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ABSTRACT

Novel electrochemical sensing methods for phenolic compounds have been
developed for the quality control in tea industry (Part 1 & 2) and for the detection of
phenolic pollutants based on substrate recycling amplification strategy (Part 3).
Electrodeposition techniques of proteins on a charged bio-matrix were designed to
immobilize analytical enzymes on a micro-pattern (Part 4), localized substrate recycling
amplification may be investigated on the micro-fabricated bio-patterns.

Part 1: Redox potential of tea infusion as an index for the degree of fermentation

Redox potential of tea_infusion wés sugge;:téd as a ‘werking index for estimating
the extent of tea fementation. fhe redox potential gf “tea infusion was measured
between platinum an& AB/AgCl eTébtr?de pai_i,r with a Voltrﬁete,r with a high input
impedance (>1000 GQ). The l‘clialfﬁlgzyﬁre;aéxl'poltcntial measurement was verified
with a standard redox| ceuple, | férrié 'fli._dc%-i?r férrlocyanide. Effect of tannic acid

1l M

. o o ¥ S W i . .
concentration and as€orbie acid fto|the red@xspotential offtanni¢ acid were discussed.

Redox potential showed a high cf)r{'elation with thellfe.:l'mentation degree and the indoor
withering time (fermentatiof ?imei. Several kinds of‘fea with different fermentation
extents including Japanese Sencha: (unfermeﬁ-ted), Chmese Pilochun (slightly
fermented), Taiwanese Pouchong “(mild = fermented), Taiwanese Oolong
(partial-fermented), Western black tea (fully fermented) were measured and compared.
Part 2: Determining the levels of tannin in tea by ferricyanide pre-reaction in an
amperometric flow-injection system

An amperometric flow-injection assay for tea tannin was proposed, which was
based on ferricyanide pre-oxidation to prevent the electrode fouling problems frequently

encountered in oxidation of phenolic compounds. The working potential and flow rate

were optimized to be -0.1 V vs. Ag/AgCl and 2.28 mL min™', respectively. The linear
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dynamic range of tannic acid (10-50 pg mL™" and 100-500 pg mL™) can be adjusted
using 1 mM and 10 mM ferricyanide, respectively. The proposed method was verified
with Folin-Ciocalteau method (r= 0.9808), and the ferrous tartrate method (r= 0.9899).
Tea with various fermentation degrees were successfully measured with a sample
throughput of 15 samples h™".
Part 3: Amperometric flow-injection determination of catechol, phenol and
bisphenol A by ferrocyanide substrate recycling amplification within an
immobilized tyronsianse

An on-line phenols sensing ﬂow;injection-':analysis (FIA) system was proposed,
which was based on the broad phénolic oxidation capac{ty,(;f mushroom tyrosinase (EC
1.14.18.1). The enzyrhé wagidenselydmmobilized on controlled'p_br_e—size aminopropoyl

%

glass beads packed within a mini-yeapfori”ar:l(il- thle reactor was installed in the flow
| T ’.*1. | 1

stream of an amperometric FIA syfitem,.mgwtiqg with 10/mM ferrocyanide (in pH
: |

7.0, 10 mM phosphate ‘buffer) lls plied.'lgm thg Side’istream:.of the flow system,
T, i

substrate recycling amplif}cation!_wias con-dué£cd to :réFcnerate the reduced phenols for
the subsequent oxidaticﬁl I;roc;e_ss céxtalyzed by the ilnr:n(_):b_ilized tyrosinase. The signals
of catechol and phenol were a:mpliﬁe;d 100_fold; bisphen.ol A, an important endocrine
distruptor, can be detected at 2.5 x10°% M (S/N=3: working potential: +0 V vs. Ag/AgCl;
flow rate: 1.0 mL min ).
Part 4: Localized Electrodeposition of Chitosan as Matrix for Enzyme
Immobilization

Based on the pH gradient electrochemically generated between electrodes, two
localized chitosan electrodeposition methods were developed by either scanning
electrochemical microscope (SECM) direct mode or microfluidic electrodeposition.

With SECM direct mode, a localized pH gradient was induced between planar Au

working electrode (the substrate) and the Pt auxiliary microelectrode by potential pulses
\



(1s,-1.0 Vvs. Ag/AgCl). An array of chitosan spots with hundreds of pum in diameter
can be directly deposited on the Au substrate sequentially. The procedure could be
carried out within a microfluidic channel in order to restrict the spreading of chitosan
solution. Chitosan was gradually deposited (10 min, -3.0V Au substrate vs. Pt wires)
along the channels with defined micro-scaled geometry (line width = 100 um). The
surface amino groups labeled with NHS-fluorescein were observed with confocal laser

scanning microscopy. The deposition method using microchannels demonstrated a more

reproducible and well- deﬁne(i.suqfibL'Bgt'H"' ;h‘gdkﬁaq jglso be used to entrap glucose
- T

oxidase (GOx) during *l;ﬁ.ldeposmop.ﬁ"ocess S@M in the"g"eﬁ ation-collection mode
0,
was used to deteﬁ;ﬁe actlvpty \aﬁ:'mlcro':f;anerns by oxidation
of the formed I&dr h_lgqﬁp ‘i{{ﬂ Lm"mdblhzed GOx on
the deposited &ftosan 1 udlc channel method as
"l-.l h
compared to tllia;-j’t obtain s was i%\_fstigated with
non-contact atemic.force o B
' ?.C ﬁr:',__ A -‘1.7,"-"
M, i .-7'_ j
fC..-_ﬂ-_; A

".I.
Keywords: redox 'pp’te t1a1 f,.{if-._’
V), Jy 3

ferrocyanide substrate r&;yblm{am_phi"l cation, lola_iued eledﬁédeposmon of chitosan
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& B FhlEk s 3 X p T ieE

3022 7 P@EARFEE
(CV<5%)

Potential (mV
. N
Japanese green ea (sen 13) ' < | 34+4.5

o ¢

134.6
138.0
L
1363 £
1__@_\3
1580 £4.

