 2 b3 5720, #l
NS NDBEIRICEADBECIBRA A=V EEL N TE D, L, Ebmzd A A—T 07
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Mo ZALEZ L TV D By R OMfEfE ez G725 2 LIk 0, BB ORI 2 s
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—EIFTE L0, MO THBERBLRa Y b T X MO@EWA A=V FRFREL 725,

AXHT 47 FB £— RIS T 5 LER—EET— FOEHEHTE S 27 LA ZHETE 5,
BN DEIREEZ 74— Ry 7y 7L LTRJI L, BRA—EICHEFSND L HICE
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I EEREETH D, HrleT 4 — KN U7 AEFIA L, thoRE & EEL LT B
HlEE > A7 LI K 2 MmO BRI T LS s ST Y . IR TR T 5,

A B

Figure 1.6 (A) constant height mode, (B) constant distance mode.
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B D AR - AR R R SITE D E TOESIEFOGE L OREBIZIZEDL k% 72352k
WT, SHRDEMRAIENRITONTWD, £z, BHRLY AT AORS - R L RIRREAT T,
OIZRERMBIORR b LETH D,



ARFEMIFTICB O CIE, O EANTIIZ AR WEATY - &Y - (M EE - HEEa0 Il
EFHEZR SECM OMEIZ L0 | ARG E S T I 7 a vt —F =02 T A A TEESHT
E 572, AMBBEP ORI T 2 ZRBEMPHFCTE D, £io, i X OB B
F I ORI E O R FTRHlNZ B T h SECM %ﬁﬁéﬁﬁﬁﬂﬁéﬂfﬁbxf/%%%wﬁ
— X — T OREMATICRIFTEECTH D, SECM #iX U8, EXLFREIC L 52 ZHE OWE D
ﬁ%im&ﬁ%%%ﬁ:kﬁ%mﬁ\m®ﬁﬁﬁﬁk®@ém%%b<iﬁ%?é:kﬂiof
ZOPREM O ZENTE D,

1.3 SECM T X B A& EHAIE

1.3.1 BEREERE

SECM (Z & » CTHIE rIRER AR E L TR EER DD 1 D) R TH S, SECM
(X, AT AR E T DEERIE RIS D THZI Y — L Th b, ki 22BEsE DOIEMED SECM
WCEVRIESNTEY (&2, 3) Bl fFEHbOLE LT, Fra—2xFFxFv¥—F (GOx),
U7 747—% (Dp). TAHVEATZ 7 HZ—F (ALP) 72 ENFTFT N5, BERIGIERIE DO
% Figure 1.7 |2/~ L7,

A B

Figure 1.7 Detection principles of enzymes by GC mode (A) or FB mode (B).

i b BRI IED  BER O IE AR & GC & — FIC X W IES 5 7574 (Figure 1.7 A)
T %, FlAIE, GOx 287 )V =2 — X 2 fRibd D BRI OfRSE 2 1 LIRERIL KR D EKT D,
B T, i bk FE B2l RIS 5 Z L THEORIN AR TH D, ALP ORICIFEE L L
Tp7 /) 7==VRA7 =4 k (PAPP) %0V %, PAPP 13 ALP 12 & 0 KR S 4,
p7 )7 =)= (PAP) L7235, /L Td % PAP & B L CRMLRIT 5 2 LI2 kY | ALP
R TE 2[66], LM EEMETRE~LHETE A, VY7 A A7) 7RGk
ARETHY, RYT 47 FBE— RIZLLHENREL 72 % (Figure 1.7 B),



(A) GC mode T|p reaction (B) Feedback mode Tlp reaction
Fc—>Fc' +e Fc—>Fc +e
5 . Ee¢
Fc Fc' @ ® Fo Fc. @ Fe ® Fc. ¥ Fe
F&' F¢'  Eo Fc' Fc Fc  Fe
‘. ® e . ® Fc

F& Fc
. O . O Fe & .. \/Fc' Fg\/
D @ O
| | | .

Figure 1.8 GOx detection methods by GC mode (A) and FB mode (B) [3].

WIZ, 7= FEER EOBTIREAT 4 =— X —&FH LI FER S 5 [45-47],
GOx DEGHEIZHOWTHT 5, 7zt UFEAR (Fe) 2/ GCE—FE FBE—FIZLD
GOx i HiE% Figure 1.8 ICZENEIR Lo, Zha—ARBEINHEE, BBRORDVIZ Fe
MWETIND Z EEZFIHT S, GC E— FTIE Fer 2P IC S &ICHFESETEL, GOx 12k
D FeriE T S Fe WAERT 572, B BT Fe # 1L - il 42 &, BERIIFECIE Felc kb
B LERAKRE < /25 (Figure 1.8A), FB T— FTiL Fe ZIREHICFESE TR, Bl bT
ITHEIZ Fe 21t - BT 2, GOx iEfFCoRf I Fe NiAE IO, FHEEM L Tofg
b« BB FREL 72D, ZOX 27V Ry 7 AW A7 Y 72 L0 ERIGEDEET S (Figure
1.8B), GC E— FTIL, " ZEETITITETLED Fe DFELRWED, Ny 7 7T 0 NE
MEKLS A D Z EMTEDN, GOx 2LV AR L&A Fe BNERT 5 7= it L E < 7o
VW, —5 T FB E— FTIE, BRI TORISEIRIE 2 5 72 O @G 22 I E 23 rTRETE 28
BERIEEDNR NG AR EOREITE LS 25, 20k ) 2EEREEIEET, Bidd+ 22 AE
HEBEESS ELISA, VAR—F2—8a 7 vEAIZbFHAIN TN D,

NADH ORtEEHZETHDH YT 7+ 7 —BOBERIEFEN, YT 47 FBE— RZHNT
A A=V T ENTWDS[49], 72 EAREE A T ¢ =— X —3B L O NADH 77#7E FlZH0
T, BB ETAT 4= F =%t T 5L, V7747 —FiCk Y NADH ks s & &bl
LTI A T 4 =—H =BT END, VT 747 —BILLVAERSNRE T AT 4 =— % —|
HEEMICLVBILIND T2, ER—EEEICBNW AT A =2—4—DL Ky 7 A A7)
TREL, BRSEITEEIND, £72, AYT 47 FB E— RIZL - T, FA—3EK Lz &7 —
VENTEHED SO LA XL —F (HRP) [0]0FHEHITHN TS,

B—HTZ7 7 by H—E B—Gal) TNV AIVFRRAT 7% —E (ALP) OIEMEFHmIZ, GC
E—RNIZXVREETH D, B—Gal DIE TH 5 PAPG [T, FEMRFEmIZEE SN7-B—Gal iz L
IS RS, PAP 8RR S N5, M E T PAP #f{bi+ % Z L2k » p—Gal OiFMEFEAT
MNT&xD, GC T—KRTlE, AT 4 Z—H—DL Ry 7 AV A7) 72X DEREMEI AN
FAELRWD, BT 2BRACFZISFEB TN BIFE LIRNWTDIL, Ny 7 7T v REfiE /NS
XFTHZENTES,




a) line scan b) line scan
—_—— —_—

PAP  PQI PAP PQI

; glucose
PAPG ), PAPG _. 4 gluconolactone
idase” & $¥glucose dehydrogenase galactosvdase n glucose dehydrogenase
Y O ¢ =

galactosidase

p-aminophenyl-#-p-galactopyranoside + H,O p-aminophenol + galactopyranoside

PAPG PAP
holo-GDH
D-glucose + p-quinone imine o-gluconolactone + p-aminophenol + 2H"

PQI PAP

Figure 1.9 Detection by GC mode (A) or both GC mode and FB mode.

Wittstok 51X, 2 FFHOBREDNEE( LN~ A 7 rE—XZEA L CEE{(LL, FB
EF—FE GC E— FEfE S HIomBENE Y AT 2 E2#HE L Tn5b (Figure 1.9) [59, 60], B
— W77 hA BB Vva—xFTk Fus)—¥ (GDH) ML TCW\W5, mfEREEL
SNTENE, 7NV a—RAEE0RRFIZIRE L PAPG 295, p7/ 7=x=/L—B—D—
A7 heZ v R (PAPG) 1 B—Gal lZ X W K iR S i PAP 2343 %, PAP (X%EM EC
ibEhp-%/ 422 (PQD) &72% (Figure 1.9A), PQI 12 GDH IC L W TS Z & TPAP
IZHAE S 4L, PAP 2 B ESEM Ok - 322 &L CT& % (Figure 1.9B), 2O X572 Ry
JAYA YLD, GC ET— ROARDEAIZHAT 1.8 O INEE NI ST b

PURHUAROG & iR 2RI U 72 AR RSURHIE 3T 4L T 5 [79-82], MRS 4 3351 vl HE
AT 4 ==X —%FHAT 52T, MRNOBSEENHI bIThRTWa61], £z, Wik
MR @RI BT 2 ALP ZFIH L7z, S bIRRERHE 1T T 2 (53], i ORI Fr A1
FEAARER L 7 F AL AHEERE BIThN TV H[83], LiR—4 —i&in T % AT B-GAL <°
ALP ZH &8, BERRICERET 5 Z &Ik 0 BIiaFRIE S THE Th 5 [84-86],

# 2 Measurements of enzymatic activities by FB mode.

BER4 EE AT LT —H— B3 TR
- FcCOOH 45-47
- (CH3):NCH:Fc 45
TN a—ArXA—F T a— A + K4[Fe(CN)¢l 45,48
* hydroquinone 48
- [Os fpy(bpy)z C1IC1 46
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NADPH—Y F 7 u A CLH I HZ—F NADH TMPD 48

T 74 T—F NADH FcCH20H 49
WHET LA X —F H20: (FcCHz0H)+ 50
TR el R NOs MVz+ 51

Fec: ferrocene

fpy: formylpyridine, bpy: bipyridine

TMPD: N,N,N’,N’,-tetramethyl- p-phenylenediamine
MVz+: methylviologen

# 3 Measurements of enzymatic activities by GC mode.

BERA B ECORHYE BEER
TN aA—AFH T H—P H:0 18,52
77—+t H+ 54
TAAYRRT 72— PAPP 56
NADHEMEMET L a—LF b Ra s —+F H* 57
NADPH (&A% > 4 —+¥ 02~ 58

PAPP: p-aminophenyl phosphate

1.3.2 MEIRFEMEESLAREEDEIE

AR DR IE MDY, HIRLORBHEIEDIFEE L 720 5 7=, AHIIEZIZI T 2 BHER
FERENS £ TRAATONTE TS, H—Hfla L~ L TofBEHEENE 1998 FIZBEIC
W SN TEY, SECM IZ LD HARDOEEMMITE A A=V 7 biThbit T 5[6263], i
S B TH MR S AR SN2 BB L MNEMR CIEIT L, B EET 5 LA kis
P A A=V ELTEBLRDZENAREL LD, SRR WIS, FFIRIC K 0 BRRE P HE S
D ORI B W T FRIR T BN T 5, ML Eo RiTgRRE 2 7 7 A L
ERIT A Z L2 LY, HMIRo MR X D ERFREEE R R KOO ARRIC & 2 ER R A il &
ERMICHAETE S (Figure 1.11), %72 SECM % 5 HIITEVEREGIC X, FEREEMEIC R & 72

A B

Oz R

_arhe _mfhe

Figure 1.10 A: O: consumption by respiration, B: Oz generation by photosynthesis
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FED DD, w7 m—7 kL g UG B 2 2 828R D T 7272 O T E 1% O Al e 4 F|
)ﬂﬁfﬁbfg?)é

FesRiRou it 2 FRIEIC SECM & HIV 72 28 Ao LB M O BERIEYE A A —
T M1 TV (64, 65], AN S - MIROMFRIEEZ AT 5 2 Lok b | FEAIOMES) 2
= ALCET HEREGDH T ENTE D, SECM IZ X AMBIEMEFHEE X, RO SR > A
T A~BIGHENTWA[66, 67, FBAEZNEROM L2 B L THEZIE - Bl 722 & db B RO JE 83T
PILTEY, FEEFIZBIT 2 FRIBOMEL L Ot N ORIERES~DICHP IR STV 5D,

SECM % HW T A s K OMER BB Rz O B BFIE~DOEFBENINO TR S
NTW5, MIEEEEIEDOEWBUKIEA T 4 = =2 —=TH oV F ) d, B LUK
BREHNPOEFEZHFLE FaXx ) o~ B InD Z &2 gnolz, Mirkin 607 0—7

X, il 2 ORI OB FBETEMEZ A L, BRI & B RIS LTwb (e8], il
BB TMPD Z¥shn U, MR 512 ss S 7= v Vi 2 v € TMPD2HCER (L L 7=, FEf
FKifi TR S 7z TMPD2 IR 2 250 UFRFEEFn i O 2 %% L C TMPD+~ L&
LEIND, ZoEmE e TMPDZ S TR 5 2 &2 K 0 il % Ol o BB EhE M 2 5
il T o, BRI, EEMEE g U CEFBENEEN <, BOKMEAT 4 =— % —0DF
A SOE RN DI OB ENA R E VN, £z, MaN T b7 v A C OEFBENG MO
MT7xzryr AR ) =& AT 42— 2 —ZHN T ThiILTW5[69],

Schuhmann 5%, ¥ 7 7 4+ — X ZF|H L7 FEBERIEE ATRE72 SECM £ AV, BL—ffa o fgEH
B EOFEFIZIT> T 5H[70], BERITBEERED E < . MIRE L CRESE 2 KIEIZHE ST
RENRE AT HIE, IREABICHE > THIRNOBESRWHIND Z L1k D, BRERREH
DEIZEM T H R L HE T 570, B TORMBEIHE DI XD HBIZHETRE AR E N
By, MBINEER 2R W L T LEW, AROBFRHE &L REICHE TE RV, B TOmHE
HEAZBOTHIEZX3 2B 2 b, OBBMICHNT2E L2/ 5, @FMmY A X&2/hs<
95, QBTLHNEMZEL T25 2L THDH, Schuhmann Sk, BEEFINZ L ZRIZ L TH
BRHmICEE LTz,

1.3.3 [E:ZEiR AT
B CTOEBFBEIED TN GG IEREHE & 722 0 BRL A RSO SRR
WEBBNRICEE 2RO 5, SV IUE, BRISA, %@HL‘(‘@%FEE’\J?&%E’%@ 25

