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The surface distribution and emzyme activity of horseradish peroxidase (HRP) selectively
immobilized on binary self-assembled monolayers (SAMs) of dithiobis-N-succinimidyl propionate
(DTSP) and 1-tetradecanethiol (TDT) have been studied. Scanning tunneling microscopic
images of the phase-separated binary SAMs formed by coadsorption on Au (111) substrates show
nanometer-scale domains which are 10 ~40 nm in diameter and 0.3~0.7 nm in height. HRP
was covalently immobilized on the DTSP domains by immersing the SAM-modified substrate into
an HRP solution, followed by washing with a 1 M KCl solution. A tapping-mode atomic force
microscopic image of the HRP-immobilized substrate shows holes having a similar diameter to
those of the binary SAMs and a depth of 3.6 £ 1.9 nm, indicating the selective immobilization of
HRP molecules on the DTSP domains. The enzymatic activity of the immobilized HRP has
been confirmed using cyclic voltammetry in the presence of ferrocenecarboxylic acid as an elec-
tron-transfer mediator.

Keywords : horseradish peroxidase; self-assembled monolayer; thiol; scanning tunneling
microscopy ; atomic force microscopy.
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%7 =) (MPOH) & 1-7 +S55F# »F4+—0 (TDT)
DS SAM? HHFEFRE LT, MPOH % V¥4 ¥ &
NY 2743907 adr— b+ (DTSP) I2BIRWE
BT LI L Lo THBKEE, /A= PVARF—
WV TH5 8 L 7 DTSP-TDT @ 4> SAM k2, DTSP
DT I/EEDT I FEAEEKIGEFMMALT®®, HRP
PRIRMICEELT 2 HE2#E LY. BT, &
BELEERHASEZ & THSEE L DTSP & TDT @ K45
SAM %, LOEENICE (111) BLICEESE-0
DEHE, Y427V 7KV A MY — (QV) LERE
b ROVEAMEE (STM) Z#HWVWTHKREL, Boh-T5%
43 SAM IIZ HRP 2 VB BIRMICEELT A Z & 2 RAn
7o, ZOREHARBLEBREELY, ThZhETFRAHE
#EE (AFM), CVIZX DR~
2 &£ B

2.1 ® E

HRP (Sigma B, Type I) &, 30 mM V) » BE#R &
(pH 7.2) 2L 200 uM & L7z. DTSP (Fluka #) &
U'TDT CGEREALEE) &, 71> (FAFA4 57228,
B#) BB L1ImMELE. SAMOEBTHWHEED
CV?® 1Zix, 0.5M KOH (Merck 8, GR grade) Ki&il
RV, BEEIL L7z HRP OIEHBIE 21X, ferrocene-
carboxylic acid (Aldrich #) %, 30 mM YV ¥ BB & &
(pH 7.2) T L 200 uM & L 72, BEELAEK
(FIEMER, 30%, k) 2MATIT-72. ZOMoR
RiZEHmz A, RERABICHWZKIE, Eix Y27
2 (Millipore 8) 12X WA+ > L7228, Milli-Q ¥ A7
24 (Millipore B) THEH L 7.

2°2 SAM DR RU HRP OEEILE

(111) BERHE AT 2 EEBERRIZ, BIAE B)
L7z A EIC, BZE1x10 °Torr LT, EWEE
580C THELZEHAE L TR LY. £EBIIHEHERIC,
W FRIERE Y v 7 VIE (ETR-15K) 2T, 530C T7
R 7 = — VB L 7.

DTSP U TDT DE—K5 SAM 12, #hZFhD 1 mM
T VBERIC, £EFEY 4+ 3REREIETERS
¥7z. DTSP & TDT O K45 SAM iX, ThZFhD 1 mM
T+ E®E DISP: TDT=3850:1, 500:1, 800: 1
DHFTRALLBRIC, £ K% 24 3sBHEES S
TR S, QEICHCIHICERIAORYBL, S5
DTEFTHREL, ZRPTERIE.