613439
$ 3'65
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FLRBRT PR B RBREPRYNHFS G 8 %\?Tiiﬁi

(potentiometric titration) ~ -k F 4 47 (water quality analysis){-ff iF1& ¥ (Degueldre, et
al., 1999; Durliat and Comtat, 2005; Sawyer and Robert, 1974; Teasdale, et al., 1998) -

BEEAYAEIERS L > T NPT I E LA k8 E 3 % 2 - (Gallardo,
etal,, 2005) o $>Fph R 2 R 0 RV F T 22 ¢ ST L AZE > & (del Alamo, et

al., 2006; Mourgues, et al., 1967) > PIRFAERET O FT 2 RS
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3

5% NALBRUIPRIFICBFFTEFS HEHPERZ
‘EF‘H_‘ l“' \‘/,,Lﬁv&\“}ﬁ‘ ,;‘ J";

31 %2

A

7

Eoe? nH B s § ST N SFEErA 1 & B 4 (Charalambous and Katz,
1976) » d *+H % ¢ &rvdi ¥ ofproline-rich -9 F 2= 2L § 422 & (de Freitas and
Mateus, 2002) o pt ¢+ » ZH B 2 & &7 01 & 3 ¢ & &~ (Hagerman, et al., 1998;
Haslam, 2003) - $ ¥ & il P“}i!g {95 b n

:'l. . ]
Hpirs3+£14 *"'51)0,1_ 3000 Fu/‘ ea z.i:ﬁv? éxﬁﬂ'(Floﬁ:{ﬁ!@nd Mason, 1963) >

- "-\_{-
g hkE o :‘i{:';;_ m’k@ R 3 '@mFohn Ciocalteau
A
#FH(A.O.AC 1.}95?_1:-1,-"- fi.)%lmferrous tartrate
% (Iwasa an'a:-*forn 1962) L L+ #E'mlﬁ.ﬂh °j._,1£ AP
b ™~
TE 0k f,@ﬁ:ﬁ» i *a
‘--,_-
1a b pulﬁ-;polarography)

ma.-i. %ﬁ

(Hilton, 1973) 7\?1}‘ b5 e

—"'.-;;-

dq and Blorbvect, 1958
St AN

J-

Kilmartin and Hsu,..ﬂ ?1.! jﬁ: x /éﬁi(electrochemlcally

bvelic voltammet ){Fe

active)sng % fis wEﬁ{.ﬁ_LA\ ’?ﬁ%r E«gr ) @%; x“ﬁ% TR AN F R
RAg =Tt e ™ LR (Gl?atgpéllu_?nd jI_(tr'#, 19931 Iotov and Kalcheva, 1998;
Kilmartin and Zou, 2001; Wang, et al., 1991) > ¢ B2 & A 47hE 471 > T H - &
g R R E 1% EF L R4 (reproducible) T B EAEE 0 R FEAFLHEE -

AETRNA Y AL BIERLF CEBHTOERE S S NG

—h

(B2)fim > An Bics g i m > flr BREERF B F A BB R T IR

b

=k

FHETRER 2 FETEL G ALY § @ BT 0§t S g

BT 4o T2 P E B AT ke

20



Tannin + Fe(CN) 63' — Oxidized tannin + Fe(CN) 64' +
Residue of Fe( CN) > (3-1)
Residue of Fe(CN),” + ¢ — 2V sAgAsdl o Fo(CN) * (3-2)

21



3.2 H#ler 3
321 n B Ex

7 n @ (ferricyanide) frammonium ferrous sulfate hexahydrate P> Nacalai
Tesque, Inc. (Kyoto, Japan) - ¥ ® A& (Tannic acid) F#** Wako Co., Ltd. (Japan) o
Folin-Ciocalteau 3##]&_j&_ Sigma Chemical Co. (St, Louis, Mo, U.S.A) P£F o #75 i¢
PO FERY LA ERT SRR O ARFE-HDB

322 mE LA A B
EL iz,

#%1 kr]’ﬁ_

AT AR ch ) f“(ﬁiéh')r-’i- v'%i mm, P S E B )R
B =

% 5 5 ,g;c:rmfn (SMP-23S, Tokyo

N

LNF = %ﬁa“‘ 7 (flow cell)

-

(polypropylene) ii :}::r-%.-“r DR
'i-..

Rikakikai Co., J@-gn) 200I
-.,-

(Zhao, et al., 202%) '-1:——"#‘ 5’*_3!53-’ SRS 7
"'l'.l i
0 xré{’,f% £ 48 (1 mm %{{d LB T 2t
. | .

(Eco Chemle BY, the

-"'-.- r-..,.
||‘| _L.

(PGSTA-30, Autolab)*

i-'a'.-h

?l
3.2.3 E@i—%&& .{(

I :L ”'il'
A w45 mL-m:.ﬁ #é:/ *Jm@ﬁ% a;"gw K)4e ~ 0.5 mL
1

"'\.
r&T 2

Netherlands) °

e
fm

1 M@ % 7% % (pH 7 USH ﬁ A n,.j:g:5 mL 20}" Re 1.‘1.‘&( 7% %+0.1 M pH 7.085 s
BWrpR)EALRESF J«H'#A\‘l;fr *; ¢ > & d 0.1 M pH 7.084 4 ¥
#7i% i 4 1873 it (carrier) 48 #5 k &Vt 5 2.28 mL min” WomETtE AT e
Sy C BRI BP9 £ T AP HAG/AGCIS T TR 4e-0.1 VIRE - @
4.5mLik & 5 10-50 pg mL™ e 8 % f2i3 5% Bl 4 » 0.5 mL 1 M pH 7.084pk % 77 i £
A % g5 mL 2 mMA s 332001 M pH 7.08% ik 5 B3 5% )i & » F 1% 535 i R 4
Fr vk ERRERPREE®RER -
324 FERE5 2

FRGER GEER) Lo fx (FRER) o &S RERER

22



C(FEPE B )ehE B B4 w83 gk Hi5 % 257883 °C 150 mL %

LA %fu“f_

»
>

v
K304 480 2 18 1 * Jp A (Whatman, 11 um of diameter) g @ I #-4k &30 -Rig P 4
Fris @ o
3.2.5 Folin-Ciocalteau method

#-1mLk & 5 20-100 pg mL™ e 5 4 % 40 ~ 5 mL 510 & f f# o0
Folin-Ciocalteau 2% &) & % JE & F RBS5A 4 > 2 (48275 g L' B 4 (sodium

carbonate);s ;R R £ 3 F R T K S ) BELS I &k k& H(UV/VIS spectrometry,

V-530, Jasco) &

23



Sample P [ Potentiostat ]