<HAFETDHZLERLTEBY, SECM W5 Z LT, R EBEZNET 52 LB TE
%o ARETIFEMRKBHIRE D D HFFEZ LIS HIZR~ 5,
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AF 4 == — DIFE EIEE 55 3
P2y SECM W THIE SN TWaI[71l, 3 g

RuNHy)e3+ & 7 = v VR Ui & &
Wik Z2 AW T, ENENORICER & BB{LE
MOMREZAT 5 & NEE _HIRIZEMmA T
<12 24T Ru(NHs)63* D& ST B LA AN D
9% (Figure 1.12), Ru(NHs)e3+| X575 108

AMEL | IR CEBRIC X D EEEE AR Z D 3 pH 7.30
T2, RAT 47T 4— KRy 7 RBEN >
b, —H 7 zatr AR UBOBICERIT. . 1 )

pH 23 & EILREOE A A3 A 53 5 3, 'SE/V vs.oAg/AgCIO's
pH #{&< 75 L EMARIZIT ST THIFE
AMEBL L 7e%, Ziux, pHIZE - T
7zt VAR O G AN AT
HZEEBWT D, ElEEOT e T TR
NERAWT, Bx RfEEORAT 4 =— X —OERFEZRELFME N TS [72], &5
Amemiya 5%, » =AY OIEILIZS T 2 EERMEZ | BEEEHE SECM 12 L 2 K55
EETIalb—a MWD ZETRHME L., BIEFLICIIT 2 EERE A T = X LOFEICE /R
LCW\5[78, 74,

-0.5 0 0.5
E/V vs.Ag/AgCl
Figure 1.11 Relationship between CVs and

membrane-electrode distances. [71]

1: bulk, 2: 51 um, 3: 27 um, A: pH 5.89, B: pH 7.30

1.3.4 #HEEEMEAE

SECM i, #fsHIaz A CHR A EERE O FRICRIH ST 519, 22, 75-78], 71—
Ry 7 7 A N—ROWUINEMmAE ATz, H—RAR ) & OMRIREME O, SfRERIRE T H
NTn5, =¥ VP A b= ALY flilx Ol oS uD K=y 7 R »
BRXOAT RUF VDT T a— T I VEHOMREEDE L, BRLFIZIEETH Y |
R AT E SN NERE T o XA M) —BIOEERSI VA 27U v 7R
Z A MY — (FSCV) 12XV U7 & A LTEHRITE 519, 221, /MNas b HUH S 4L 20052
BFORIFD T2 MMCH &S D & J5 S 5 WDITHOHIRICERD AEND, ZOH|
ENIL R E TRV EERI Y RAEZ AT eI METH D, 7oA M) —ZI U L-ULD
B REENR H D 28, M SN TV AWEOREICHIERH S, —F5. FSCV 13 Sz
STF-ORIENAIREE N, FEEAMEREICB N T T e A MY —24 %, TETIE. - ET—
K SECM % #F|H L CHEM A MO 523 E Uik E (b4 @ik LT 5[9, 22, 76, 77], L
L. ERAL AN B S rIRE 2R s W E OFRIITHIR S H Y . 72 I VBT ' F
V) SEORIICITEREN~ A 7 nEmE WD LERD S,

13



1.3.5 mRAIE

AR N & 2 WITHIR [ DAL S BOS B S-3 2 3+ 0 1 T BRALFHNTHE 23 ATRE
TR 3D D, £ THIIBDOA A— > 702, AN I féﬁf:%74i~&~%
g, LK BRAEIRY T 74 —RA R EOMD 7 4 — KNy 7 2 7 v % 7= BB
BN LV TRRBAED ATRE L 72 5

BE—EET— NCEDBRIETIE, AT 477 40— v 7% E2FAH L Tirbh
%o MIIEABEEEMEOENA T == —% [ &, MlROESIZHISEL TR T 77 4 — K
Ny ZINRAC X EIISE DT D12 OIRA A= THRETH D, BAKMEAT 4 =— & —
T& % RulNHs)e3* % VT PC12 MlADTEAR A A — > 73 Thoiiz[78],

HiffE— T — NI XD RIE B IThh T\ b, Wipf Hi, itz 74— Ky 7 v 7
FE UTHIA L ClEEZ —EIR O SECM BX N A v E—X L 2% T 4 — Ry 7 v 7 F )L
& L CHRIH L CHElEZ —E 12> SECM IZ LV | PC12 Ml D SffG L A A — L V&R L T
W5[9], Takahashi HiE, ¥ 7 7 4 —AA AU BHREFA L7 4 — K3 ZHIfENC L 5
—EET— RFZHANT, PCI12HlEDA A — > 7 %{T> T\ 521, 33], F£7= Takahashi &%, F
AT 477 4— 8y 7 WREFA LTEIRAE & EXEFROCEOERE L, EEEL AL >
F T LB A IZJIET D Z & TrREE L7z[77],

1.3.6 Z0fh A#HifaA A—T2 T, REMAE., SFX, N\2—=2T

ZOMIZH ., fRe BRFAR I TV D, EEBEEA AT AT « =— % —DOH[87, 88]
L, EMERHEE (ROS) LiEMEZEHME RNS) OH i L ~L ToRBHAE[89-911 23 & S 1
TN 5, BRREFLVEIRSC BRI & B x 72T O Tt ORI LRI H & v 5[92-101],
— AL & T D L5 T OREx 70 B4 BRI FTEECTH Y . £727 1 > 7 OERIH
%%\%@{)luﬁi%ﬁﬁb VT30 —F—TCA A= T TARIENTE S, WNEmE T
WCRPTAICRS 2 FR ST D Z LIC kY, Rl BICHUuNeZ — 0 2T 5 2 L B TH
Do K% e b~ 8R4 B, 3T V7 1 [102-104, 111, 114-116], AHEHI110, 115, 121, 122],
ARG 49, 52, 123], EEMER U ~—[46, 106-108], H5r1[109]72 E D% — = 7 RHE
ENTND R E DT v T2 7[103-105] <0, PEEEH O @~ v F o 7 [117-119],
SRS DR E VR ZRIR LT 32 — = 7 b Thbit T 5 [116, 118, 1201, BiR S HEIZIS T 5
FOS7 v ZDfFENTICH SECM IR TH Y . Kl Lo BI b OWBiA[124], A A4 2 #Ed
DUEfE[120, 125~130], BEREI(113, 131-139)72 KD, WE OB EHT LI b IR S
NTWD, SILDA00)HE~D Ag A A OWHEe L, Rali72l a5 ORI RIA I TN D
[140],
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1.4 AHFZEDER

ARETHRAT L 91T, FFFICSIIT DT 2 #iPHICEAE XL FIME (SECM) 73
WHILTE 7o, FRCAERRETIZB W T, o HTEAiric TV E—fifa L ~L - K2 -
TE A - R HIE TR SECM OMEIZ LY | ARG E Y7 I 7 d—F—xo U 7L
2 A LTEEBESHT TE DD, AMBIGHRIHA~OIFZEIZRT 22 REBEMP R CX 5, AL
TiX, SECM (T & v NI KOS & > 2~ 7 8 o B—Hifd L~ L - fR IR 70 8 SRl & B 15
L7,

F3EWE HOAT 4 =—F—E MW H—MaNEREEE =2 ) T

M DOAGHTEVEDFHE & 5L 15 2 MM NBERTE T2 . Bl L~ - FEER) - RRIFAY
(ZRHE 2 Z &2 B E L, MERMEEE AT 4 o—2 —& | R Z R/ AT
A =2 —ZR L, MINaPNEERTE M Z RN L7z, 13 DAV B2 S Ml TORFHZ L -
TS~ SN D AT == —BEEENICRHI L., AT 4 2—Z =X 2
~OFEERE L, RERERLEMT 02 L TRIFRAEZ /TREL LT,

% 4% SECM IZ X% H— ES Mgtk e A

ES #lfe D43 AR ERFAG I TR APl EAL NS BE T H 0 | SR & Mlfid 2 %) vl RE 7 (R
RER M EFHIED KO b TV 5, ES Mila0 IR B IREEREM 2 HAY & L. ES il Ti
FIFEHL Lok & & b ICTEBLEDND T DR OTENE A SECM (T & 0 Bi—fifia L~ L TRl L 7z,

# 5% SECMIZ XK DH—MlaL~ Ly X7 B

SECM T k2 M D& o~ 7 B O e SliE ORESL 2 B & LTz, O HE5E & BhE
W ERERT Lt 7% —(EGFR) A R EMT 5 2 & C, ERAAIIE Z1T -7, YetaREofik
B OBE{E°, EGFR RBLEOE & EIE DI L7,

HewE X ANTENENDY TNEAL LET=LY T

5 27 ENAEAL D B —ll L~L « TERR - SRR Z HAYE L. b BETHENLL
7= FiEIZ &V EGFR WIE L ORIE 21T > 72,
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21 I XC®IZ

ARETIL, ﬁfﬂ* THEA L7c o BTGk, BRUEFRERE, Mla s T OBEs
B2 8 AToORETH®E LI ERBIIESOWTER D, %\E“C@ﬁﬁﬁiﬁﬁﬁ/ﬁi BT D,

2.2 EBRROER

PLTFIC, AFECHEA Lz~ A 7 n &g & ZREMBOERNEIZ OV TIRRS,

221 T4 Y OEBOER

ARBFZE T, B 20 pm DF ¢ 22 M Pt~ o 7 n @i (RG=2) Z/ER L, RRICH -,
6 HETIRA =R T 7 A NR—IZ L BEBIER L7, LU FIC Pt 7 1 A7 B~ 1 7 n BB
W% R~7 (Figure 2.1),

@O HME 1.65 mm, NFE 1.1 mm OKFELS S 7 2% (PG10165-4, World Precision Instrument)
DfesEE %, ¥ v 7 UV —77— (PE-21, Narishige) THi%fb3 5,

@ Pt# (EE20 um, HFEHERE) 2EIH10mm IV HL, £3410ecm @ Cu V —
RBIZ AR > NEBEE (ME-35A, Miyachi) TW##ET 5,

@ HIAFYETY—HIZ Pt REER F<ﬁﬂb Fr 7 U Sl PeARAEIEL TV

DT EIFHEMEES D5 WVITHAIC LV MRS

%kfﬁU*%%@ﬁ?Z%ﬁD%%K%UﬁFﬁ%ﬁﬂ%?1~7’i@ﬁﬁ?éo

~A 7 a7 x— (MF-77, Narishige) Zf\\ T, &+ ©'F U — el & W@ heik B2 o

HLERICHA L, Pt & v BT U — OB OBE 1417 5.

©@ ®
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©® Frv7V—thmEELAYES KT T4 % — (EG-6, number 5000, Narishige) T
HIV ., Pt W2 @& N S5, (F 7 AOHI D 7 ARNEMERHIC T E L TWD5ATE, 0.01
M @ NaOH /KEEHIZ D> VIR L, AT ZAHN I AZENT, £ D%, MiAKT THooukE
LR SE5,)

|
%%@9@.@4@.
|

=Y

Figure 2.1 Fabrication procedure of Pt disk-type microelectrode.

WNEM T, U Ny 7 AROBEFBENH S, BILETTSOSIS 53 e BALZFN L
e, VR y 7 AROIHUC X DGRBS & 2D, T OB OE R EIRE ek XL O
NTRTZENTE D,

Liipoo = 4nFDCa (1)

Z 2T puk (TEHFERMIAL n ZOSE . F X7 7 77 —&E#(C/moll, D XV Ky 7 A
FEOYEH RS [cm2/sec], C (XL K v 7 AFOPEE [mol/em?], a 1XEM -Elem] TH 5,

TERL L 72 B O B LA E T X FcCH20H <° KaFe(CN)e I CIT - 72, & OfER:
D% Figure 2.2 (277, EELEHBRITI~ A 7 n B E O 7 A R L 7r o7, RS
TIER L7z Pt BT RG BB LE 2 Thote, £ TLEAOMREE [4.43] L L. Billlsh
TEREBRMARA LERERZRH L2 24, EEERITHN 10 pm ERHTE -, 2B,
Fe(CN)6* DILHUERIE 6.5 X 106 [em2s1] & L7z,
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Figure 2.2 Cyclic voltammograms by a fabricated Pt disk-type microelectrode
(radius = 10 pm). Measurement solution contains 4 mM Fe(CN)¢4. The scan rate

was 20 mV vs. Ag/AgCl.

222 SREBOER

ABFFETIL, Ag/AgCl Z B Z/FR L BRI Wz, BURIC/ERDGEZ 7R T,

B2 300 pm D Ag # % K &9 30 mm, [HZ 300 mm @ Pt # 4 E S 10 mm Y0 H L7,
A3 mm, W2 mm OH T AEZESK 10 em (ZEIBF L, 810 HL7- Pt#REFRA L
TRRE TN —F— T L D EE I LT,

BEF IR U720 T A A fafn KCl A Tz L, 47 2T KCL, AgCl ¥y RZNEIC A
eI EE ST,

G0 L7 Ag MO0 % 0.1 M HCL & L < 12 KCLEEFIC AN, 7/ — Rots
T AgCl ZHrHH & 872 (Ag/AgCl#%) .