TR SAM TR L 72 £ 24K % 200 uM @ HRP iE#EIC
4C T 12 BMIZE ¥, HRP # DTSP IR A KA THE
{tL7z. TDT FAA YRELRBICHFE L7 HRP * BT 5
7:®, HRPIEBEP O Y B LR %, 30 mM J ~EERE
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SAM DRITTHBEED V'™ 13, TV Y HATHRAL
7205M @ KOH KBEBHICT, B5IEE 20mVs ' THl
EL7:. BEEfLL7: HRP OEHRRIE L, 2741 —%—
& L T 200 uM @ ferrocenecarboxylic acid % i&f# & 4 7=
30 mM V) Y ERER (pH 7.2) FICABLAELM,
BHIFEE S5 mVs ' TCVIEIEEL, 150mV 2B 5 BTE
Mz BEBILKEOBEIINLTOY b5 ETiTor.
TRTOCVHEIL, ALSBERILET F 54—
(Model 600A) 12T, BEFE4mm D O-Y) ¥y 7 #HLT=
AENVICEZELE (111) EBREHAVCITo72. BRE
RIZ Ag/AgCl (KCI fgfll), BICHEME F7.

TR SAM R TERL S B2 &M STM #lE X, 30
mM ) Y ERE®R (pH7.2) T, TEZV YT v 7 AT
A—F 4 Y7 L7zPt-Ir (8:2) BF v FIZTH-7.
STM #I5€(21%, Molecular Imaging #® STM N\ v F % 3
% L 72 Digital Instruments ¢ NanoScope Illa % > 7.

AFM ¥, %)WV FE— F~Av F (Digital Instruments) %
¥% L 7: NanoScope 1lla x Vv, # v ¥ v 7 E— FT%
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31 DTSP & TDT D% SAM 1538 O 54

Fig. 112€ (111) RHIZEK S ¥ 72 DTSP & TDT @
ZHG SAM @, RILHHEOY A 2 v o VS ES T
LZRY. DISP DE—5 SAM DRIV Y £ 5 A (Fig.
1, a) TiE, —690 mV IZFHEIEAHK 12 mV DFEVWE—2
PEEEINI:, Zhi, B L7z DTSP D& THIBLEE S
HET2LEZONDLH, ¥— BN RUBFERB LGN
— 271, 3ANH TP TFubt B SAM OBITLHBEED
KNV EZFLOTHEINSIDICEBLTVS. Th
W, 2 A ITNVERT A ) BEBRDTAKRS R
L, MERICIANVER I VEL L TETHEL TV
HREEEZHBNS. Fig. 1, a TiE, F72-950 mV i
70— FRY¥—RBBEIN. AL YE—7DIED
12, TOEI%-900~-1000mVIZHBETEYTE—%
X, TRETIZHBFA -V SAMDENL S VX M) —TH
HEERTEY Fr—roBTRECESIE Q11)
HOBERS, H5V I eE LTS LBEDET
HE I cRET EEZONS.

—7, TDT DE—F5 SAM DRV €75 A (Fig. 1,
e) TiE, —1105mV IZHE3E L7 TDT DR THIBLEEC i
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Fig. 1 Cyclic voltammograms for the reductive des-
orption of a: a DTSP SAM, b~d: DTSP-TDT binary
SAMs, e: a TDT SAM, in a 0.5 M KOH solution at 20
mVs '

The DTSP-TDT binary SAMs were formed by coadsorp-
tion from mixed solutions of DTSP and TDT (b:
DTSP : TDT=800:1, c: DTSP : TDT=500:1, d:
DTSP : TDT =350 : 1)

K3 BH51A2DE—7HBBPESNL. Fig. 1, b~dIZRL
RABED S RS SAM ¥ R S 725E 1, Bl
O TDT QEEHHIMT 522, —700 mV LD DTSP
HEOE—2s 0P L EHIZ, —1100 mV LD —2
OWMAPFBE I, E—70mEK (BHE) O, £
HICHE L ZRSOFEERICHET 2 LRELT,
YET I L ORE L TDT DFRELE R 5 &%,
10.6% (Fig. 1, b), 24.9% (Fig. 1, ¢), 65.4% (Fig. 1,
d) Lol ZHESMPRETIRIZH—ICRELAZRS
SAM D&, BIEMBHEBEORLV YT 5 AICBVWTIR
FOHEHERIC»PDLT, BlIZ1ARAOE -7 ODLHEE
ENBHY, Fig. 1D LI, ZRIDENFRORTTH