.V _ C|R[W

Carrier P S & &
Flow cell l
Waste Waste

Bl 3-1 A&7 5 ordk D n g A 47k S RO Bl o PG E FTF Vir e R Cf
R 5 R W 1 TR 4R

24



33 BHaHm

331 EPRTHES PR LBER

WHGEE AR Y ARG R RT P FT M E

BRAOTAERETEAGRERZD)cF AL #R¥25 mM A/F L BRITETE
LARLAT R CERRGRE REA AT CHRED D IEAL R
EAMEGHR/F L BE LT % Ba (CV=045% n=3)" FRT &% 5 §7 £
e 2 ¥ /}a)ilOOOugmL mE & 7 ’?“ifﬁ}%;,r Sgr ek be P RT(H0.35V vs.
-
Ag/AgCl, 2.28 mL min™ . . BT Y R (M B b, c,
)+ %25 m i ik s %u;Z g A F o E R
PLART "R 2 AR : -3
5 ETHEL A5 2 s

25
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332 EAHE BpEIFF Ltz b LR

AEr A BIFF CHEBPR LG T T2 E REE AR A M (100-500 pg
mL) 2 AT & G(CV <5 %, n=3)8 R Tin F M 4o W3-395T o fd LA
ERpMRLoAL BF LERER  TE T LN F L0 1 FE Rt 4
TRKE-01Vvs. AgAgCl> " A R AH $EIRTF h= LR 035V
vs. Ag/AgCl) > 4] * A BE 2R ERE RPREF Lo 2R R T IE Eayp s

ErEAoEBPRIER -

27



3 min , '
W 33 E$masn P L (@) 10 mM A i BB R

LR 1D
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333 1 FE BB A K2 BB

AT ETREOEFHI0OMM A h BTSRRI BT R
GBI o o34 AR 0 A WA TTR02V U TRR T A
X BRAF LB LIFETRO0IVILTRBRET IR REBR S - SWLBRY
B g Pyt BRI ERY DT Gldcd F o BREHFICWIT IRSNT 2
B ERA T R 0 AP HREE-0.1 Vs, Ag/AgCLIT S 1 IFT R -

3-0.1 Vvs. Ag/AgClin1 53 BT » 32— #4724 % iim 5(0.18-2.28 mL min™)

, 28 mL min”! #7 8 | F| ek

= FBERR TN —
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(A)30

[
<
T

Reduction current (pA)
=

(B) 25

A

< 2

S’

=

S 15

g

S 10

(=]

k>

S s

g5

By
0

Bl 3-4 11c8 Rimim k{200 n g

min"; (B) i & 2 B3R

e o

b
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3.3.4 kMt
RI3-5 £ fenHE BPRERARER - * ER Z1mM ke B> 10-50 ug

mL! E R AL BIEF g A B RTINS F A R R YRR
510 mM hh @ > 100-500 pg mL ' ¥ $peer A BAEF Lot SRR TINR D
ﬂ¢“m¢mﬁﬁﬂﬂ°§d FlAx Bk R > HBRRERKPIRIEY X3

CARFR R T RR Z1I0mM vk n B R I mM kL B kA R

FARREERMOGPIE T - KA B R A T Rl RRER

Mg AL

31



100%

80% -_
ay y =-0.0016x + 1.0915

60% R’ =0.9947

¥y =-0.0169x + 1.0545

40% :
R =0.9916

20%

Decrease of peak height

0%

0

% 1mM - 10
mL min™! ° o7
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335 HHBPHRBE L VREE

raawiE kB g §HE BRER P A 2D 72 (The ferrous tartrate method)
22 % | = %2 (Folin-Ciocalteau method)¥2 277 7 #1# eh T It > 22 7HE B
ek Rt B ot iikE B RS 4oB3-6%77 0 A BV EFELM SR =
KF3Zoug* 2 it BRR S E PREESS B B ERREIFRT G AT
£ 2 (0-50 pg mL"' by the ferrous tartrate method; 100-300 pg mL’ by

Folin-Ciocalteau method) » e A 7 #r3 dehq (L /2 Wig * A0 BT fﬁ d 3k

33



(Ahs

< y = 3.4943x

= R%=0.9808

E ol

g

go.s - ®

2

o= 0 1 - I._:'[ I""" -f':-‘ : L J

= ﬁq.:t‘f 0.2 ‘—é;%,:.- . 0.5

B 10

3

-

£

[-*]

E 5

2.

g

=

= 0 '
0.2

The ferrous tartrate method (Abs S40nm)

B 3-6 2235 & £ Ricp & 232 a4p b - (A): 2 Folin-Cioclateau method
(with 20, 40, 50 pg mL™ of tannic acid)=4p B 14; (B): ¥ the ferrous tartrate method
(with 100, 200, 300 pg mL"' of tannic acid).c4p B 14 o
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337 FH&ER R

AEHI FPREBRERDERSEFERST R Aod3-1977 o L8 2 DR T
ERFlnE R EFEAIT R d A FEEARDESY 5 A
ARG T SRR Et FRTLE AR RRRLAS S UER A
FRp ootk D et i erp| B enE onH RRE R B F S OORAEARR F TA B o T
FHFY 2B R R WRG N SRR R - R R 2 KRR L

Folin-Cioclateau methodd ** % F| X B¢ chB B> L RIFIRHE 5 3 /2 § ohlH B

B > @ the ferrous tartrate 1 o @lﬁ‘gﬁ-’:‘%ﬁr? B B TR o
#rl;l-. =k -1. -* _!%_ _{._. "
'Hlt .:l--ll ey LTk

! L b
2 31 2 FAHRE F 15,
% i zpf’a. 6 Y
@LW- of tamin (g mL")

Tea sample r:-.;':’lﬁ 7 8scH in“gi bg'l:reaunj The ferrous

ﬁ" ""tartrate method

Pi-lo- chun_?;pen tea . I"‘:ll__;- 2707.20
Wenshan Poligbong ted 06 = 1569.80
e
Formosa O% tea .F;:.; 1740.50
Pr e
Taiwanese N ack T 246530
fa1, = !
NS
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3.4 %%

AFIREFE T -WHRI AT FFERTE S I AL By 0T
FoREATERE M P CAHERROAPKREFRT Y 2 R RR DAL B(
mM7r10 mM)i 733 #2(2 & £ 54 5] 5 10-50 pg mL'47100-500 ug mL™) - 4p ¢