Ag/AgCl #1D AgCl 43 % 1 T AEITAIL, AL H1E/3T7 7 4 )V A THEE LTz,
TERLL 7= Ag/AgCl Z2BREMIL, Sz fafn KCLIAHRIZIR L7 RRE TS LTz,
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23 EEREBSILFEEME (SECM) DEARHER

AWF7EClE, Figure 2.3 {277 KL 972 SECM ¥ 27 A& AW TERILFNEZIT-72, &
SALFREZ 2 ATV, fEHEMR (WE) ([ZIFBERO FIRTIER L7 Pt ~ A 7 mEiR%
ZHEMm (RE) ITIIFERO FIATIERL L 7= Ag/AgCl &z W7o, WIEDEIEX, £9 PC b
DA A—FZz@L., (FAMBTH D~ A 7 v ZRMBIZEEZEINT 5, ~A 7 2B 5
R U 7= R bR T R 1 X B i E 2% (Current amplifier, 427 current amplifier, KEITHLEY)
WEDHEL, ADA—RZ@ELTPCICH LIz, /A XD, SECM v AT AT 7
7 75—/ — (Faraday cage. HOKUTO DENKO) WIZi% & L7z, xyz A7 — YOI
AT —vary hr—7—=T{Tol, WEFRMOFEMIZ, FEICTHHRT D,

Current amplifier

Faraday
cage

u xyz stage
“ D/DA board
\ =

Stage controller
Optical
microscope

Figure 2.3 Schematic diagram of SECM system

2.4  FOpRERE

MR E I TR AR R 272D T 28 B33~ TR L, MilaoBREE s U —
>~ F (MCV-B131F, ={F&EH) N THEEZITo7o, LIS, M L7zfile & € O /EoRE
Mz =d,
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2.4.1 fEALf=#Ka

ABFFETIE, 4 FEHOMIZ 6 Lz,

O HeLa il : & bFESEME, SR INEFIERTE = A& R o 2 —fefk

@ ~ AR (ES #la) : 52%1): Strain 129/ SVEV, DS Pharma Biomedical Co., Ltd
B EA

@ A431 #ifd : v MR EECEAIG, HALKFMESIE SRR R E A g IR o & — iRt

@ MCF-7fifa : & MFLEMRL, ALK F M SEpr e = A & i o & — 2t

242 BRE-BR

O H&Hh : RPMI-1640 (Gibco)

500 mL ® RPMI-1640 |Z 50 mL O FE@k L7z 2FhalRiMmiE  (FBS, Gibeo) :L N5 mL @
R=V YA VT h=A > (5000 U mL1, 5000 ug mL1; Fayeflisk) 20z A L=,
FE@IZ, AR M %2 37°C THfmH %, 56°C, 30 min %R L TIT o7z, % L7 RPMI-1640
eI BRI T 4°C TIRTE L=,

@ 0.25% kU 7> -EDTA it (Gibceo)

)=V ROFNT, T 7 NF 2—712 1.0 mL /N3 L, HEE CRE L.
® PBS (-)

Vs, Wi L72)I 8.00 g L't NaCl, 0.20 g L't KCI, 1.54 g L't NaHPO4 + 12H20, 0.02 g L1
KH:POL ZiRA L, A— 7 b—7 (KT-2346, 7> 7) 12T 121°C, 20 min J&H L7, 72
(1) &L Cazr, Mg EENRNWZ L EEKRT D,

WHEEHRDT 7 AF v 7~y (5, 10, 50 mL, Falcon)

TR 5 A Ol 727 AF 7 75 223 (25, 250 mL, Falcon)

WHEEAOMEEER 77 A9 v 7 % —1 (3.0 mL. Falcon)

a=JjF=2—7 (15, 50 mL, TWAKI)

C-Chip (DHC-B02, Digital Bio)

IRt D H 7 o BT LT,
@ T70%WHEHATTFALT LI —L

FREEZHANCTY V=0 RUOFWIC AN D 2 HEICTRE ST HE LT,
T0%EFHH=F LT L a— /L TROLET-T v M

7 )= _XUOFHRADORRE, FREIGHICHW,

@ @ESREEMEE  (TE300, Nikon)

® Qe e®
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@ PBERR
N7 ARE =T =70 2 Ptk #olidnl2 T 85°C TR S H7.

243 #RBADEE

Hifass A~ 7 A a2 v, 37°C, 5% CO: DA > F 2—4% (APM-30D, 7 A7 v
7) WTRi#EZ1T-7-, Hela fifll, A431 #ifa, MCF-7 #ifidiX. RPMI-1640 1 CH# L7,
ES fifaiz&icix, B9 Fra— h LIEERGHPMLETH Y | LNIERGEEZRRD, B
Fra— MIERICB T 2MlaOEERE 7D,

@ Utlrapure water with 0.1 % Gelatin (Millipore, Cat. ES-006-B)% 25 cm? 7 7 A =2{Z 2 mL
AT, BEFICRTEETI U= R FNT 4 BERIFE LT,

Q@ EIFUEWHEERHET, 2mL O PBSOZANLTHF L, PBS AT TEDHIZT U —r Ry
FN TGRS T,

@ WRLIEETFra— 7T 2aid, Fy v 7 HoRICwiH (77 AaNfEgEilk) &
HIZ AR, W (4°C) TRIE LT,

ES #Hf2ix 1000 U mL? of mouse leukemia inhibitory factor (mLIF) & 1 mM
B-mercaptoethanol % & ¢ Stem Medium (DS Pharma Biomedical. Co., Ltd., Tokyo, Japan)
O LT, AR~ SEIEEIE. 1 uM ATRA %474, mLIF 24 72\ 5 Hf © ES #
faZ a4 5 2 & Tirozll, 2,

2.4.4 FHRRDBLK

HeLa ffifid, A431 i, MCF-7 #ilaiZLL T O FINATHEC 21T - 72, A IS
M7 T AaD 80NIEE L o722 ATITo 7=,

O ArFaX—F—NhrbiilaEgEH 77 2AazlvHL, 7V —r_XUFITBET. Fi-,
LS N 7o v 2H 500 3TCITIED TR,

7T AaNOREERY RE, PBS () WECHMINE 2 [MIkRET 5,

77 A2l20.25% kU 7L -EDTA ik 1 mLiE F L, 37°C, 5%CO0z THr A > F =
N— kL, RS TR OFIBEE #RR T 5,

TITANIH LW A INZ D52 E TR P OEREEIESE S,

7 Z A aNOMIREREIRE Xy T 4 7 L, MldE B SE 5,
AR 2 2 = WV TF 2 —71ICB L, 050 (CT15D, HAZ8UERT) % VT 1500

© ©

® e &
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® © @

rpm, 5 min CHfifid % =009 %,

A= HINTFa—TOEEERYBRE, FrLOEZMZ ey T 7L, Mz k<
THEED,

WEEIZ)S U T C-Chip & W TRl 2 31195,

B LWHIRER R 7 7 2 228 L WA AL, S OISR SR 2 & N3 2,

75 Ak F aX—F—HNIZ AR, 37°C. 5%CO0: THET 5,

ES Hla DMz LTS~ %,

CECRG)

Q @

® © &®

® ©

Bz o 4 — & — 32 (37°C) TR, @O 4°C I2m0 L TRV,

ez R L PBS()% 5 mL i L CHIILE OPee 21T - 72,

PBS(-) & B 0 R\ 7= t%. Accutase Solution (Millipore, Cat. R-SCR005)% 5 mL ¥/ L C 5min
AU Fa_X—F2—|Z AN, Mz HEEL -,

Ped L CWOMIRASERIZHN T 720, 77 2AaEEZPE D K 512 LT 10 B#E L7-. (K
S (B EAR )

e (5mL) % 15 mL OELEICE L, Xy T 4 7% 10 BATV > > 7k iR EE
2 L7,

4°C, 100Xg T 3 min =LAy BEAE1T - 72,

FIEEBRE LT BRI EHER R 2 5 mL IR L, BXy 7 4 U 712K 0 Xy MREEDHE
el 2 2] — 72 M R R L L T

C-Chip % W CTHIREH 7 v R 24TV, BRIETRIEE &2 R D 7=,

1.0X106cells/5ml TETF o a— MED 25 cm?2 7 T A I IZHE =,

IR 37°C, KA 5% CO2, 95% Air DA ¥ 2 _X— X —NTHEEZIT- 72,

ES S RS U 7 0 HE AT 5 AT o 7

2.45 HIRROEZERTF

MO & FEEDOFNETHINE 2 KB L. = 0B 21TV MifaZ B 5,
IEWR A bRE . MRIREEDS 1.0 X 106 cells mL I FREEIZ 72 2 9 (S il O SRS R A7 I35 it
ZINZ D,

AR LI ARRRIR 2 7 o TV 2 — 7T E L, -80°C DRBAKIEAE I B AR & (2B
it SHED,

TR L2 6 F 2 — 7 BIRERERTIB L TRFT 5,
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2.4.6 fHRADELAR

O a=INFa—7 2 KIZEHZEEAI, U+ —F—/ AT 37°C [T D, Fio, flia
BT 7 Aoz EBEAN, A VX 2= —NT3TCITRD 5,

@ WEREZFDLHE LIZMIEOANS> TWDT IV TFa—T 2RO L, Vr—F—12A
T (D LIETHIETED),

@  FE L 7o & T 2TV RUVIOKBEZ TR TRO T2 MO A>T a = v F 2 —

TV, FERIZEDIT,

1500 rpm, 5 min CHfuZ =05 BT %,

FEEZBROBRE, LS EZ A ey T 07 L, Mz oikse s,

RO TRV MR 7 7 2 alcilafflii s 28Nz, 1 %2 X—Z—NIZA,

37°C. 5%CO0:2 TH:#%& T 5,

@ FA, Mzl BRI Z R LAEB DR CEITEE LT 5,

® e &

25 FREDONRE—=F

NP — = THANR, & X7 BRI A R I EE RS9 5 72 DIV B,
RN TR ORIBICEN, A 7 B R — LD RE — RN AIRE L 705 TN D, il <%
—=UTEfO—D2E LT, BBLEREZATLHEE (A7 v n) HWex A7 vAT
VIVIENRSD D, AT UUNVTRIREWET D Z LT RUSN OB~ O OBl ERAT I
PRE SN D, AR TIE, AERBEERE <, MIREET v v 2 lBETLHDEMTHD
polydimethylsiloxane (PDMS) #HWTAT o ZERIL 7=, PDMS A7 > v /U2 X0 #
BLIT 4y va ECHIlZRET L. FRILIERNER UBIRE AT DM S 2 — 2 D3R
FigEkEN S, 2O PDMS 27 i LiE, B rty METRSICHE A TN RIS AL
T2 LN TE, MlaPEE Lk, MICBELZ 5252 L R<HBRT LN TED, £
7o, MR E DT HWS Z LN TE 5, Figure 2.5 [CABIZE CHWZMINL S &2 — U AElEZ
R,

O HFAHEM (S1225 AKGHk. MATSUNAMI) % 2%/5 12810, 3. 3. 4, 4. 5. 5. 6.
6. 6-Nonafluorohexyltrichorosilane ({F#i{b5) 20 ul & IR 7 TEES T 5 &
W&o T, TR AE LT AT 5,

@ T ML BT AHEMR FIZPDMS G LRy N 184W/IC . LA U a—=r A

FEH LT 1000 rpm T30 A a—FL, £0% 80 °C | 1 FFHFRE CHi{kd 25 =

L2 L - T, BEK 100 pm @ PDMS M2 (Efl4- 5%,

YE8LL 7= PDMS #5C CO2 L —H —ZMH 452 THIR D R &5,

PDMS 2T L VD KA T TR~ T v v —7T 1 503 Hki{bd 5,

® ©
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PDMS 27 v T0% H 7 H =% ) — VI B, 7Y — 0 R TF N THIRSE S,
BT v 212 PDMS A7 2 V&2 REOA T 5,

1, 0X 106 cells mL1 OREEIZFHEEL/- 100 uL OHIEBREIRZAT IV EIZO A FL,
37°C, 5% CO2 T 2 WML ERETD,

AIRAHEE L QDDA R . EiIBAEEWERE, PDMS fOMABE0 T2,

P T 7aks iz N %, 37°C. 5% CO2 T 1 A ME;# 35,

HHN 80-90% =1 7 /L NRBBIZ A2 > TWAD TR . PDMS A7 03 Va5 #llia <

H—EAF T D,
HaLQ%%EE /%
ad"ooo
RO s R
POMSA 7 /L. AFUULEIZEE AT LLERNT

=25
(FU AFNO34 )

Qe @

® © &®

Figure 2.4 Manufacture method of patterned cells by PDMS stencil.

EAE 300 um B LN 100 um DREHT AT 3% IV CTEBICER L7 S 2 — > 0
JEF iR % Figutr 2.6 7~ L7 (HeLa ffifa) . fifa < — > OFERUCER P L7z 2 & DR T & 7,

Figure 2.5 Patterned HeLa cells by PDMS stencil.
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E3E —HEOATAI—2—ZHA-E—HBRRNE
EEMHE=42Y VY

ARETETIL, H—MlNEBEREEOREREIZOWTHRRE, A F U4 72007
AV 7 A (KsFe(CN)g) @ 2 FED AT 4 =—H —ZfAEDLE D Z & T, BXILFHNTH
JAN OEEETEVEZ MM L7z, SECM % 5 Z & T, H—MgL L - (KFEE - EEARHIE
T o7,

31 IXC®IZ

AR N EE SR TR PRI, MO GEHOHREDIRIED 1 DL 720 9 B8, (KZHE - Y -
EER - H—{a L~ )L TORENRD LN TWD, BERALFHITIETIE, B aEa i
HDAT 42— —%RMT 2L T, BETHREOKRRE - EENRFMATETH D, B
KMEAT ¢ =—H — T2 EEH T 2 Z LN T, MRANERIEEOREICAEZ TH 51, 2],
SECM i, H—#s L IZZFNU TV A XTORIEIZE L TH Y [3, 4], MR « Ml
T O REFIEE[S- 121 ORI R S T & T2,

AF 4 (2-methyl-1,4-naphthoquinone. 54 4 I > K3, Figure 3.1) %, #
faOE R EZ AT % ) VHEOAT 42— —Th |, MIRAERIEEOREICFIHATE 557,
13, 14, LinL., AF VA ididmigbk#E (He02) RLAN—FFH A F7=F1 (02) 0¥
OIEVERFETE (ROS) OFARE 20 Mk L CHEEEZ T~ T 2 L bMEESh s, Ml
WIZBIT D ATV A a3, NAD(P)H:quinone oxidoreductase (NQO) B XU/ N4 F A4
> (GSH) #&MESIC L v Tbh5(15],

NQO 1%, ¥/ VHORHEHIEEHLZTH D, NQO USNDOMOIEITEERIC LY ATV
FUN—EETLEZTLE, BEIX )T UAMABER L, ROS OFARK LD, —J7,
NQO 1%, &/ v Hx @& L, ROS D#AZPI< (Figure 3.1), ROS 1%, NEE bER{tIX
JIEORER NGV L, DNA 0BG A&, Mlasttz ~d, £/, EIF /0T 9ILEDOLD
2. DNA # G B EWE S T UG L, B AMEEZ 7R3 [16], 23 AT NQO TEMER B L
NWHENIRELZ DY DAl 1 SOEELE L THIHTE 2 aaetEn H 5, NQO 1EME
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%%EE@G:%@J éﬁé%)%T@ﬁ%b)@;ﬁj—ﬂ&i\ Reduced quinone
P ABIR~OR b TS 5, L

b9 1 DOMBEREE /4 FA AL e L
B %, GSH 13AF VAL RIS quonespedes e
S L. MR P SN S, GSH 1E, Ak L {w
DERGEWETHY ROS LRI LIRS 1 wonren -

tro:’:”'es
HZ LN TE %, Bard i, BERF LU Hep G2 Sty N
Ml (e NP2 AHSRMIIEER) DA TV ROS «— O3 X

_GSH %,E/El\ﬁx@jj&tﬂ%%%tﬂ LTU N %) [5, 6]0 toxic 02 semiquiT‘lone radical
AFTOF T2 VT AES T T A toxic

(KsFe(CN)s) %, FIHLI=HXTNAT 4 =—X
— T LM, M NQO & i ko> & it Hi i
IR EnTwW5 (Figure 3.2) [13, 14, 17], Pt
TR =T AT DF L OBMSTENA, +5
(BRSSO KsFe(CN)s 2R3 5 Z & T,
ZOHFNATHRE D, AERA BRI S
%o Fio, B ETHE I Fe(CN)et i, #
Jans &N AT UF E TR L - THE
HIGEITE (BE) Shd7d, EB—MRE OV Ry 7 A% A7 U o IREE, EIENH
g X4 5, Nagamine HiX, X 7 VAT 4 =—H— A7 AL SECM ZFf L. BERE O NQO
TEVEZ G L 72 (7], 50, BIRISENRRKERD LA T OA VREE b L=, 2
DETIZ, AF VA HEODICERREEICITE S 2o T,

AWFFETIE, SECM X T NAT 4 =—H—V A7 LEHWT, NQO IEMEDH—
JlL~L - BRI - REETE =X V) U T B ToTn, & AT U4 RETORMEHME & SECM
ERERN G RREFREIZE L7z A F U4 U RE, KsFe(CN)e JRIE 2R E Lz, EREIEHER 2>
HH—HfRD A FUA U ETTEBINEE R L, BRI L7, A U4 UIRERIC X DN
DOIEMEEFERE (ROS) & 72 F 4 (GSH) OZE{bEGFHE L7-.