HICREET S 280K — 2728, EITIZIZFACEMICHE
ENLERVYEST AR, ZHROVPRATHSTEL TS
ZEERRLTWVEY,

FEBRIZ, DTSP & TDT DT SAM DF / A —FIV R
TV OBEERARSLDICSTMFEE T 7. Fig. 2
2, Fig. 1, b RUd LR CEBTHERLAZZHT SAM O
STM & %7,RL7. Fig. 2, all/RL 7 DTSP: TDT =
800 : 1 DHLEDBEBEWH, HHE & €72 K5 SAM
STM & Tk, PRES/DITIZLEE2LHDEZ—DDE
(111) 79 A LI, 1) EEHN5~20nm BE, B
0.48 0.0l nm THROLBFLILBEIND FAS Y, 2) B
E3~5nm, FEA025=0.11nm THRLIBLHAEIR
BEy MW B 3) M REL S TEHEIRS
BRLEVHBZHEOL F AL ¥, O3SHEEOHEENHFLE
THEIENGTHA.

TDT DEE 2 WINE 72 DTSP : TDT = 350 : 1 DHE
DREBWN SR S 22,5 SAM @ STM 1% (Fig.
2, b) Ti, Fig. 2, alllk~, RIPHLLBESIIND F
AA OREBRPHELNICHEMLTWE 2 EXgh5b. C
NSDOFAAL Y OBEEIX, 10~30 nm BE, B3
0.61+0.19 nm BETH -7, STME% _MHELLT, B
WAL yOEBLEERDD E, Fig. 2, aTid 6.2+
1.0%, Fig. 2, b TIX 558 +12.1% (EhZh, %55
PEROFHME) Lol ThoDfEZ, KVFESF L
PoRDILEE LA TDTOHESEFE LA DR
L, HAVWHEHBRIIEIZTDT 26425 FAA », HHIC
BCHEIhwWhHEE (Yy b2&E) &, £ DTSP
CHET B FAL Y THELEZ LD, DISP FKHAFT
BEETHREBEDL SRS SAM 2 XRS50 LT,
F I A= IMNVAT—VTHGBELIZ N AL V2R THZ
ENBELIER ST

3:2 DTSP & TDT D=5 SAM EICEFE(LL /- HRP
DORERH

Fig. 2, b LA L4 CTd % DTSP : TDT = 350 : 1 DR
BEWED» S T SAM 2R X /-& (111) B %,
HRP &HICETE L, HRP 2% L /- DTSP ICFHEIC
X OEEL L. TDT IZHHEEHE LA HRP 2 BRET 57
®IZ, 1M KCIKBRIC 2RFHBEI /%, HRLAK
THRZ G %, LRI LETAMHlE:2ITo 7. Fig. 3
2, Z&HPIZBWT, vy ¥y 7 E— FTHIEL7 HRP
BEABZEOEENKTD AFMETH 5. EHIEH 10~ 60
nm T, 32%x19nm DFEIDF—VHFBHEINS, F—
L DEEH HRP B EILAT DO 5% SAM @ TDT F A 4 ~
DH A XIIZIZEHT B 2o, Fig. 3ICBIF5HLW
X, FIZDTSP M A A » EIZHRP P EIELE TV
HBFAL Y, BLEBBEINTWAEIRIZ, HRPASHFEL
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Fig. 2 STM images of DTSP-TDT binary SAMs formed from a: a DTSP : TDT = 800 : 1 solution, and

b: a DTSP : TDT = 350 : 1 solution

The images were téken in a2 30 mM phosphate buffer solution (pH = 7.2). Electrode potential: —100
mV; Bias potential: 300 mV; Setpoint: 400 pA. The cross-sectional profiles were measured along the

solid lines shown on the STM images.

BZWTIDT FAAL Y THB I EHRBEINT.

Fig. 2, b IZ/R L7z STM f&I281) 5 DTISP & TDT ® F
AL VDOEESDENS, HRPORBITOBIZREDL S
E#38nm & %Y, XRESEBERT,SHE 5N HRP
DHFFH A ZVNGHENZ LS hosz. LI L, Fig 3
D AFM B Ti, EEINSIVFR—VIZERBITOREA
RCBBaINA, 2, AFMBIZEIZA W F v 75
DREEDOBRADS, NEVFE—LTREFI—NVDETTTF
Y TWEENTWRWDIZ, F—IVOFE SHE/NEE S
NTVE-0TH2LEZONEY, Zhid, AFETH
bh/-EELENT: HRP FTFORBITOFE (1 3.8 nm)
25, LBTZEt om Ay —VOKRKEZXDO RN AL VRS
H¥THEIN, ZESOHER (W6nm)™ RHIF AL
ICEE L L7z HRP @ AFM JIE DR (6~9 nm)* IZH
RTPENWZEIZHFHE LR,