THERCFERER 2R T REACRIBL AR A 2R AH

b

R eagRlTAL P RE O B ARAMME DV TSR ER 2 FZ

N

T FAFRRAERE R A G R RGER 0 R XD RFFI AL DT g

<

-

5 F R E S @S A i Rl R

el
3

36



Srd uF s BATERA G AL RORHFT £
B0 A RREME B FE > BFA

ALERETE R ASMB IR R AP W AEY o BEANMPEREHE S
At B E A 4 n]F - ¥ 4 chloro® nitroF A A IS AT A Y AR
# {4 (Patty, 1963))1 2 — B4R F 5 BB A F ehfs 8 > 4178 Estradiol {v

bisphenol A » ¢ * %mAM«ﬁﬁmﬁmu&@ﬁmauuﬁwwwmLﬁﬁ

._* ) ‘,

PABILILT o i€ 17 bl #wr4 S ﬂoﬁ P TE L
- .r

¥ '.'.-',

swﬁ¢4”” SR it i 4 1
1 ILE-.—.-: a1

IS g ST ) (Whitd, et al., 1994) ~ ‘e # 4

. { h

# % (cell p;(_)ﬂl}ifer%tio — o s % Jﬂ%;‘-,ri A F 2

(recombinant n'ﬁ.nep_%r_; ¢ i . j%-* ?E-;mﬁ Sl e
I LS T

BB R RSk ] > %l\?-g‘.} £ ERE tro irgwgp__ethpa‘? (Odum, et al.,
o, oy . ' ol

1997) o @ $Figdt @ Fwps 5 F L el TS 44 (gas chromatography)

s VG, 5“ %H% v

e 4p & 47 (liquid chr(_)matograpin_;_f_)ra a @? (G1i:0-1;1' 1991; MclIntyre and

Lester, 1983; Petrovic and Barcelﬁf 2000) e l|l

R {30 @ ERF(N-StW) TR~ 250 3 P RPIBRIIHE & 2 2
B EEA o F1E GBS AT AL oA MR o {17 fE R B R g
TE BB PIDEAS T T F R E R A 17 5 S & (Rodriguez-Mozaz, et al.,
2006) © 5 55 4 B 8] ¥ I * phoepi e (tyrosinase, EC 1.14.18.1) > F] 5 fti%pk v
FOLRR AL g ey T o R B SR o VIR B F hif AL R A8

R en4 = § & fis %8 (de Faria, et al., 2007) o & §_> $3t — 1 7% 2

i3
153’}3—)]‘ PR ES Ay oA W BOREEFA PR BIE > 5 TR R

37



AR IR RS iR L3 3

SRE A PR R E DR PR SRR RS DR R B K vE AR ) o
fI* § F #2 & p* (glucose dehydrogenase, GDH) ' 5% 12:E ¥ it 4~ ¥ (horseradish
peroxidase, HRP) % e it biefis fis gl it & o ¥ 12 (5 A% % 3 tg i = (Makower, et al.,
1996; Stanca, et al., 2003); 1% T i FLAF > bldofidfa i~ F o B ~’Eﬁ§‘k_’«‘25ﬁi
wEed = 12 fA (NADH) > fie & fei=ph fis cniglit F i > 77 ¥ 3ty & s (Brown, et al., 1994;

Hasebe, et al., 1993; Schiller, et al., 1978; Smit and Rechnitz, 1993; Uchiyama, et al.,

1993) - Mrﬁ,,!_f“-ﬂify.{-’ ::'Z@-gﬁ_-
& ol [ %

rEE TR B ﬁﬁﬁﬁﬁqiﬁww m%F

-“fﬁﬁr%% i 9 N

BEET IL%#’Q‘Z%@O
2R ] l“mﬁ'ﬂﬂ*

quinones ifg(-c J_;-: (4-2)

Lin >
‘_\;{-__w_xrﬁmst"‘]il‘-ﬁ:'@&ﬁf F"gs it 4@&‘?—”’&%& 'J’”’Za!}’?rrﬂi;%ﬂ

A ] Y e VREL fiE T 1R ﬁﬁ}@_}@i@i}@%éﬁ R RRIT By d 42

ki BEBRT e F AR SRR -

38



-

Potentiostat J

Sample p
.
\Y \
|_"_| [ Immobilized CIRIW
: P I I\ : 0O 0O
Carrier I/ | Tyrosinase
" Waste Flow cell Waste

Bl 4-1 AFF 5 Srdh g A 4k woﬁ#mﬁ?ﬁ s P g R Vi 2w W CoH
1&; R: Ag/AgCl *g»ﬂ* B W: 4 £ 0ERE (2 A | mm) -
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42 HHe

421 v B EmxR.

fit. e fik fix (tyrosinase; EC 1.14.18.1) {r controlled pore-size aminopropoyl glass
bead (aminopropoyl-CPG, 80-120 mesh, 70 nm of average pore size) _i¥Sigma
Chemical Co. (St, Louis, Mo, U.S.A) #7 p£ ¥ o 8 ¥ = f~ (catechol) fv ~ = fg
(glutaraldehyde) #_ik Wako Co., Ltd. (Japan) #7P~{8 o #fs A(Bisphenol A)R| & p#>t

Aldrich Co. (St, Louis, Mo, U.S. A) 5 _EL L] (ferrocyanlde)fr ¥ fiv (phenol) % p *¢

? ey
o ||

Nacalai Tesque, Inc. (Kyo{o 'a.p;ﬁ) o MrF @ mx g.m TS ST
o - " ] (o
Fir o %@m@—-%mﬁ» Lo IS "i-‘ -
*L'l"-.: - .
421 B i p»‘;.q.dgé&p’s
T g

ammopropoyl,h(EIPG 7 ok : i propoyIJ_QPG 7 02M
= .
B e i % .’!s-(.pH 10 1)) RN i e L fﬁ%,’zh, ZRis e~ ]
P
ml I%)i = 25;32' FI"I?:L__ ": | l‘ CHE P 2y ’-'"?é‘.!ﬁ ;;2—;12!]‘} E 5‘; %ﬂ; /‘_‘__5
‘ , Py