Figure 3.1 Schematic illustration of the
reduction of quinone species within the cells.
NAD(P)H:quinone oxidoreductase (NQO) can
reduce quinone species by two-electron
reduction without the generation of reactive
oxygen species (ROS) and semiquinone

radicals which lead to cytotoxicity.

3.2 B

321 BRE

ARETITUTORELMHEH L7,
D-7 /v a— 2% KCl, NaCl. NasHPO.:12H20, 7 = U ¥ 7 >4k H U v A KsFe(CN)s,
2-methyl-1,4-naphthoquinon ( * F ¥ 4 > ) . MgCls + 6H20 ( Fn 3¢ #l 3K ) |
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N-2-hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES) ([F{={t%:). Cell Counting
Kit-8 ([A{fk%). OxiSelectTM ROS Assay Kit (CELL BIOLABS, INC.). GSH-GloTM
Glutathione Assay (Promega) . HEPES buffer (150 mM NaCl, 4.2 mM KC1, 2.7 mM MgCls,
1.0 mM Na2HPO4, 11.2 mM D-glucose, 10 mM HEPES)

3.2.2 SECM HIERE

BTVAF 4 TR = AT ML D e_[ 0.5V vs. Ag/AgCl
NQO HIE 5 % Figure 3.2 \Z/R Lz, 45728k Microelectrode

§ . . . Scanr-r-- -
IKMEZ /T AT AL, kX R TER EL N Electrode reaction
oL SRR AR RO K o TR & 25 i FelCN)>  Fe(ON)*
THZENTE B2, 5, 18], MIEANICEYIAEH
T AFTVA I NQO I2k o TELansd, A /— Menadione
F U L ETTRITHNES T Fe(CN)et 2 3E 5 L S o L
[T 7T [ g
Fe(CN)e3 3Rk 5, Fe(CN)e3 741k, FAKME X s o
F T — T 0 MBI 7, i i o R
Fe(CN)et % HElf =T34 2% 2 & T NQO i&ME . .
Enzymaticreaction
Z [EHERICHIEFTHE T H 5, Mfast CTHA I NQO
AFUF U EEHE NQO &G T 5, NAD(P)* NAD(P)H (intracellular enzyme)

SECM HI7EIZIE, BAE 20 um @ Pt 7 «
Ay Hl< A 7 aBEmE FWZ, BMIZ 0.5V vs.
Ag/AgCl ZFIML 7, 0.5 V vs. Ag/AgCl 1%
Fe(CN)e* % Fe oy IC e b T 2B Th H, _IKIT
AfH L <, MlaE EaisEEd 5 K 912 1-line
scan #{T>72, 1-line scan &%, —IRILHIAIZ
WA AT HREETH D,

Figure 3.2 Principle of electrochemical
detection of NAD(P)H:quinone
oxidoreductase (NQO) activity in a HeLa
cell. Fe(CN)6> and menadione were added

in the measurement solution.

3.2.3 NQO FEMEEAEHE NQO FlE®E=4Y VY

SECM HIFEIZ X W 53 5N A EHIGCE DO, ERmIEBERIC LD RE T 1 7 7 A VKT
EaR < 5[19], ABFFETIX, H—Hilan b0 X F U4 VigmiRikit&a2 B L NQO & E L
72,

AT VA ETTARD D E FARIETZ LAET D & | Fick O —1EI XV Aux | ZLLT
DEITEKED,
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fl b oC U =S
ux = —-D—

oL Gt 3)
D TV Ry 7 ZFOPR#RE, C Iy Ky 7 XfE
OFFE, L (3 — BBt ch 5, Mz 25k
EIRELT=%4A (Figure 3.3). Ml HO L Ky

J AFEHE FeenlXIRD L H 12K 5,

Feen = 211 X fluxp—,

(x3-2)
re [TAMAAR, flux = TR B TOL Ry 7 2
FEOWHZR LTS, Fe(CN)e3 343 ICAFET
%6, MNP SHSNTZETOAT VA VE
LIRS, FIEAMZ THE HIZ Fe(CN)63 & KT 5 &
RETE, Ak L7z Fe(CN)et DSt &4 A U4
VIBTUEPORELHZENTEDL, Fo, AT
VAL Fe(CN)e3 DIREDR, NQO DI =Y ZEHMEY -+t KREWHE, NQO DO
BOS D EIREERE & 70 0 BB AR ET D, MUNEMOEFERON (1 #) 22D Fe(CN)et R
CERMNTES7, EE LD —4 (1-line scan) O E FeenZH T 5 Z LN
T& %, llinescan fR LV A F VA ViBEKOKMNEL RN Lc, BN GIEZLITICR
R

Figure 3.3 Schematic illustration of the
SECM measurement with a disk-type
microelectrode. Where rs 1s radius of a cell,
x 1s lateral electrode-cell distance, d 1is

electrode-substrate distance, L= (x2 + a2)05,

OFBMAEAEE 10 pm/sec, EEHPH 500 pm T, Mg L% 1-line scan I (il E% x=0
ET5)

@1-line scan DA & K% (ML HEENLZALE) OBRMEELFIA L, Ny 27 770 NEfiL
721 51<

Ol ro/L, 2 e L7 EREICHE ey N5

@f/N_FIEC L VBRI ERZFE L, EfRoEx L (1-1, 3-1, 3-2) O HUNE Feen
ZHEMT 5

3.2.4 EHEEME

Cell Counting Kit-8 ([F{ k%) Z#HWTAT 4 =— X —DO@EMRBEEIT - 72, HMia
DEEIT 7 V= XU TFRTITOY, JERIKRORERHIL, SECM A A —Y 0 7 OERITHD %
WifE] & A5 80 min & L7z, DA FICHEIE FikERT,
©) 100 nM~1 mM DA FF > 20 pM~200 mM @ KsFe(CN)s % & o il i 1A 1%
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(HEPES buffer) #{Efl4 5,

@) %91 X 105 cells/mL @ HeLa HifafgdEik & /E8 L | 96well A7 7 L — b (Falcon)
(2 100 pL. GHAE 1104 cells) ¥shid 2%,

@) 37C, 5%CO: DA > Fa_X—HNT6hri5EL, MlEzEEIE5,

@ #ifa 4 HEPES buffer C 3 [H1%Ei L AIERIK (B iRED A V4 5 LU KsFe(CN)s
%4 HEPES buffer) (Z 30 min I##E3 5,

® WREE D%, B LWETHLC 3 [R5,

® % well (Z WST-8 (Cell Counting Kit-8 |2 & £ 5583) % 10 uL "> L ., 37C,
5%C02 DA > Fa2aX—HNT2hr 2095,

@ 96well 7L — hZ A o Fa_X—Z POV HL, v~/ L—F ) —%— (ET /L
680, AAR « XA A+ Ty K+ TR hU—X) ZHAVT 450 nm OWLEERIET D,

BIRBED AT DA BT LTI O W & As, AT P74 v % & E R OTANRIC B
L7zl O E%E Ac, B A Glilax & £7e0) OUOLEE Ab & L, DL TFOX TRl
FFREFEH L,

Viability = H
¢ b (3 3-3)

RYEHET T U 7 ATl D WST-8 1, MIaHN CRKEEEHEIC L ) WST-8 A~
PATETEND, BILENT WST-8 /b~ % 460 nm T IR 28> (Bf),
MR BEEZIEME IS U CAEFES N AR~ F o BFEO R, AR 5 7= 9.

450 nm OWSEEZET 5 2 & THEMBBAE T2 2 LR TX 5,

325 #MBEAROSE7ZvEA

OxiSelect™ ROS Assay Kit (Cell Biolabs, CA) % W CHiIEN ROS &% 7 n—4
A MA=F—IZEVBELE, 7u—HA 8 A RY —&i%, SRR 2 iR R I o S,
ZOWER AP L T, Hx OB 2PN T 2 FETH D, MOBEZZ V—r
YFWTITV, BIEEIR OUREERFFEL SECM A A — 2 0 7 OB 3) 5 IE#E & A% 30 min
& L7z, MRRNIZEAE L7 DCFH-DA (2', 7-Dichlorodihydrofluorescin diacetate) (%, #lifz
NT A7 7 —BIC LV BT EF ks ndFa o DCFH (2, 7-Dichlorodihydrofluorescin)
W27 %5, DCFH | ROS [c kv ESHrICmibIn, M %3 %5 DCF (2,
7-Dichlorodihydrofluorescein) (22535, DCF O+ ik (Fht Y 480 nm, Y 530 nm)
ITHIE > LD ROS ®\ICHMIT D726, H#OGTRE D LN ROS L~ L2 BT 2 Z &3 T
&5, ATICERITELRT,
©) 0,1, 100 uM 2 F 4 200 uM KsFe(CN)s % & 1ol A (HEPES buffer, pH 7.0)
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EERT %,

@ 100000 cells/mL £ @ HeLa #lia@wik 2 MinlEE AT 4« v v 22l F3 5,
® 37C. 5%CO2 DA > F2a_X—HNT6hriia L., MzHEsEI85,
@ DCFH-DA %ML 37°C. 5%C02 DA > F 2_—FNT 1 hr B3 L. FENIC

DCFH-DA ZH v iA% ¥ 5,

® fnZ 30 min A VA U EAIRIRICEERT 5,

® FRARIE & [FIERIC R U 772 1T L0 ffafdidEi (50,000~200,000 cells/mL) Z1E#9 5,
@ 7ra—H% A h A—%— (MoFlo™ XDR, Beckman Coulter, USA) (2L Y. 530 nm
DR AAT S (b 488 nm), I 1X101  cells DY TR § 5,

326 #HIMAGSHE7ZvEA

GSH-Glo™ Glutathione Assay (Promega, madison, USA) %\ CHllzN GSH &
DOWEZEAT> Tz, MIROBEAEIZZ VU — 2 RUFHNTITV, JIEEKOIRFERREIX SECM A A —
DT OB HREH L A% 30 min & L7z, L7 = U UFFEAR (Lue-NT) 1%, 744
FA4r (GSH) L7V FHy SEERESRE (GST) Ik Ty 7= o~ EIND, IV
P72V ENT T 2T —RICE VB kSN D LRNT D, TOEE, FLEITY T h
® GSH Z(ZHBT 5720, FHLHEENS GSH ORZH T HZ LN TE D,

MNP GSH & DOHIE k%2 DL RIS~ 5,

) 0~100 uM A4 200 uM KsFe(CN)s % & 1ol BV (HEPES buffer) % {E
T 5,
@) %91 X105 cells/mL @ HeLa HilafkdEik & /E8 L | 96well #lati#E 1~ L — b (Falcon)

(2 100 pL. GRfE 1104 cells) #siN7 2,
® 37C, 5%CO2 DA »FaX—F—NT6hrH55& L, MlazHs 85,
@ #ifn % HEPES buffer T 3 [E¥Ei L AIERIK (BIRED A F V4 35 LU KsFe(CN)s
@4 HEPES buffer) (Z 30 min B#E3 %,
® BREE O, B LWERHIT 3 [FIVEH T 5.
©® 96well 7L — MIHEMHEE (Lue-NT, GST) Z#AL, 37C, 5%C0 DA > F =
AN—%—NT 30 min ;i SH D,
() 96well 7'L— h & A U Fa—F—=0IRY KL, FCHRHAREZRINL, 37C,
5%CO02 DA > F 2 _X—F—NT 15 min KEZH 5,
@ 96well 7L — ha A U Fa_X—FZ—0n0bRV L, ICCD 7 27 (PI-MAX 512RB,
Princeton Instruments, USA) ZHW T2y L, WEL T 5,

BEDORRT, MEHRIERA L L THHERED GSH 2Ly 7 Lva2HEL, 2
IO DOFNTRED DR EMR A ER LTz, RER O, KMt 7V oRNMELS GSH RE
LB LT,
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33 MRLEBL

3.3.1 A T4 I—4—EM4EE

ERFH NQO IHM A2 WET 5 LT,
AT OB L DML RS Z &
DULETHDH, AN, AT TVFUBIOY
KsFe(CN)e D FMIC oW TH S L7-,
KsFe(CN)s J2E % 200 pM I[ZEE L, 45 A
F A PR C 30min &% L7-BROMNA
1% % Figure 3.4 (AT, AT VAR
JEH 20 WM & % 5 &M AEFER D KIEIC
KT L7z, ZOfEFIT, BEIZ Bard 507
=T K o> T Sz Hep-G2 Mifdlc
B HEMERBROMBR L —B LT 55],
WIZ, AFTTF RS 10 or 100 uM (Z[HE
E L. % KsFe(CN)s it £ TOMaAfF= %
Figure 3.4 (B)IZ7~7, KsFe(CN)s 20 mM
PUF Cldila A FRIT R & <X,
10 pM A F A TIEFEMEIFE 572, L
L. KsFe(CN)s DIEEN 20 mM % 2 5
EAIRAEAFRITE LIRT L7,