AFM 8% “fE{t L C, HRPHPFEL TWAEWVEEZ S
N HBEIL ARG AL 2 5,
46 £7.2% o7, CVRSTM A LH/BOLNIREICHE
\¥ % TDT DHEEHE (FhZFN, 65.4%, 558 12.1%)
EHARTPSWEIC R 52D, KCKBHIZ X BEEHIC

L oTHBETE LMo, TDT FAAL YICHEBRELZ
HRP 7 FDHEEZ TR LTV 5,

3-3 DTSP & TDT D =K% SAM EICEFE{EL /- HRP
DB A

DTSP : TDT = 350 : 1 DREGEBRH H K5 SAM £
REE7, & (111) EREICEEL SN/ HRP OFE
EHEE CVICE DR, BFEEATF -5k L
T, 2000UMDANVEKEF I v 7zatr il VERE
WHT, Re2BEOBBILKEZEFELET CTRLVYES S A
FRUELEZ S, BRRILKEOBEOHMMIMFE-T, &
VRFINVT7 2ot yORTERAEML 72, Fig. 4 &,
RNVYES 5 LD+150 mV 2B 52 ICBE %2 B8L
KEOBEIZHLTCTOy PLAEDDOTH S, BLEHME
LBEEALAKFEREIZX, 1uM 25 20 uM OFEBRTIZITHESE
BIfRASEL D Lo 72, DX LB L ABLKFBRECH
i, MLCAETHRP ZEELLA-EBERT, BHERL
Bohi/, F/2, AI—BEZHVLEYELAIZEICEY
T, WERBNTEIRERAKORVIEEX B ON:. Fig. 4
DORTCEMMEORMIE, BE/b S/ HRP ORISR
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Fig. 4 Dependence of the reduction current of the
cyclic voltammograms of the HRP-immobilized Au
(111) substrate on the concentration of hydrogen per-
oxide

The gold substrate was modified with the binary SAM

1 1 L 1 formed from a DTSP : TDT =350 : 1 solution. The
0 100 . 200 300 400 voltammograms were recorded in a 30 mM phosphate
Distance / nm buffer solution containing 200 uM ferocenecarboxylic
acid ; Initial potential: + 500 mV ; Switching potential :
+150 mV; Scan rate: 5mVs~'. The current mea-
sured at +150 mV was used for the plot.

6
= 4
=
)
(]
T 0

Fig. 3 AFM image of an HRP-immobilized DTSP-
TDT binary SAM

The SAM was formed from a DTSP : TDT = 350 : 1
solution. The image was taken in tapping mode
under ambient conditions. The cross-sectional pro-
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£ (111) BERKERATTF / A— M Rr—VTHGEELZVFFIEANS I L3900 Tt 2
—F (DTSP) & 1-F +5FH v FF— ) (TDT) DFEHFF — VEHCHEBLESTFE (SAM) @ DTSP
FAAL VR, BEITHFERVFF T ¥ - (HRP) # B RMICKAHETEHENL, FORAEHMAIRE
L BEFRIEM 2 FA. DTISP & IDT DREHFIC L - THEEK &7z, HRP EMELEI O ZH5F F — IV SAM
DFER b VA IVEMSE (STM) HIE T, EEA10~40nm BE, REITOF S2490.3~0.7 nm DOH5HE
Lo THEREININAAL YHFBEIN. 2O LX) LER%T HRP BRICIEE S ¥ CDTSP IC HRP % 3
FRE3E/H%, 1M KCIBERTEEL, HRP x EE{L 3 ¥7-. HRP BELEOSENKEmMOE FHHEH
eE (AFM) £ Tix, HRP BE LA O SIMETHE SN F AL VY ERBEOKRE ST, FEH36+
1.9 nm OF— VHEE SN, HRP FHDTISP F A4 ¥ EIZIZITBIRMWICEEILEN T WS Z L ATRE S
Nz, AIVKFINT 20V ZATFLI—F L LTHWAERLVSY V2 M) =55, BE{LSNz HRP
DEZREEIFRI-N TV B I EHRER SN
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