IL(actlvatlng)bE’ :—\'.. ﬁ‘gﬁrﬁ N ) 14 ; ) %"-@?%(pq 6.8)iE g i* ik
£ 4233 20 mg ﬁ%ﬂkﬁ’xﬁ‘{bm“%w f,;l'4""°C T FE 12 )

Ew/v) inad 0.1 M, pH 6.8 &4 iz  fbr

):
7R B iR A 2 O s s % AL féll%ﬁf% slurry £ %3 5 %% 5 4 1

PEE Jo fTA 24 L‘“ﬁ%«“*ﬁ&}’? s'l'urry "1 3%
@ B F 2mmid) > Bk slurry SR8 o IR L AR YIRS A 4T kAP @ % b
PR F EEeoAR T PO RO F BER SE B R 4°C kB ?
4.2.3 jndeid st 4 i

AFEF AT DRI A 47k SL(Rl4-1)d @ Senr e 73 5B B (silicon tubes
with 1 mm i.d.) ~ B 2it fayepipr A B Bfed M E &N F R K o Rk d igH
§13f #r 5% $+ (SMP-238S, Tokyo Rikakikai Co., Japan) » 5 7] 2_it feiepefis ¥ BB F o
g p Wen P E BN FT R P 24 T4 5 Ag/AgCl/3M KCl1 (RE-6,

40



BAS) » $4& 5 2 & F > ¢ £ (1 mm diameter) 3 1 (TR & o § L B R T iEL
Hd 7 1-8F = (PGSTA-30, Autolab)*T % #72 & 4% > ¢ * #itk8 5 GPES 4.9 (Eco

Chemie BV, the Netherlands) -
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43 HEaH®w
431 AT ERMEL AN ER

A PR L ARE S e R o B T RN F T
i R o ol 42 T 0 BT IEFE bR R F L RIELFHBR) TR

AW ARF ek o~ GRER Y (8 0 ARE D ek B I pRORPAAF LY 0 A AL F 1 ek

Fop oSN TH O ERIARRTIE oA d TR a(R T F e B
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432 1 FERARF2ZHE

AEFEF L TT R o S K S e 5 1S AR R ekt 1F

o

1.,1

BF L BT AR TR PRI RN E BT AEAT
L EORRLEE B E o doBl 43 907 0 1 (TR R-03 1 0V (vs. Ag/AgCl) > § 5 B
ME B RTIAG ARS E 1 TTRRBOV, F 8 BME -

COEFL TR F ok PR C BF O RRG RMF NI o A

= 4
A W
‘:,hk -

Foplord Sk RGN 43) 0 WAH W T EF BT oA BR

B 4-4% 5% 3 E$',;- ‘ 9~mfhtiﬂﬁg$ﬁécmﬁm
(LS AN ES N

4L

e v
minit® z % 5t
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Reduction Current (¢ A)

2_
88 0g000e0o0
3 L
e
8 L
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Amplification factor

o
N

(o
=
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433 M¥-B - EB BB AZKE
B4-55 1% o BT EIERF - FRERPM ORI SRE 0 § A F =
kR A1 M-10°MpE > B R T nE EAEER S M o @ ¥ - kR 5 1x10°M
PR BEIUELA S Akl de B s BIER G R T AT RIRA{FL Ui
(7 4-1254-2) 0 B4-65 BHRER > KR EHFF L 10°M-107 M (n=3, CV <3%) -
FerRpefiv £ B B BT LR - BT o AP R R E A
feVephfe cnsL Lt fr s iR R R AL VF R s RS R A o MR R {r R A FL
e TR p%#ﬂnhﬂﬂ%{"?ﬁ@d@mf@wa;u&rs 100 % -
) {.- = {u::‘;.
®EHFFL 107 M- 1o.|;&'ifr(n—3 cyﬁ:.y%) a:_&;-A AR e o W pEAL R T

(5

KRS 2, 5x1&¥-M(

Y A
|__¢|ual y '!-r:l

4

ESIEE 5
L’J .-
Sub;ﬁ!ate,. Detection lnplt (M) (SYN=3)
Catechol 1._6_0}:-07
= - LOOE-05
b AL S
Phenol 1.00E-06
.’1.' =4 ‘:..-
= 1?“ 1.00E-04
Blsphenolh‘" -=~"'| 2.50E-06

-{5:., L Nene 1@‘ " '_h ';;‘." No detection
=] = - =4 L
s , T
Lopeperenr
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= ﬁ“ﬂ(/&fiﬁ&f SAEAE) 0 MM § o SR g% 10 mM Bifs
¥ fﬁmi'/a(pH i gk \g 1)1 /
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100

==
=

Reduction Current (nA)

10000

1000

R’ =0.9614

49




AR - B E R SR MRS A s I f e R AR
Fevefhfecnidic £ 0 253 AT ATRB G > ¥ MORY - B~ T eikipErL-
TR 2HRRFEFRA S E10°M-107 M (0=3, CV <3%){=10*M-10°M (n=3, CV <
T%) > @ B AR PR T 5 2.5x10° M (S/N>3) o H 18 7 4 ik viefik i 7 BLIL e 3

ol Frd| AT AIEH A L gD o
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$IF ANRMFEASTRAB R F LA EE LAY

B B % i* (Patterning) % — ke o oo F M mie 3 H - A HEFE S #
4 F R P B (multifunctional biosensor)£? % i & (high-throughput)sic' 51| & 5 chif 4
P I F i fed 43 /e 3 Fendk o ik A e fy INF A FGE
WHE o Glded FRMTAADL LT AN A ) R E ko ik
F i # £r (microcontact prlntmg)‘(Banaifl , etfal;, ;'199;}. Kane, et al., 1999; Quist, et al.,

I
2005; Wilhelm and Wlttsjp_ck, 2002) .i’ﬁt/m T ‘ﬁ%;(mmroﬂmdlc networks) (Chiu, et al.,

§ =

_..l—

i .
2000; Delamarche, et al’: 1.99:.7.)-’ : leana.sarl etal., 2008) > &
- |

5 4 A i (Kraer,
K oy gl 1

(Lee, et al., 2002) % 3

Lo .