AT VA BREFRITAE D MR E e
EOE B INDIDERNT, KAT
DA PR B BiE LB O O ROS &
& GSH &% Figure 3.5 (Z/r L7z, 100 uM
AT UH R TITHIEA ROS &34 K L
7o ZORETIEH. NQOIZLBAF VA
fif I G T, NQO LIS DiEThEHR T
Lo TAFVFHUR—EETIh, ROS
DREIZHRELTWVWD I ENREINT,
F M GSH &b RE A LTEY,
GSH I2£ % ROS @b A+ CThHImd
2, FRERIICHIRAFRMME T LB X
72 1 uM A F U A 2T TH ROS %A
LTWD2, Ml AEFRICITEE Lo

(A)

® 200 pM Fe(CN)g3>-

1.2 -
2 14 I { {
ol
_; 0.6 -
bl é
N oa -
1]
L ]
0.2 -
E )
2 0 1 |
0.1 1 10 100 1000
Menadione [uM]
(B) ® 10 pM Menadione
1.2 . O 100 pM Menadione
Z 1y } ;
.-a 0.8 - &
L
_; 0.6 -
qNJ 0.4 - o @ ®
= o]
© o]
£ o2
S . *
0.01 0.1 1 10 100 1000

Fe(CN)¢*- [mM]

Figure 3.4 Viability assay results for HeLa cells
normalized to the cells exposed with HEPES-based
without = menadione and

saline solution

ferricyanide. The absorbance at 450 nm was
measured for HeLa cells after exposure for 30 min
to different concentrations of menadione and

ferricyanide. (A) Black circle: 200 pM Fe(CN)g?, (B)
Black circle: 10 uM menadione, Void circle: 100 pM

menadione. The values represent several
independent measurements for different
menadione concentrations. Within each

concentration, measurements for three or more

replicates were performed.
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Figure 3.5 (A) Menadione increased intracellular ROS level. HeLa cells were pre-incubated with
DCFH-DA for 60 min and then treated with 0, 1 or 100 pM menadione with 200 uM ferricyanide. The
fluorescence of DCF was measured with a flow cytometer using excitation and emission wavelengths
of 480 nm and 530 nm, respectively. (B) Menadione decreased intracellular GSH level. HeLa cells
were pre-incubated with ruciferin derivative and then treated with 0, 4, 10, 40 or 100 pM menadione
with 200 pM ferricyanide. The luminescence of luciferin was measured by ICCD camera and then

GSH concentration was calculated from a standard curve.

7oo 40 pM LU F D A VA4 R CIE, Ml GSH &1 L T o7-Z &vn . GSH
W LD MRmEAEAE DS T I BE L TV D eB 272, 72, 1 uM TIL ROS EDO AR KX
IRIEN Y RO T LD AN, TIUIEMIE COMERE ) OERZEIZERT 5 & B, B
—HIREARHT 72 B TIXORERTH D,

INHOZEND, MREEEEER TS E AT UL IREIL 10 uM LU T, KsFe(CN)s
PEEEIX 20 mM LU E L &Il L7,
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332 BINAT4I—3—IRXATLIZE D NQO FEMRIE

LA N — ks KOl NQO 1EMEZHIE L7z, M/ & —2 DA XILE
255 800 um OHLOEFEM L7z, 10 kM A FTF 2 200 kM KsFe(CN)e % 7 To il E A K
(HEPES buffer) % v T SECM & %17 - =% % Figure 3.6 [Z/R"d, Mg X\¥—r 0

TR IS U CHIRRAT T COBRBRISENEIM L, X TNAT 42— — AT ALY Al
WNEERIETECTH D NQO OREICKRE LTz, Fiz, H—flaL L To NQO JEMEHIEIZ H ik
i L7= (Figure 3.6 (A)), Y FEiICH~, SECM &8 KE < 7eo72D1F, Fe(CN)e* 2MAHk L
7l Th D, Ml % — 2 TORETIHISEOHEMEIFFCE 203, Hilako 72 8LE D
JEMECH Y, T b L < 25, 22 CARIEETHMRY IV TCRHIEEITo T, FT-,

Fe(CN)3 R FEN i\ & BIRINE 2150 O EE L) o 72728, KsFe(CN)s I JE D {217 - 72,

(A) Figure 3.6 SECM images (left) and
optical images (right) of patterned HeLa
cells (A) or a single HeLa cell (B) based
on the oxidation current for ferrocyanide.

Measurements were performed in

7.0 pA

HEPES-based saline solution (pH 7.0)

containing 10 pM menadione and 200 pM
ferricyanide. The  electrode  was
positioned 20 pm above the substrate. (A)
The scan rate was 50 pm s, the scan

range was 800 X 800 pm?2 and the step

'y

— ) j size was 20 pm. (B) The scan rate was 20

2.2 pA

pm s’L, the scan range was 600 X 600 pm?

100 pm

— and the step size was 20 pm. Scale bar:

100 pm. SECM images are displayed
with interpolation and without correction

of baseline shift of current response.
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333 2z UL7UAYIL (KFe(CN)e) BREICKDEREGE~ADEE

NQO VEME L LTAF VA L ERARD I EZ T T 2 BRIZ  KsFe(CN)s #1388 /) 5

W ENEENTH D (3.2.3TH), % KsFe(CN)6IEIZR T DEFISE 2 bl U, R
#1772, KsFe(CN)s DIEE %28k & T SECM HIiE L7=#E R4 Figure 3.7 \Z/Rd, ATV

PR TR ED D 720 10 pM. & LT,

2 mM LU ED KsFe(CN)s TILIE SR & 72

S7h3, 200 M KsFe(CN)6 IZB W TEIRICE DR E /e o7z, F72, &2 TO KsFe(CN)g R
[ZHRNT, FEIRRE & & bICERMA A Lkt 7z, Zaud, BEmEOHNLREICELDb0
EEZOLND, EIRE KsFe(CN)s Tlik, Ny 7 77 vy RERBKE S, KRETINE o
Tz BIEPICBIT DERMERDIT ANy 7 7T 70 FEROKE SITIEFE L, EiEE KsFe(CN)g
TIE, A S OISE N S R & 72 o7, LIEE 200 uM KsFe(CN)s THIE 21T - 72,

(A) 0.2 mM Fe(CN)g>
Al = )

5.8 pA

(B) 20 mM Fe(CN)¢>"

15 pA

v

AN

41

Figure 3.7 SECM images (eft)
and optical images (right) of a single
HeLa cells. Measurements were
performed in HEPES-based saline
solution containing 10 pM menadione
and ferricyanide (200 pM (A), 2 mM (B)
or 20 mM (C)). The measurements were
started at 30 min after addition of
measurements solution and finished
within 10 min. The electrode was
positioned 20 um above the substrate,
and the scan rate was 50 pym st. The
scan range was 500 X 500 pm? and the
step size was 10 pm. Scale bar: 100 pm.
SECM images are displayed without
correction of baseline shift of current

response



334 BREAFTTCHURBREICEITHIERGE

100 uM A A 12 1D NQO VEMERIERS R4 | Figure 3.8 [T d, AT U A IR

30 min ZIZHE Z1T > 72, KsFe(CN)s DIREIZH b 53, Ml ECERSHEA Lz, Milas

FEHFHm (3.3.1) 205, 100 pM A F VA > ~D 30 min 8 CITMIENFER L TWD Z &N T

I, Ml L CTOBIRMBAIEL. MRBREKM LR TT 4 77 4 — KRy 7R TH D
(1.3 3),

(A) 0.2 mM Fe(CN)s>  (B) 20 mM Fe(CN)g>
AN | — AN . p—————

: *° 100 um I . 100 um
v : iz vare=xy v 2 ’_~

Figure 3.8 SECM image of a single HeLa cell based on the oxidation

1.2 pA
5.0 pA

current for ferrocyanide in a measurement solution containing 100 pM
menadione and ferricyanide (200 uM (A) or 20 mM (B)). The measurements
were started at 30 min after addition of measurements solution and
finished within 10 min. The electrode was positioned 20 pm above the
substrate, and the scan rate was 50 pm s'1. The scan range was 500 X 500
pm?2 and the step size was 10 pm. Scale bar: 100 pm. SECM images are

displayed without correction of baseline shift of current response.

335 H—H{lAMSDAF O UEXTHBRHENEH

323 HOFEIZ LY, H—Hilainb DA F U gt &4 H N Lz, Bl
ET? 1-line scan #EH% Figure 3.9 (A-OIRd, Nv 7 7T 0y REREZLSIWE
(Figure 3.9 (A)), #i#h%zZ 2 v k L7z (Figure 3.9 (B)), A28 rs & 10 pm, FBAEE
a % 10 pm. Fe(CN)e* DILIEARE D % 6.8X106 ecm2 s & L, & (1. 3-1, 3-2) & UrLlE#R
DIEZ MO AT U VBTN EEZ RN L& 2 A, 7.79X1017 mol s per cell & HHTX
7oo F72, 10 uM A F 24> 30 min ZFERF AU DI EO L)L, 7.15+3.54 X 10717 mol
s1per cell (N=18)¢72o7-, 18 > 7LD A k7T L% Figure 3.1 IR 7, ZDfEIT
Nagamine 52 K > THE I TWDHE—EEREND O HE (3.07 X 1019 mol s per cell)
IV b REWT, =R, B (v b rESEAABNK) ThHD HeLa Mifass, BEREE
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Figure 3.9  (A) Current profile versus lateral position from the center of the cell sample (x) observed various
electrode-substrate distances (d). The scan rate was 10 um sL. The scan range was 500 um. The baseline shift of
current response was subtracted by current response at the start and last points of the one-line scan where the
microelectrode located away from the cell samples. (B) Current versus rs/L plot rearranged from panel B. Where L
= (X% + d?)%5, Feen in Fig. 6 of manuscript was calculated by Eq. (1) and AC value obtained from the intersection of
Panel B and Eq. (2). The black lines in the plots were drawn by the least squares method. (D) Histogram of the
menadiol (reduced form of menadione) generation rates from single HelLa cells. The menadiol generation rates

from individual HeLa cells, Fcen, were calculated from one-line scan SECM. The scan rate was 20 um s, The scan

FOREVWZLICERT L EFIZEZDN, LML, KIFREIIAT 4 =—F —RENRLRD
ZEERETONE DD, £, AN TLZATHONL L2, MHEICKERIES
DERDH oI, ZHITH-MEHEOEFEETHY . BT b TIIORMRETH D,
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3.3.6 NQOFEME=A2VYVYJ

o NQO iEMt=4%1 7 %1T->7, 30 min BV TAFT A ZRML,
72 1-line scan JITEZITVY, A F VA VBT &2 RREHIE L 7245 K% Figure 3.11
IR T, AT VA ORIV ERIGE DB CE 72, 10 uM A F 4 TlE, 120 min (2
D0 BHEIXIRE—E L o7, — 7, 100 uM A F V4 > TlE, ATV A RN 30 min
VINICEISE NI Uiz, Zhud, ATV v @tEic X 2/~ & A — IR L
TWb, EFR NQO IEMAZMET 572D, Mila~D & A —T %07 L, WA+
FURETHET 20ERH 7=,

(A) Add menadione (B) Add menadione
15 l 80 1

8 10 8 60

o n

° °

g 5 £ 40

2 2

S o 2 20

e e

w -5 W 0

0 30 60 20 120 0 30 60 90 120
Time [min] Time [min]

Figure 3.11 Time course of the menadiol generation rate from a single HeLa cell at 10 uM (A) or
100 pM (B) of menadione. Menadione was added at 30 min. The generation rates were calculated from
modified current of one-line scan SECM by using Eq. (1). The scan rate was 10 pm s'1. The scan range

was 500 pm.

3.3.7 SECM-IT (SECM-iduced transffer) Dgz%&

B2 A3V Ny 7 AfE O CRERE S CRIE 21T 2 56, BRI X - Tl
SNDMKDEBEZET HMLENH S, Figure 3.11 (A)D 60 min (21T 5B EIME
0.377TpA TH V. Fip=Lkip/nF[20]1 LV . EHs L TD Fe(CN)et 14 &% 3.91 X 1018 mol s &
FiHCTE, Zoffid, H—Mllko Fe(CN)st ® 1/10 LLFTh D03, BRI L - T S
ALDPEHCRREDZALA, M EICHE L TWH AR H D, T D7D, B — AR 2 2
bS8 T, KBt CcoHEZFE I L, M THE S5 Fe(CN)st O 2% Gl L 7= (Figure
3.12), WA EZ TH, AT VA VHHERITIZE A SBET (HEE d=15 12817 207772
HH R T, 2T T 477 4= FRy 7 RICE Db DEEEZHND) ., At (d=15, 20,
30, 50 um) (ZF1F D EMMEIL, EREiEEzR & K< —% L7 (Figure 3.13), 2D Z vk,
TR CTO Fe(CN)e* DIHE T, AT VA VI EORHNIZFE A ERBE LW EbhoTz,
AREBRTIX, &S —EET— K (constant-height mode, 1.3.4 IH) T SECM HIEEZ1T->THEY
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OIS IR — MIARIBRREI T D 7 ¢ — B3y 2 SR % ATe, AR TILAMIA % LBk &
(7 L7228, M IBATR E L T 0, & 0 ERZRBIED -0, BRI e
SECM (Z L D REETEIRAE & B TH D,

1 Figure 3.12 The menadiol generation rates

%» % from a single HeLa cell at different
1: 2 /—_.\* electrode-substrate distances (d) were calculated
?Z 0 from modified current (Figure 3.13) of one-line
E“:s €0 scan SECM. Measurements at each distance were
. 10 2 30 a0 s0 60 performed three times in the same sample. One
electrode-substrate distance (d) [um] measurement was completed within 1 minute,

and all measurements (12 times) were completed
within 60 minutes. The menadiol generation rate

at 20 pm was maintained virtually constant.
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Figure 3.13 Modified current versus r/.L plot rearranged from one-line scan results with
various electrode-substrate distances (d). Where L = (x2 + ¢?)%5. In one-line scan, the scan
rate was 10 pm s and the scan range was 500 pm. The baseline shift of current response
was subtracted by current response at the start and last points of the one-line scan where
the microelectrode located away from the cell samples. The black lines in the plots were

drawn by the least squares method.
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34 F&¥

ARETIEAT VAL E KFe(CN)e D 2FED AT 4 ==X —%FH LT TNAT 4=
—H = AT LIZEY, SECM % H\WTH— HeLa fild® NQO {EMHHIEEZIT 7=, AT VA
vEEEI A, ARRERISEZFGDIOIC, AT 4 = —F —RERELEZIT o7, MIaAEF
KT, AN ROS « GSH &3Ffi, 38 X SECM HIEFE R D, 10 uM A F T4 200
uM KsFe(CN)e 73 NQO 1 MHARRERIE 1 fieiid 72 & FIB U7z, M5 ¢ oo A NQO 1G I ik
% Fe(CN)e* LIS E 52155 2 £ AT H— HeLa fiflan b D A F VA4 ViR &%
7.15+3.54 X 1017 mol s per cell &L H T/, F£7= NQO IHFEDOKRRFEICKI Lz, AT
A VINEZ D DEFSE Z B TTX, 10 uM A U > TiE 120 min (2 - TR EIX
E—E Lo Tz, —H 100 uM A F A2 Tk, Mgt X Y 30 min U\Wﬁ:%\?%ﬂiﬁi\%ﬁﬁz
LTz, A ﬂ"“/“z]“/O)H%%‘ PEIZ LD, BRME~OEEIITNSWZ ERbhoTz, LLEDORER
N, H—fla L~ - EER R NEERTEEREIC, SECM AN AERTH D Z & AR
I,

ARIEONEFED—EIL, [Electrochemical monitoring of intracellular enzyme activity
of single living mammalian cells by using a double-mediator system] &9 #HH T,
Analytica Chimica Acta DR L E L TRBE SNBH S TW5, (Anal. Chim. Acta, 842
(2014) 20-26.)
http://www.sciencedirect.com/science/article/pii/S0003267014008046

46



2% IR

[1] B. Liu, W. Cheng, S.A. Rotenberg, M.V. Mirkin, Scanning electrochemical microscopy of
living cells - Part 2. Imaging redox and acid/basic reactivities, Journal of Electroanalytical
Chemistry, 500 (2001) 590-597.

[2] B. Liu, S.A. Rotenberg, M.V. Mirkin, Scanning electrochemical microscopy of living cells:
Different redox activities of nonmetastatic and metastatic human breast cells, Proceedings of
the National Academy of Sciences of the United States of America, 97 (2000) 9855-9860.

[3] S. Amemiya, A.J. Bard, FR. Fan, M.V. Mirkin, PR. Unwin, Scanning electrochemical
microscopy, Annual review of analytical chemistry, 1 (2008) 95-131.

[4] A. Schulte, W. Schuhmann, Single-cell microelectrochemistry, Angewandte Chemie, 46
(2007) 8760-87177.

[5] J. Mauzeroll, A.J. Bard, O. Owhadian, T.J. Monks, Menadione metabolism to thiodione in
hepatoblastoma by scanning electrochemical microscopy, Proceedings of the National
Academy of Sciences of the United States of America, 101 (2004) 17582-17587.

[6] J. Mauzeroll, A.J. Bard, Scanning electrochemical microscopy of menadione-glutathione
conjugate export from yeast cells, Proceedings of the National Academy of Sciences of the
United States of America, 101 (2004) 7862-7867.

[7] K. Nagamine, Y. Takahashi, K. Ino, H. Shiku, T. Matsue, Influence of Tip Size on Single
Yeast Cell Imaging Using Scanning Electrochemical Microscopy, Electroanalysis, 23 (2011)
1168-1174.

[8] Y.S. Torisawa, N. Ohara, K. Nagamine, S. Kasai, T. Yasukawa, H. Shiku, T. Matsue,
Electrochemical monitoring of cellular signal transduction with a secreted alkaline
phosphatase reporter system, Analytical chemistry, 78 (2006) 7625-7631.

[9] C. Zhao, J.K. Sinha, C.A. Wijayawardhana, G. Wittstock, Monitoring beta-galactosidase
activity by means of scanning electrochemical microscopy, Journal of Electroanalytical
Chemistry, 561 (2004) 83-91.

[10] Y. Takahashi, T. Miyamoto, H. Shiku, R. Asano, T. Yasukawa, I. Kumagai, T. Matsue,
Electrochemical detection of epidermal growth factor receptors on a single living cell surface
by scanning electrochemical microscopy, Analytical chemistry, 81 (2009) 2785-2790.

[11] Y. Takahashi, A.I. Shevchuk, P. Novak, B. Babakinejad, J. Macpherson, PR. Unwin, H.
Shiku, J. Gorelik, D. Klenerman, Y.E. Korchev, T. Matsue, Topographical and electrochemical
nanoscale imaging of living cells using voltage-switching mode scanning electrochemical
microscopy, Proceedings of the National Academy of Sciences of the United States of America,
109 (2012) 11540-11545.

[12] Y. Matsumae, T. Arai, Y. Takahashi, K. Ino, H. Shiku, T. Matsue, Evaluation of the

differentiation status of single embryonic stem cells using scanning electrochemical

47



microscopy, Chemical communications, 49 (2013) 6498-6500.

[13] K.H. Baronian, A.J. Downard, R.K. Lowen, N. Pasco, Detection of two distinct
substrate-dependent catabolic responses in yeast cells using a mediated electrochemical
method, Applied microbiology and biotechnology, 60 (2002) 108-113.

[14] A. Heiskanen, J. Yakovleva, C. Spegel, R. Taboryski, M. Koudelka-Hep, J. Emneus, T.
Ruzgas, Amperometric monitoring of redox activity in living yeast cells: comparison of
menadione and menadione sodium bisulfite as electron transfer mediators, Electrochemistry
Communications, 6 (2004) 219-224.

[15] P. Nioi, J.D. Hayes, Contribution of NAD(P)H:quinone oxidoreductase 1 to protection
against carcinogenesis, and regulation of its gene by the Nrf2 basic-region leucine zipper and
the arylhydrocarbon receptor basic helix-loop-helix transcription factors, Mutation research,
555 (2004) 149-171.

[16] P. Joseph, AK. Jaiswal, Nad(P)H-Quinone Oxidoreductase(1) (Dt Diaphorase)
Specifically Prevents the Formation of Benzo[alPyrene Quinone-DNA Adducts Generated by
Cytochrome P4501al and P450 Reductase, Proceedings of the National Academy of Sciences
of the United States of America, 91 (1994) 8413-8417.

[17] C.F. Spegel, A.R. Heiskanen, N. Kostesha, T.H. Johanson, M.F. Gorwa-Grauslund, M.
Koudelka-Hep, J. Emneus, T. Ruzgas, Amperometric response from the glycolytic versus the
pentose phosphate pathway in Saccharomyces cerevisiae cells, Analytical chemistry, 79 (2007)
8919-8926.

[18] CX. Cai, B. Liu, M.V. Mirkin, H.A. Frank, J.F. Rusling, Scanning electrochemical
microscopy of living cells. 3. Rhodobacter sphaeroides, Analytical chemistry, 74 (2002)
114-119.

[19] T. Kaya, D. Numai, K. Nagamine, S. Aoyagi, H. Shiku, T. Matsue, Respiration activity of
Escherichia coli entrapped in a cone-shaped microwell and cylindrical micropore monitored by
scanning electrochemical microscopy (SECM), The Analyst, 129 (2004) 529-534.

[20] Y. Takahashi, Y. Hirano, T. Yasukawa, H. Shiku, H. Yamada, T. Matsue, Topographic,
electrochemical, and optical images captured using standing approach mode scanning

electrochemical/optical microscopy, Langmuir, 22 (2006) 10299-10306.

48



49



$FA4E SECMIZ&k SH— ES f#ifladD 5Lk B Sl

RETIE, B MO CREREEC > Tl 5, SECM % MT, Itk (BS
) THRIEIT B MRS A L, AN ALK & URIR I - 5 BRI L 7=,

41 XL ®HIZ

AR oD AR SR> & 45 &
o EEsE (ES AR X, k%
REME & MEFRIEABE 2 479 (Figure 4.1)
[1, 2], 3@ Y 72 SR A3 AT RE & Z2duiE,
BN, R HEAIA 7 ) —=
> 7 ~OF AR CE 5[3], ES A
ZITU O LT oML, e efb?
) - WERAY - AEFRTRY R BRI KV 4y
fbFE I 5[4-9], EFHEs b
A T = X L OfEBITIE, 2 LIRRERE
MEN AR R TH DN, WERDFET
VR PR TR 72 SO e -1 FH 23 TR 38 C o
0. AR EIREE = U U
MRD BN TN D, SHLIRREREARIZ
I, MilaEim~—"— (SSEA¥H - CD
$) | #55[K - (Oct3/4+ Sox2+ Nanog)
HIfIN~ — T —, Bk - XTF R - b
7 F o EnfIRESA[10], ES
~ — A — OHEOCR BT SRR T3
T =T DT T (Y
728 RBETEANLETHY M
NAASKROIRRE TR WATREED B D, £

» Self-renewal @Im:;sc:u
» Immortality ﬂ

‘ @ Embryonic Stem Cell

» Pluripotency l

| | |
" ‘
Muscle Blood Neuron  Liver Others

Figure 4. 1 Schematic illustration of the property
of ES cells (adapted from M. Meregalli et al, 'Stem
Cell Therapy for Neuromuscular Diseases', Stem Cells
in Clinic and Research, InTech). ES cells have the

capacity to differentiate into a wide range of cell types.
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7o. REEHEICB W TTHEOE Y v — 7 0RO HmENBRE SN 5, IBE RSO E 15
BN CIE, Bix B2 —EICEETE 50, MIREMISLE TH 0 R AOHIE XA A HE
Thb, ~—W—LRHWHE, TAHIKRAT7 74— (ALP) ZFMH L-laoiiE T,
I E E LR WIRIHR A SN TH S, — 5T, ALP OEBEXILFHRIE T, ERENNOFF
RN IR ERRY A2 I E N ATRE T B (11, 12, 19-21], 4AFFEETIX, FfL Ry 7 2% A 7 U
7 EBRACF T v T T ZAEFI L E (11, 12, 1910, M#ER D = v & SECM #FIH L
7= 771518, 20]., large scale integration (LSI) il 27 Al X HERALFHERINC LD,
ES MIaEER O LRl 24T > CT& 72, LU, MIERITEE L EOME b5 EAKTH
D B L TORMEEAT O T iR T,

ARFETIX, ESHINICEERBE T 570 VAR 7 7% —F (ALP) ZFIH L. SECM
W RIZ TR - B—Hila L~ TOMBIREERHG B DWW TR LTz, 72, FryET Y
—H 7 = ik[18-15]% VT SECM JlE% Ol % R L, ES filadRp{b~—HI—Th
% Oct3/4 DEARFFEBURATHE R & Hl L7z,

42 B

4.2.1 E- 4

g:ll,l

ARETIILLTORIELMEN L, B FRBURITICAIN U723 3EIT 4.2.6 I THlliE
Fiibk L7z,
p-Aminophenylphosphate monosodium salt (PAPP) (LKT Laboratories Inc., St. Paul,
U.S.A.) . all-trans-retinoic acid (ATRA) (Wako Pure Chemical Industries, Osaka, Japan) .
D- 7 v = — & KCl, NaCl, NaHPO4 - 12H20, MgClz + 6H20 (F1 ¢ #fi 3£) |
N-2-hydroxyethylpiperazine-N-ethanesulfonic acid ( HEPES ) ( [[A 1= 1k % ) .
N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) ([A{{t%). Cell Counting Kit-8 ([Fl{=
1t5) . Double Staining Kit (Wako) . HEPES buffer (150 mM NaCl, 4.2 mM KCl, 2.7 mM
MgClz, 1.0 mM NazHPO4, 11.2 mM D-glucose, 10 mM HEPES)
VIR I3 Milli-Q  (Millipore, Billerica, USA) %I L7-.

422 ESHIBROIER L MEEH

~ 7 A ES #iiukk (strain 129/SV, passage 11) (% DS Pharma Biomedical. Co., Ltd.
MBHEA L=, ES#ifiaix 1000 U/mL of mouse leukemia inhibitory factor (mLIF) & 1 mM
B-mercaptoethanol %7 Stem Medium (DS Pharma Biomedical. Co., Ltd., Tokyo, Japan)
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HCH#E L7=, 1uM ATRA # &4, mLIF & £\ b T ES Mildz #4252 & T, ##
R~ oreisE Lizle, 16],

4.2.3 SERRE R

Figure 4.2 (= ALP 1&MEHIE 27 J\I 0.3 Vvs. Ag/AgCl
MU 72 oAbk Re BF Al R B &2 R T Microelectrode
p-Aminophenylphosphate (PAPP) |3, . /-\_ Electrode reaction
ALP (2 X Y p-aminophenol (PAP) (253 fi# N e
SHU%, kL PAP AT % (0.3 V v, @ @
Ag/AgCl) =& T ALP iEHEZFFE L7z,  PAPP w PAP,,

Enzymatic reaction

ES #fifd Tid ALP 25@RIFEHL L TV D A5,

ALP \J

R R~ LML SNSRI T ALP =
FEIEDE T 5 120, BRI OB — %
Differentiation
4 ) SRII == — 4.
’ﬁ;ﬁﬁzfééo SECM JUEIZ 13, IHAE 20 um ES Cell Differentiated cell
D Pt T4 A7~ A 7 wEEMmAE AV, High-ALP Low-ALP
B 0.3 V vs. Ag/AgCl ZFEINL .
O AEES UL, A A EE Figure 4. 2 Schematic diagrams of ALP
ALY 91—k ER (1-line scan) L7~ detection of a single cell by using SECM showing

0.3 V vs. Ag/AgCl i3 PAP % F T distinct differences in ALP activity between an ES
BEMNTHD cell and a differentiated ES cell. 4.4 mM PAPP was

by ATRA

added in the measurement solution.