AR E KW 'ﬁl; %&»“ it % %ﬁ'}&éﬁ,(scaﬂmng
| ]
electrochemical microsc %‘?,.__f B AR o iy AF 0 A
= K Frfg mﬂt@.‘* ('f(ram mann, 1;%97; Zhao, et al.,

ﬁ"."-l. "
2006); & * ciniE _.wg "#Vﬁﬁﬁﬁﬁﬁﬂldﬂ
’ & 45
2007; Westcott and Yousaf 2@9-8) ey i = e
'!. *_r F"i’_. .II.
¥- > ’m%\r/‘ﬁb#}&%wé L -"Ii"r‘lﬂ'L*ff"A’\ BV AR T
OuF e [ .I.

ENR L HBE Y 0 bl4oT R B L s £7 47 4 4 (derivatized phenols) & e 8l
BT AR E R ADRELE XV EJH P H{CDNAE F-9 TR &
(Stern, et al., 2006) > @ 323 = 4 v+ % (heterocyclic aromatic pyrrole) # 4] * SECM ¥
T RBEHT BT B LN ER A A, et ek B % (Schuhmann, et al., 1997) -
{1 * directly electrospotting oligonucleotides-pyrrole | ¥ %] i DNA § 5 (Szunerits, et
al., 2005) -

R R B SRR E A e Az er i * sl (scaffold)) £ 2 FAp

Hend Fedifls FLRETZRALCAT - B RBL-BLF 2 MALAF h
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AP BgoRil s WEBIERE T ¥ AL F F ¢ (protonated) » F F I+ T (Krajewska,
2004) o fe a3 S Ea e T REE > @ EpHA ¢ Pirag T o B e I 0
(deprotonated) s @ 1% br& 23 fE R o BT * T AR AT S hpHk B R UK A

TR AR choeil 3F B (Fernandes, et al., 2003; Wu, et al., 2002) » ¢* B i3 12
f1* LB LN E TSRS R AEEN S RARET R LTS
4 Hc® #&(Bach, et al., 1993)fr & 32 4 3 & 3 (Kurzawa, et al., 2002)° & 7 B 3t 7 &
o TRAG S DTHY obEmByg 0 LEENGALTRT G FFRAD

Mgt BEFE 1 Fi ?Tﬂ{ﬂiﬁﬁuﬁﬂ@ﬁﬁm;& fl}’}\ﬂ;:_i ?’r;;_ Loy ¥

| o = - ':".r
.' f.l_.
#Bs Kﬁ“ﬂrﬂﬁfﬁ ’“-zy“ar}f*g* )T TR i
e

fmemar e -H;ug_i@gal ZP’@@L et al., 2005) -

5

‘\,—“};’A]’—%"‘,’,’E&x1 ._:_: g 4 t al., 2@2, Shi, et al.,
2008; Zhao, elfé;l., 2006)8, 5~ FlA 32 R4 _Hﬁ%ﬁ L
i;};,grsy,vl';?,éf | ﬁﬁ%ﬁg%ﬁ;?mo
[y 'Y N
%Pi‘ﬂ% B kg W,Q.SCgéi T AL
= «;—f"\

1) 1* SECM dlref;.t!m de “ ;B":"a" ﬁﬁi i) I R
. 4P &« 4

405 % 0 € pH gra&ight* 455(,,._,%'_m__,_ e !g_% ) Fﬁ] 4 i&* Rk T
STy mw{-:zgjzjwﬁ"%vf%as A S e T
T ERMBEERe B amitdE o TR TR NG9 BAME RS T RER
ERRER 30k T E EGE R SRR I E N 3 S g o s G Y 3R

g °
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52 e &

521 "B & x

# % #3 1 %% (Glucose oxidase, GOx, EC 1.1.3.4, 40300 units g-1)f- ¥ & #& 245
Sigma Co. (St. Louis, MO, USA)#7p-§ - = 75 4#i(Ferrocene methanol)p*t ABCR
(Karlsruhe, Germany) > 5 7 B pEZ % (1.5% w/v,pH5.7) 4% 075g v~ Rt
(Chitosan 5, Wako Co., Ltd., Japan)%c % ** 133 mL e g+ -k ¢ > £ 4 » 355 mL
0.1 M h@p: (HCI) » wg—z#,é#»ﬁ (Fer 12mLIM §F A

ERPEFF 3 3 r“épwﬁ*‘%,&

7 'Lgaeﬁﬁm pH &% % pH 5.7
| =] - off

ﬂ 'ﬁé)-carboxyﬂuorescein

¥ '_l.T'-
\'%;land) B o 01 mL

NHS-fluorescein /g ,.,-u”.»‘?e_.;-_-'ﬂ-\

N-hydroxysuccmmlde estle

dlmethylformamlde'-gﬁMF LRI oy SRR 7 sl Qﬂib';mL.Ql M pH 7.4 ¢
j . =4

B /_g;;l 4 4 2t ;_ﬁ_;&f{é_‘tﬁf AT
—-h&mﬁltch-._ ) ) }
5.2.2 ikﬁﬁ%évM“ ] :“

P S ’}é(subslrat%ele S BETEE .ié'inﬁ'iﬁ}-coq;ter Tectra GmbH,

rETs

Frankfurt, Germanyj.i%':,Cr {é’r ﬁu‘m?ﬁﬁ:ﬂ”%ﬂ{ zﬁt,ﬂi o HER

JI - b e
Poly(dimethylsiloxane) (PDMS)IET)&?LE%? % 10 : 1 (v/v) Sylgard 184 silicone

&% % Cr0.6nm frAu'fOI_}nm =S

elastomer = curing agent (Dow Corning Co., Ltd., USA) R & @3 >0 % 7 f 4
Bl % i % s [fl & 7 (pre-patterned silicone wafer master) 3% % x © (Petri dish) > #&
fs BT curing W& > X A 4 60 PDMS B[ o JEFE AR R Y g &
Flda & s ‘$ v 2t ¢ FRr e PDMS Mo £ 2 % F 3% o
523 VT I FREME FAEXK

Frds 3¢ T 1 BUMcHL ik 45 2 ik (Kirchner, et al., 2007)#7 f {72 = f£ &« UME

il % E KB S5 10 - 50 um P £ A

(Goodfellow GmbH, Bad Nauheim,
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Germany ) #4173t borosilicate glass (Hilgenberg GmbH, Malsfeld, Germany) > I #-2
# = disk-type electrode (Kranz, et al., 1995)c 2% 3 # #73 -7 SECM R 2 & i¢ *
Ag/AgCl/ 3 M KCI % #&(CH Instruments, Austin TX, USA) i & %% ¢ #&° SECM ¥
LR E A 2 )gle(Wittstock, et al., 2000)#7 # 3 rgc 4 MIRA & 7 F L a2 o
524 L F LT HITRF 4 ks