424 FEHEETME
Double Staining Kit (Wako) & MW\ T, JIERKRDO#HMRBRAZIT -7, Calcein-AM

/P10 " EEYLa(Z K - TSR 21T 5, Calcein-AM 1%, 7V A L&AV EKROT = /) —
IEKEEIEN T & RX U AT NUERLT B F UV TREIND Z LT XV REMESEM L, i
AR HBMT D ENTED, TAT RIS L0 a3 il ST a3, AfiaN
DTATZ—BIZX VMK EZ T DL, TV LA UARRORGOEEERT (490
nm, ®WH5156 nm) , FMKGMEEZT D & RREEIERD L, MR 5 ORI 2 B
%, Propidium Iodide (PI) [FZZEMMAGIEE A4 i T & 72\ 03, SEMMAE CIEEZ M rlgE & 72 0 |
DNA O ZEH LW AMEEICA F— b— F U CREE N E R T 5 (530 nm, #5580 nm)
FERBT, ATk G, SEMRIREOE A T, MROBIELY V) — XU FNTIT
U, AETRIR OBEEEREIZSECM A A — 22 7 OB D & % D30 mind L7z, AT
(BRI 72 S5 iE % R T,

@ PBS 1 mLiZxf L, Calcein-AM ik %2 uL. PIE# %3 uLOEIA TIRA LYtk % i

L7
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@ #HfnAZPBS T3EIVEA L. HIEAHE (4.7 mM PAPP& 4 HEPES buffer. pH 9.5) 1230 min
=i LTz

@ PBST3EIEH#%., Yetai@aimL, B L7REETI60 A o F o — LT,

@/um#atﬁﬁﬁ%mmf%%ﬁ 72, BEICIZAKERT 7 & VT, Calcein-AM®D
HOLBIEITIINIBAY 4 L4 (Ex:470-490 nm, Em:510-550 nm) . PIOHGEIZIZIE
WIG” (/4 (Ex:520-550 nm, Em:580 nmPL b)) #fifH L7z,

425 FxES)—HYHay

FyET V=V va R LVESMREEIN L, HTAFYET Y —F2—7

(0.D.: 1.0 mm; I.D.: 0.58 mm; Harvard Apparatus) % COz L —%—77— (model P-2000,
Sutter Instrument, CA, USA) {2 £V JEimfRiX 3-10 um & 725 L 9T b L7z, 7T X f\»»(»
E7 U —~DOHIIE Y NSRRI DS AR T D720, R L72F v 7 U —% 2hr iR
FEHRHE%IL T, 3,3,4,4,5,5,6,6,6-non-afluorohexyltrichlorosilane (Shinetsu Chem. Ind. Co.,
Ltd) 2k fblic, ¥ ET Y —% 99.5%=% /) — /LT L, fpsE%k, 7Y
—UR_RUFNT UV T4 hEA72< & 30 min BH LIEFE L2, S+ ET7 U —0RET~=
' = L—% — (MNO-203; Narishige) |[Z2& 0 FEITITo7, F¥x 7V —%2> VarFa—7
WZRD Y oo~ L, M~ sE72%, vV o UaglnTillla R L7z, &To
BB RS TRIEL L e ¥ ATV, SECM JITE #2805y AN flE & [RIIY L 7=,

4.2.6 BIGFRREN

HEfL Y > 7 n B D cDNA FEHE, BnFHBUITIE 27 5. Real-Time PCR T
IZ. PCR D 1 %A 7V TH =7y MBIEFESZ 2 (5ICHIET BRI ES & | BUE Lo ®IC
BETDHETOPCR ¥ 7 1 $ (CtfE) iy %, PCR O¥E&EZ ) 7 V2 A L TE=H
— LT 2 HIETH Y | BRIKEIN ARE Tl & E&MEICERL TV D,

PCRIETIIHM L 725 DNA 2774 ~— %A S, EEI’\J@7°34”\7H@E§'HZT§Ei
% DNA %, DNARY A7 —BIZ K-> THME LEFRMICKRET 5, RNA BRI OESIZ
RBIZ LY ¢DNA IZZE#L PCR {E%1T9, TNEWEETR Y A 7 —BEEHS (Reverse
Transcription Polymerase Chain Reaction, RT-PCR) & Fe5, U 7 /L4 A & PCR & W5 R
U AT —PHEHEHNG & 2 5D T mRNA OERELZTT I,

PCRIETITHOEHEIZ LW DNA B2 ET 5, dOtMtiEE LT, EITA 2 —F
L—=va ik "ATUFAR—=2a k0 2 ORFT oML, KEHTHWA 22—
— 3 a EIZOWTEAT 5, SYBR Green 1d, 1 % —h L—3 3 EIZBWT KA H
WHNLEN T v —T ThH%, SYBR Green [ _A# DNA |1 F—HL— 572D
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SYBR Green Ot EZHEST H Z & THIME L7 DNA 842 E& T %, 72, PCR LD
SR IR AR AT IZ L 0 BT E 5, SYBR Green OF|H TITH 7 v — 7 OGN AE
ThHY ., ZETHETH LD, 7 T4 ~— "8IED LD IR A2 AR DNA M LT
LE 9 aREtED & 2, ﬁiﬁ’%ﬂjﬂﬁ‘\%/\*ﬁf“ IISRIREE & R 2 12 F -S4, SYBR Green D7y
TIN5, @, T ~— BERRVES . BRIHROE—27131 5 TH 508,
HE) DNA A DRSS T 7 A ~— BB PEZ 5L =703 2 DU EL 2D,
AT TlE LightCycler 1.5 2 X 0 JllE %17 - 7=, Total RNA ¥5#2 13 RNeasy Micro Kit

(QIAGEN) ZHWiz, Fv MIfHELTWD F 1 b 2L 2hE0y mRNA i 217 -7, K
L7z Total RNA (FREIEIZR DWHERE NI LY cDNA ~L G LTz, WG RISIZIE
Quantitect Reverse Transcription % > F (QIAGEN) Zfff L., KIG7 v b a2/l iE3nT
A2 1T>7-, LightCycler 1.5 (Roche) (ZX % Real-Time PCR %, LightCycler Software
(Roche) TYT-7z, LightCycler® FastStart DNA Master SYBR Green I (Roche) (ZJ&%
AU HZ =T L —FETITo7, mRNABEOMHERIZAACLIEIZEVITo2 (i), BATIZ
B FNEZR~T,

M Total RNA ¥H
[ FiEoH]

99.5% T % /—/L (Wako) &, ¥ v MIJED RNase free water i\ T, 70% T %
=B N80%TH ) — /L EPHEL L7, 1 mL ® Buffer RLT (v MME) H720 . 10 uL
@ 2-Mercaptoethanol (Wako) % ¥/ L C Buffer RLT 7% L 7=, 11 mL ® Buffer RPE (3
v MEJE) 12, 44 mL 0 99.5% % / —/L % i1 L C Buffer RPE 3§ L 7=, DNase I K
(Fv MIB) 1o, 722 LT 40TV Y PV TAB0uL (5> MEE)  ZUshL#E)
WA L DNase I ZFA% L 7=,

[#EFIE]

O MY TLDASTWD 1.5 mL T =—7|Z 75 uL @ Buffer RLT Z¥%# L 72%. 1 min
RNT v 7 AL TR Z A L72, 2 OEMIZIX. Guanidine Thiocyanate 5 & O°
2-Mercaptoethanol 723& £41CH Y, RNase # RNEMHALT 5,

@ 15 UL D T0%TH J—NERML, EXyT 4 o ZIZE VR L, Zo#EECLD, R
B AT ANDOY ) A AT LA RNA BSEGT 25600 SN S,

@ HrrneiEE 2mL albZyaryFa—T7OHITEy FEI TS RNeasy MinElute
Spin Column (IR L7z, F 2 —7 OFEZFHNITHAD, 8000 X g T 25 L LIZDE,
AR % B0 BRu N,

@ 350 uL @ Buffer RW1 % A 21 7 AT A, 8000xg T 25 Fhfilim.lr LD H | AR A
DRz,

® 10pL ® DNAase I A kv Z7¥ik L 70 pL @ Buffer RDD ZiEf L, A B2 A T LRI
LEIRT15miE LTz, 7/ LA DNADBGRIND,
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® 350 pL @ Buffer RW1 & A &2 %1 T AZAN R, 8000xg T 25 B L72D B, Ak 7 L
R

@ 500 puL @ Buffer RPE # 2 &' 71 7 LA 2, 8000xg T 25 BE.L L7zDb | Ak HR
DRI

® FE 500 uL © 80% T /) — /L& AL AT KM Z, 8000xg T 2 /il Lizcoh, A

W2 B BRO T,

AV AT LDOEXT, HKIEET 6 ofEEL Lz,

RNase free water 14 uL Z A BT L« AT LU OHRIZEIRIML, EHx L CRRKHE

T 77 L L, Total RNA ZiAH SH 72,

® ©

[ BUil 7n=S
[#EFIE]

O KR L7-7 7L — FRNAIZ2 pL gDNA wipeout BufferZ il Z., 42°C T2 minA > ¥ =X
— R 3B LT, 7 ADNAZBRE LT,

@ 7%/ LADNABrZE#%. 4 pL Quantiscript RT Buffer (fktAF =—7) . 1 ul RT Primer Mix

(#&taF =—7) | 1 uL Quantiscript Reverse Transcriptase (JRfaF =—7) %K ET

Mz &AL,

® 42°CT30min (WIEEMKE) « 95°CT3 min  (WlEFEBFEOKIE) | y—~L¥ 177
— I THER TG 21T 2 72,

@ {ERIL7-cDNA (total 20 pL) 1Z-30°C TIRAEL 7=,

BReal-Time PCR
HAW7=7"Z7 A4 ~—[L Table 4.1 |27~ L 7=, glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
L O'POU domain transcription factor (Oct3/4) @77 A ~—|% Nihon Gene Research
Laboratories, Inc 7>HiEA L7-, Gapdh i3/ AF%—bE> ViE{s 1. Octd/4 (IR b~—h
—LLTHBLNTWD,

[#EFIE]
1Y TN bz OFRSEE Table 4.2 12R LTz, WET 20 T AEGr O EA TR L

o

TR L7233 % 18 uL. 772 Real Time PCR i+ E°Z U —IZIRIN L 7=,

cDNA ¥ > 7NV % v 5 U —(Z 2 uL 32N L. Light Cycler BH i L7y Bk <
DB LTz, mO%, IKENE LW E D DR LT,

Light Cycler ic¥ ¥ &7V —%2t > NL, BlEDOT v /T A THEEZITS T,

® m oo e

Table 4.1

R Fw 77 A ~—Hk% Rv 77 A =~ —BEL%

Gapdh 5-AAA TGG TGAAGG TCG GTG TG-3 5-AGG TCAATG AAG GGG TCG TT-3'

Oct3/4 5-TGT GGA CCT CAG GTT GGA CT -3 5-AGG TTC CCT CTG AGT TGC TT -3’
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L . Table 4.2
AREERCTHUW - Real-Time PCR IZRKE <KD 4 D pre = LuLl
DAT v TINS5, - .

25 mM MgCl 1.6
(DDenature o g _

B L 0 | 2 481 DNA % 1 A8 DNA {3 | 10 aM forward (Fw) primer, 10
% 10 pM reverse (Rv) primer 1.0
@PCR SYBR Green 2.0

PCR SGICHEV, 75 ~ — i iHic B igpggy [ Rnase free HiO 12

@ cDNA MHEIET 5,

Z DFRIZ cDNA 2567 % SYBR Green O#BELE=41 7T 5,
(@Melting

REZ % B, PCR A OMHEC S st mERD ZE=2 ) 7T 5,

PCR R DfFBEDEE Z DIEN D, BEVERMNE B TO 2 024§ 2,
@®Cooling

YT NDHENEIT D,

TNENDEAN:% Table 4.3~4.6 (2777,

Table 4.3 Denature 5:{

Cycles 1
Segment Number 1
Target Temperature [°C] 95
Incubation Time [min] 10
Temperature Transition Rate [°C /s] 20
Secondary Target Temperature [°C] 0
Step Size [°C] 0
Step Delay [cycles] 0
Acquisition Mode None

Table 4.4 PCR 44

Cycles 45

Segment Number 1 2 3
Target Temperature [°C] 95 60 72
Incubation Time [min] 10 10 13
Temperature Transition Rate [°C /s] 20 20 20
Secondary Target Temperature [°C] 0 0 0
Step Size [°C] 0 0 0
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Step Delay [cycles] 0 0 0
Acquisition Mode None

Table 4.5 Melting /4

Cycles 1

Segment Number 1 2 3
Target Temperature [°C] 95 70 99
Incubation Time [min] 0 15 0
Temperature Transition Rate [°C /s] 20 20 0.1
Secondary Target Temperature [°C] 0 0 0
Step Size [°C] 0 0 0
Step Delay [cycles] 0 0 0
Acquisition Mode None None Cont.
Table 4.6 Cooling 5=/4

Cycles 1

Segment Number 1

Target Temperature [°C] 40

Incubation Time [min] 30

Temperature Transition Rate [°C /s] 20

Secondary Target Temperature [°C] 0

Step Size [°C] 0

Step Delay [cycles] 0

Acquisition Mode None

WHExERE (A ACtH)

AWFFETIE. A ACHHEIC X VBB FORBELESER LI, BEF T Lent A
NEOWEEITH FiETH S, Ct fEE 1L, PCR HEIEEMNH D —ERICELIZEEDY A
NEToH D, Reference igfn 1 (house keeping) & . Reference ¥ 7' /L A I2E 1T % H&EIS
F X O Ct fEDZEIZ,

ACt (A) =CtfE (Target EinT)

— CtfH (Reference i&{5+)
L%, E5IT, Target 7L BIZoWTHACE (B) #HMHL, 7V A L BlgBT
% ACtED I,

AACt=ACt (B) —ACt (A) &2,
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YU TNVE TR F IR 2 T BRI,
Reference ¥ 7 /L A % HHUE|Z Target ¥
TV B OB EERT L
Y=2 (-44cy

L7201 | Target imfa1 XX, A L TB
TRHYBRALTND LW ZLITRD,
DFEE AN TH BT DOFRBLE T g
L7z, ARETIE, "NVAXF—VE 78T
T 5 Gapdh % Reference Ein+& L.
Target Efx 1 T 5 Octd/4 DI E R EIT

277,

43 FERLEBL
4.3.1 BISEBEOEEFME

ALP O Fi# pH i@\ 728, & pH
TEIR T ORE TR~ X A — VP IEE
5, 2T ESHifu A E5H (stem medium)
3 L OVAIERIE (4.7 mM PAPP &4 HEPES
buffer, pH 9.5) (ZZ{Ed T 30 min ##% L.
AEFEHBI G LTS 3% Figure 4.3 12”7,
1E L A EDRIRBDAEAF ZHERR T E 7272, 30
min YN TO SECM H|E TidAlilia~n 2
IThENEBZ T,

4.3.2
Ny ~/7‘

ES #ifa& s EHBRD A A —

\

Figure 4. 3 Optical images (A, B) and cell
viability assay of ES cells by using fluorescence
detection (B, C, E, F). Calcein-AM: green: viable
cell (B, E), PI: red: dead cell (C, F). ES cells were
incubated in medium (A-C) or in measurement

solution 30 min (D-F). Scale bar: 100 um.