A G R N & b B F 5 A 4 (confocal laser scanning microscopy,
CLSM, TCS SP2 AOBS, Leica Microsystems GmbH, Wetzlar, Germany)®- 17 ¥ B &

eF B3N B 5(488 nm) ‘fr’ Jaf,_ aj;(485 nm exgi-tag)n 500-535 nm emission) o A~

—

RS RS ?.Lg"i«l'ﬁ {1 ? ﬂ"# 4 &gﬁ_ﬁ(a‘tomld‘ for _r._Qe microscopy, AFM,
Fa L

using Dimension 3'1'00 stage ar -"'tﬁqller (Veeco, Santa Baebara,

e
525 4% SE'EM dlrec.t mode I
] e ]

UME ”f";é_}l A 7 aﬁprogs_h curve =iz

Q6N 1
YR P
-u :..- 'l"i.

i '«t\'f'] ?'-,Im UME (r7 = 25.89

UME 2 4 ?_fi&.i%lﬁ(

TR AR (ope

UME #§ & 11 € mqfﬁr:zl/% .-P:r &
um; RG =4) ®5 fffF i ai}ﬁ(auxﬂmry electrode.}tiii SECM d&reét mode > ¥4 d % 10
um: 3+ 1.5%pHS5.7 & - %"Jﬁzm’%ﬁ T ooy s ”‘\yﬁr“"@*%ﬁmﬁ (Es=-1.0V, 15,
intervals between pulses = 10 §)"8 & T it AE 57 RpEoft% ¢ mp| L 41% + gk o0
TIHARR 0 2 1L.5%PpHS T A7 RpEA R 77 Smg/mL § H4EF vpEE -
5.26 417 Hciti p 3T B R PR

#-PDMS prinig % E % &3 Au AH TR I MEFFL > 1.5%pHST
AT RPERRHNGE Y Pt RPIFENE S S0 Y Au AH R R A 30V
AP Pt AR 538 10 A48T HE 16 0 PDMS Boinig o] s g ‘%o SR

FhAu AHTHERAFIF 2 I RFR 10T > TR T o fEE R

54



AAIF Pt AP g
T ITRAARS 0
e 1.5%pHST7 A7 BRpEsre
FBEZRY T3
7 5Smg/mL

IR I
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53 % &%
53.1 §|* SECM direct mode & % ff 5~ RpE
LLREAIOE T BETOH T ERLI G R pLd Wu 3 A T2 (Wu, et
al.,2002) > § 4 R BRI T KBTI I ER L F 0 P ER B
THRBEAFRIINTEWTIIR IR ORI T D F LR TEL G D
BhodFmy 5T AR/ Bkt BE > ERAH &L > ¥ EJ]* SECM
direct mode A 8T A S 7 BpE o Jf;ff £+ SECM direct mode ¥ » = &35 7 it £ 7
(] ) l._-_.-ju.
e fy ¢ % * UME IF,a if]'l.{éﬂ‘%iﬁ*m & 1T 3 ,-,-11_
ERLE- -t - S TR A . S (CT ston et-‘{ -‘.']-'9_.88 Wittstock, et al.,

r
=

{i‘#:}x « UME 2 A4 T 1859

2007) - % § %,aﬁ@fi ¥ 2 z\(k{ 5-1b) > @ 7 i
e
R Eﬁﬁﬁ#dﬁ}%}%ﬁ@*}' - E:QNII; et al., 2002)4p
~

#B% g.: A ‘\?)'th )
/’Lﬂ%fg"z %\fﬁ: ’ iﬂ pES

b RRERA L b
=

3 T Mg 2
RS UF %ﬁﬁ‘ﬁg
-

F i it 18 pH 1‘91%_31 : K@ﬁ?ﬁ%’mw =
) X =~ 4)o L 'E M F
F7 i e bf‘aﬂgqh_ereﬂf}{axﬁw = ;(SE_%-#EI %Zb() )o % F i

TH® AR @"ﬂ'@ﬁ; } &% i B I%CLsi@.;éﬂectance mode L% T &
5o R i o oW 56 r"'j'Au AHTIERR » T ofRaS
RPEdch > @3 K SRR DRI T - 26 o § M TR 0 § R
A B R A RN S o LR S A I B R oAk e
BT 217 d, pulse duration fr % 7 BEEE R B E 1L 0 T iR xR T AR

HDB T R BE -
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a) b)

UME [counter)

Potentiostat

Gold (wtfrlﬂ?: @_;[iﬂﬁsﬁ =

Chitosan_’.;::'! OH/
=

o

o

.:"__:-'

: it 4

o, 4 — W A \
B 5-1 41* SECM dﬁepj_.:;_n e )‘ﬁ.ﬂ;_{ /Tj% s ’T-ﬁ*.\ﬁg 5 .(ﬁ g EHA B o (b) ST
T ﬁﬁﬁg\@gg{ﬁ; 5f ] o ¥ — #fhe (spots 1,2, and 3) ~ BE#% ffr
(spots 4, 5, and 6) ~ = % fé(spots 7, Slf-aﬁa-'ﬂjmi*‘i = (spots 10, 11, and 12) - 7 =
9% (s, -1.0 Vvs. Ag/AgCl)4e >t & A 7 1 17§ 4 fope T & (Pt, rr=25.9 pum,
RG=4,d=10 um) - iw## i3 % 5 1.5 % chitosan( pH 5.7) » (c)4]* SECM direct mode
it B FHEF CEROTAR (DT FHF CERF-BTRBAFDEFLD
by 7 BE AL F BB o iTAR 425 7 SECM direct mode it AE S 7 R pER R 0 23
ke z SmgmL § FAEF EEE
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532 §|* SECMdirectmode # 2§ § 4§ a2 3~ RpX
@ 4 4 7 7 (Luo, et al., 2004; Luo, et al., 2005; Qu, et al., 2002)F1 * & = F pE