(A)

60 pA

SECM images (left) and optical

Figure 4. 4
images (right) of ES cells (A) and differentiated
ES cells cultured with RA for 4 days (B) and 13
days (C). The electrode was set at 30 pm above the
substrate, and the scan rate was 10 pm s1. The
scan range was 400 X 200 nm2, and the step size

was 5 pm. Scale bar: 100 pm.
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53 pA

2.3 pA

4

Y |

VI

Figure 4. 5 SECM image (left) and optical

image (right) of differentiated cells cultured Figure 4. 6 SECM image (left) and optical
with RA for 4 days. The measurements were image (right) of single ES cells. The
performed in HEPES-based saline solution (pH measurements were performed in
9.5) containing 4.7 mM PAPP. The electrode HEPES-based saline solution (pH 7.5)

was set at 20 pm above the substrate, and the
scan rate was 50 pm s’l. The scan range was
1000 X 1000 pm?2, and the step size was 20

pm. Scale bar: 100 pm.

containing 4.7 mM PAPP. The electrode was set
at 30 pm above the substrate, and the scan rate
was 50 um st. The scan range was 500 X 500

pm?2, and the step size was 20 um. Scale bar:

100 pm.

Figure 4.4 |2, ES ffifid & s bilifao A
JeEEEG R LY SECM A A — V0 Vi R AR
F. RS . RTTA SbisEic e €
PHERELL TS - LT, BS % |1
M1 60 pA DEFISENE S, B ©
Fao> ALP JEVERIEIC ) L, 40k 4 B VI
H T, B2 CBRs A BT & 7228, 13 H Figure 4. 7 SECM image (left) and optical
HTIXIFEAFBRITE o lz, Z3UE. image (right) of single ES cells. The

{EEEATIC VY ALP SR L7220 TH
%, SECM IZ L - T/ v 7L To{btATIRAE
ZRHIATRE T 5 Z LAV STz, s bl

measurements were performed in CHES-based
saline solution (pH 9.5) containing 4.7 mM

PAPP. The electrode was set at 30 um above the

TIIARZER D X 5 R A B T E 7223,
NETRIE X 2 RRE BT T L v o 7o, RRIZ0 k4 B B oMl Tik, EisE 2 5m < BT
oMb & e (Figure 4.5), Ziud, /MLETIZBIT D MEENRRENI L AR LT
W5, 7 pH 7.5 OREIE CIREFIEIE 10 40 1 L FIciEd L= (Figure 4.6), HEPES
buffer |3 pH 9.5 (ZFEEREZ & 72722 #2{EH % pH 8.6-10.0 |ZFF> CHES buffer OFI|H
NEZ 5Hivb, CHES buffer pH 9.5 T4 HEPES buffer pH 9.5 & [RZ OSRNG0
(Figure 4.7), Ml &EF CRIBET 27 — AR ERAZ T bz, Ziud CHES buffer O
famEtEic k2 b D EF 2 H[18], AWF7E Tid HEPES buffer pH 9.5 ZJIERIR E L CTEHAL
7
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4.3.4 B—#ELARIEEER

H—lfa L ~/LT? 1-line scan JEZITWV, WEBEZOMinE X v 7Y —H 273
T X AR USSR BURAT 21T - 12, 1l % OFIRE ) S S35 PAP OILEE A E A 5 72
WX 912, 1000 cells/dish O¥RE THIlMZHEME L7-, H—Mlad L~/ C?D 1-lien scan ftF%
Figure 4.8 (27773, ES #fig & 3(LflE (dayl3) CHARZRBRIGCEOEZZBH TXZ, Fx v
U =7 g AIRFIRMBE CEIZE L BTV, MilREI AR L. (Figure 4.9), #Ei5
TIBUEHTCIX, ESMifld~—H—& L TBHN S Octd/d ORBLEEZHE LT, SECMIZL%
I AT & BRI BT 75 R 2 Ltk U 72/5 R % Figure 4.10 12739, /0 LHETTIC VY ALP
H R DEIGSE N Lz (day0; 29.4 pA. day4; 6.53 pA. dayl3; 0.491pA), ZbEssE 4 A
HCOICEBIMATIZES MIaD 5 530 1 FRE & 22 o723, Ziud ALP sy iric X 2 BEfE
DG & —F L TWe17], EZHIEEFMITER & b —B L Tz, SECM Tidsitk
i (day4) MIE COBIIGEDIXLDENKE L oz, ZIUTMBEMEAEZEELERL, B
—HERE L~ RNE T AR ) —MEFEHm S FTRE T 5 2 L DRI S iLTe, B — IS bt
T BRHBRA 2 FE 0 5 LR i M s R 7= > 7=, B s BT CIIIaE iR 2 L3 & L7228,
SECM HI7E TIEMiun #225 L 72 RIE CIKMBR BRI/ LIRRERH I 23 FTRE 7S o 7=, H—Hila L~ -
IR B IR BB S EAT 2. SECM M NADTE LR &,

20 pA

200 pm
Al ES cell

Differentiated ES cell

Figure 4. 8  Optical images of a single ES

cell (A) and differentiated ES cell (B). SECM

one-line scan of single ES cell in Panel A (blue Figure 4. 9  Optical images of a
line) and differentiated ES cell in Panel B (red single ES cell before (A) and after (B)
line). The electrode was set at 30 pm above the capillary  suction. Capillary is
substrate, and the scan rate was 10 pm s*. The positioned left side of the cell. Arrow
scan range was 1,000 pm. Scale bar: 100 pm. shows target cell.
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Figure 4. 10 (A) ALP activities (AD of single cells from SECM one-line scan. (B) Oct3/4 expression
level of 5 x 105 cells. (C) Oct3/4 expression level in single cells suctioned after SECM measurements.
ES cells were cultured with ATRA for differentiation. (A, C) Day 0 (ES cell): N =12, Day 4: N =8, day
13: N =13. (B) Day 0 (ES cell): N = 5, day 3: N = 4, day 12: N = 5. ND means not detected. Error bars
=8SD. *P < 0.05. **P < 0.01, ***P < 0.001.

44 FL¥®

SECM % v /- ALP BT MERIEIC K 0 . BH— ES Milad/r{kikfE% . non-label T
RARER - TERRYIZEFAM L7, Bl 4ﬁ1®@{ﬁr5/<75> ES M2t~ ATRA W5 L
T BRI CIEA B L, E ook oM R RIee7s - 72, /\Tlﬁiﬁé@%ﬂiﬂ’j’ﬂi
EREIC L HBEIRMEDORE RIT OO EBHR TS, ZH6NDZ LI, LZETIIERL
W72 L IRAERH 2, SECM Z W5 Z & T, F—fifaL L - ﬂfﬂif;&% Zﬁéaﬂﬂﬁ‘f?{f 5HZ
L HRE L TN D, DT L A D D FIT KV | s LS i B o4 LR 78
ARRENE EIZ R 2 B O 280V K FE D g 70 & f\O)E@m)ﬁﬁﬁT% Do

RKEONEDO—HBIL, [Evaluation of the differentiation status of single embryonic
stem cells using scanning electrochemical microscopy | & V» 5 @ H T, Chemical
communications DFffiFm L& LTI NBH I N T 5, (Chem. Commun., 49 (2013)
6498-6500.)
http://www.sciencedirect.com/science/article/pii/S0003267014008046
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PBS5E SECMICKSBE—HBRLARIVIES N\ BER
H

KRETIE, W2 "7 ETHD ERENF2EAK (EGFR) (ICBER 2 &M L. EGFR OE
B AT 72,

51 XC®IZ

EREERNFZEA (EGFR. Epidermal Growth Factor Receptor) 1%, #x b AN
W TON TE LT oy X —BRZFIKTH D, VI N (FFEDOZ IR RANHE
AT HWE) OREICE 0 IEE IS, Ml fEAER SN D (7P uBiE) (1, 2l
EGFR (514 : ErbB1 & L <i& Herl) %, 73+ 170 kDa OREHEBMZRIKS 7 HTH
%5, EGFR, ErbB2 (Her2). ErbB3 (Her3). ErbB4 (Her4) THEk 15 ErbB 713
FI—EBZRERT7 7 IV - L. Mgk, Mo EnmaE, MIRNEEED 3 2D N A A
VINDIERR S D, MIRSMEIEIZIZ Y T RiEESEML (ligand-binding pocket) 723&H 0 FJZ
KEKR ¥ (EGF. Epidermal Growth Factor) 72 E23E &35 &, EGFR 8 —EBKZEKT 5,
Z LT, HEY UERIC L 0 MIENER O T 1 o RN U U SIS LT 5 &L AN
H U R ENRZIE LS vy 7 v dMaizE L T L [5], EGFR IZ X » TEMAL S5 s
PERRIZ 1L, Ras/Raf/MAPK %, RAKR U NN—FE Cy/7m7 A %) —F CKEK. PI3K (7
F AT HA v b= 3FF—18) /Akt &, Jak/STAT > 7 /VikEE6, 712388 0 . HEhE -
Wik « 3275 « ik« TR b= R 5T 518, 9], F£72. < OfEMiie T EGFR O RIFH
RHEBBEOLAN R 51[10-14], EGFR ZHEAIO S —7 v b LTHE S OFELEED T
%[8l,

PURPURSOS 2R H Lo eI K v | i EGFR A e Ch 5 [15], 2K
SHEOEBEMEEC X 5 H—r 73HAI[16]5°, FRET (#0titng— ¥ —@h) BG4z M L7-fl
E[17, 1872 E2 EGF v 7 F RO RIS TE 72, LirL, MlanEZich s
(2, B OEERE CITMRE R ICRET 5 EGFR OAOFE &2 S 720, fMilaEm EGFR
DREZIE, BEEWE Z AW Fik19-24]07 v —H A R X B U —& W= Fik25-27], F
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R ERIE LI Fik(28-3817e E3D D, HEVEWE & AV FiECIE, HRERE E e 2 E &
ENAIRETZDS, H—Hll TOMERLY 7/ X A4 LA TO EGFR ZFEhBHI N KEETH Y . F 72
PEWE IR D 12D fERTH D, 1 BT K 512, MFROMERE & 18 < BRI 5 7201212,
H—flifid L ~L T OBSREREAT O FROIE A MH CTH D, 7 —H A h A MY —I2 k% EGFR
W T BURHUAR)S 25 LTt 7 v —7 % EGFR [0HE#%k+ %, Z 0% a4 FIEgE L .
AR AR B IR B O 2 DRIRE 2 BN T T D0 A A—T Mg BRIl EHR 23 AT RE T
BHY | AROKRE SOHIEN OBEHES FIRFC I T 223, Mlaz BT 5720, BE5Ek
HIRE TIEAR DML IREETORE & 135 27, MIaREERIEIC K 2B LVREIN D, £,
R %2 T2 T & RERIC Rl —HIfRIC 35 1T 5 EGFR ORREHAIE DN NEECH 5,

SECM |FH—Hfifa L~ - ([KZHE - EEA - UV TV A A TEKICFEEES 12 01E
ARETH 5, UMFIE= TIEmEE 2 FIH L7~ EGFR B4R H 52 BRI IS L= [42-44], 4
RaZHE I L T D BRER T2/ (EGFR) B ZIE# L, BFE % SECM TRt 2%
Z & T, MfaRmEICEE L T\ D EGFR OEEIFHT 1T > 72, LA L7eh b AR T oRlE
IZBWTiE, JIERRO pH OB, HWERA T  T— 4 —|2 X D HIf~0 FEREFE R D
WAL W AR SR/ EGFR AR A A0 NIEMEERE DB ERE 2 b,
ZITARETIE, ZNOLORBEEEL, L0 IARRTORELZRELZ, £/ 6 T
1%, ARTECHENL L7275 T EGFR OZFELEM 21T o 7, AMIRORIE TIx, MR EaR e
CIlZHbETEREZITI Z L0, BRREAZ(LSERWEOICHEKICHIET D72 EOMLERD Y
RO ThHDLEZEZOND, & I CHEENLT-MIEEZ V-, B NR B2 AHIRaE (A431
M) Tix EGFR #ERH L TWDH Z &3, b ML MR (MCF-7 #ifld) <ix EGFR
DIEEAERBL TN Z LA B[84], AE T RitMlaz AW CEREZIT- 7,

52 F£&®

AR#ETIE, GOx, ALP, # % 7—¥%F|H LT, SECM 2L % H g L~L - K=
B - ERM72 EGFR JIE % To72, GOx #FA L7256, AT 4 =—X—% 4 L7z EGFR %
TR EETS 5 7228, HeOg2 OB HIC XL 0 JIEREES 572, HeO2 Mt CTIIEE S WeFH & 7 v
I—RATh DD, MlE~OEEORBAFTE D, ALP 2FH L7856, HETHD
PAPP Z ¥4 5 Z & T EGFR A ATRETS - 72, ALP 1% GOx IZHATEWE — 2 —3—
¥aA9 7=, Buffer 2 UISERTHIEEWVERIGENE LN, £72 pH 7.4 TOHEEIC
HETh L7z, GOx & ALP (2 & 2B —fila L~ EGFR G 5 6 & RAICHUR R e
ERHTE7Z (1 ug mLY), 2 7—EB2FMALESLE, &bEWETIGNE DR T X 7253,
& U CTRIRE HeO: #FIHT 2 LR H 0 | AEMfa~ORER RS I NIz, 6 ETiX GOx
& ALP %M L T EGFR 8804217 95,

BIE, 5% -6 A EH T, SECM IC X B H —Hifg L ~L T, L 387 ENTE(L
DYV TNEALET=RY 7| BT DR SR IE - BFahTh 5,
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