T RAEENERTIERAG P E 2 FRPIE Ay B SECM direct
mode #-fi¥ % ¢ W HIMT AR LT FPEY 0 U FEF CEEFT Y U R
FHEMEF CpEE S~ 87 RPE £ 41% SECM direct mode /& IR AR & 7 B pE g
FolbmiafdT Rppse By 545 a2 2 ¢ (B 5-1c) 1% CLSM %7
AT EHT CEEA-S T BPESITRAR 0 B % hoB] 5-1d 4T o B T A

® 3 4+ feedback effects e enération-Collection (GC) mode (Wittstock

-{'I-‘ ;) -_._

and Schuhmann, 1997; Witts
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UME
g 150
=
~
= 100
' .-
H,O,
glucose \/4 gluconlc acid o
GOX 50 100 150 200
% o i/ nA
1.' -

g
:200
100
0 . [
_ s
400 Z%F /:'H'E:‘:‘ .:?‘ i/ nA
| .
@1521?+SE€M mo/ A ~“‘€]~31l%$ (8% % i - (a)

AN W (br‘?ﬂja W T il SR ML
* B 5-1d et 5 oﬁ%v{ni‘w 1 =06 V vs. Ag/AgCl, VT—IOIIpm/s rr=13.2 um, RG
—25,d=10 um, 50 mM F i3 >0.1 M 847 % gl ( pH 7.0) (¢) 1% i if
TR T BT R -5 R AR T T 1 8 BB -
ARAELE S53bpeo iR 7 Smg/mL § HAEE CERFFRIEE =56
um, RG = 66, vr = 20 um/s; Er = 0.6 V vs. Ag/AgCl, d = 30 um, 10 mM & F #&;% >*
0.1 M B % 3R (pH7.0) o (d) B 5-2cehirdlef ok - 2B+ ¢ 55 58
AE o BARRIEE AR
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533 I * g AIVmFE ST R

F1# % e % B {eSECM direct mode™ * i{ S i f A7 B v £
WL ST RPN R e gk ¢ mpEd A S BRI TER § e
(HyfrOp)en % A #rig 2 29353 enT A (5 o Geed £A4F 1 A 7m g 1% @ A 9
# 1) chmicropippet /7 38 & IUAR BT > 2 A7 e Bk 4 5 8 Rt ek (polypyrrole) © T
#% (Szunerits, et al., 2005)4p 2 » d *> R & R M A L 5 %4 U] T
BB S 2100 pmord T e Fla A0 E i g LIRS e U 6 (R
5-3a) > 4cBlS5-3b#7or o 1§ x%{-.f_-. M@ﬂﬂ trate vs. Pt wires) ¥ ¥ B~ {5 32
ER RS IR i A wﬁ«'w ?rﬁ}gd FHTEIARY

I
o< “"-J.

et v iy rag““mw.-ﬁv& i A
F}@’u+$s-ﬂf;’k’d‘ Lﬁm%';m\@m»ﬁﬂ
F)@mﬁm”«% o BB & P 7"":7%?‘7%5

o R\Wf ZEES
Bl 5-3d “7 - r"“ e

}:)%éﬁgi?ﬁgo;&ﬂi N :-7 g M L o e s & f:"
mﬁ':l‘.‘? "‘7-'-?"' rhrs gk %}- .

£ HaEHE - e b = L A ’l..f-—
® 5-4 £41* SECM feedﬁkﬂjﬁ'@ﬁ%ﬂnﬂ\fﬁm % wr? 77 ferrocene

methanol 74} /i 4 (mediator) e UME 45 %+ & 4% + P& d 3048 4 4 e R (recycle)

A#ﬂwWﬂiﬂ-’ﬂ&r
oy,

¥ 85 N{%Il’s-ﬂuorescem K

FRREF TR A FR T ERFE Y RS T R X7 BT
FITHALFFIETFES  FaFRH AT P ERRBEREFIR M R0
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a) b)

300 pm

......

300 pum

] r;—:l
BT RE L
RSOV AT
py57)“~ec) S Akpe

[ o

‘ b
@1531 L 3
E*ww

%‘f\ﬁ%nuﬁ‘ 2 NHs-ﬂu = b i
B o (d) = FhB "ﬁ\ﬁ%wﬁ%’ : c@ﬂ, ﬁl\_fﬁf‘ﬁ m%ir.@@. 7 bt

Y T a1 T M

45 -..i"'-j':!-'
; "f—f_ﬁj}:‘j:'f' :
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 5-4 {1* SECM feedback mode 8 fleifiif & /T #% s = RS - (a) SECM
feedback mode 77+ X Bl c R: B R4/ 450 ¥ L4544 o (b) Meinsig T iwf S
TR IR T E B R T % E 2 rr= 5.6 um; RG = 66; vr = 20 um/s;
Er=0.4 V vs. Ag/AgCl; d = 10 um; 1 mM ferrocene methanol ;3 ** 0.1 M Fifik %
7% i (pH 7.0) -
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534 {1 HinE I B FHF EEVST RA@Y

AEJIHRE DS T BRER A ER BREL AT LTS T U RS
BT RPET o A S32H DR KNI R e FEHEEF REE X
Flx g e F R R AL O FAHEF CEE-ST R a2
i 8 RE AR (TR > 4o @) 5-2¢ #Tor 0 18P T homogeneous HyO, § i T 0 7 {8

SR E R CRERFI SR P A ER  HE TV ER AR EA

i# 4p #.>% SECM direct mode #7#& 2 Tﬁg(}}?] 52b)1 5393 - B 5-2d At A4
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2000

750

BN

|
{x7

#5
i
-'Ea -l":.,'-'j" c ] .-f_--' :'-'jl:':

Bl 5-5 55 4% CEE-ST REROAERGN RS 4 AR - () 1% Ao
FTA 0 Bl 5-2c TR F anmfEEE o (b) FIF kST 0 S BB 0 B S-1d
ST T AR R o
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54 %

S g ST AR A R

ARG
TAApHH R BEFA”

é“l

BT
FREL AT iR

=

direct mode ¥
PO 3R AT
Tl AR 1 B A VAR s e VAT

hEE g AT et R

ER D SNy
BPE RN

P By IRTAE R

SRR EEATEL R RN

B PRk o - BB AR
BT EE L o

E"sz; a—fl]’!l"g:

(L &: % Sk
T# o SECM direct mode friiciit if

FpEe A o * SECM
% fE itk microspot @ H
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