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2+=d 53] matrix metalloproteinases (MMPs) 7} & A2
AFH Aol #A Fol wWilg FQ3t TS e FIELE
4 A Sdt (10, 11]

MMPs¥&  @AA7H4  °F  23FF (MMP-1, MMP-23)7}

BAHYOM, o5 7zl

]_
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71 Bolgel wet
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3)

gh

interstitial collagenase (MMP—1, —8, —13, —18), stromelysins
(MMP—-3, -—10), gelatinases (MMP—-2, —9), elastases,

membrane type MMPs(MT—-MMP) o2 &=t} [12, 13]
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1.1.3.1 Matrix metalloproteinase—9 (MMP—9)

MMP—-9% MMPs % gelatinasesel] %3t Ha a4 =2

2

MMP—-2 (gelatinase A, 72 kDa) 2} MMP—-9 (gelatinase B, 92

kDa)e Z1Awe Fed AR A4Y Foas Eeskn

TG G2 o 5o Iy dwo] o, EEE =L

P& G A [15 - 18]

domain

. & | - Hemopexin
S . bfi \f_’ﬁ domain
R -

Fluorgenic g
substrate

P
/ linker

i
Catalytic domain
1% 6. Structure of the MMP—9 protein.
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2.2 Peptide substrate for MMP-9

2 A= MMP-9$} Solxo®

WEg-SHE

peptide=

—_L
=

A= (Au electrode)o] 43 (immobilization) A1 7122 MMP—

90] peptide ¢ WHES & w Wsl= tunneling AFE

Boolpold ALgE MMP-9¢] Soldow e p

st 2ok (29 10). [23]

@® MMP-9 peptide sequence :

=
=

kis

=

Glycine (Gly) —Proline (Pro) —Leucine (Leu) —Glycine (Gly) —

Methionine (Met) —Tryptophan(Trp) —Serine (Ser) —

Arginin(Arg) —Cysteine (Cys)

HNs _NH,
MMP9 NH
Cleavage site
| ~ NH
: o]
H H H H
S N N N N
H N/\n/ ! A N OH
N - - -
N oI o) 0
| H SH
1
S
| ~
= - = = I\ - =
Gly Pro Leu Gly Met Tp Ser Arg Cys

718 10. Peptide substrate for MMP—9. [23]
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2.3 Tunneling state = 4] 2] Methylene blue (MB)

Methylene blue SHZ 18] W3S SFEZ A=

B Ador= Methylene blueE 1% 109 peptide? Gly
B gAstey A= AdolAd AL tunnelings 7}s sl

&+ tunneling state® AR (2% 11).

Methylene bluet HAF 2709k F4 & JHE o}
Leucomethylene blue® ¢ ¥ +=d, 13 123 o] 3 &7
HE AAA gkdo] Ak ARE 2¥ 3 39 AdEE & (S) 9
H 97t AR 247 99 7 EQrAE Agolnw the

GAZ S REgo] wEAl do] . [24]

o
(1153 GiRPro Lol Gt rp RS A1l

1% 11. Methylene blue’} &4 ¥ peptide.
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i ; ~ g 8 electrons (Ct7)
| ! = -
Al ASNAAL A
HON 7 S NicHy), + 1 net charge
Methylene blue, MB*
l +e
(b) & AN ’/H'“\ _g 9 electrons (£ 9HH)
(HsC)N AN \@ N((;Hz,, . + 0 net charge
| +H
(c) ’® Y oo 7 electrons (B 9t7)
P ‘ N AL . - .S_
o @ “N(CHy), +1 net charge
| e
H
(d) 'I//-H%'/ N N .S. 8 electrons (2+7)
| | =-S-
P N .
gl @ NCH)3 . + 0 net charge

Leucomethylene blue, LMB

1% 12. Methylene blue — Leucomethylene blue?] 43} ¢
mechanism. (a) Methylene blue (MB*) 2] ++%2], (b) &¥
SAA Axp g JHE WSk we] 24, (o) Y Aol A
Ax g TRk A o] @ JHE WgkEs W] x4,

(d) Leucomethylene blue (LMB) 2] +%4].

SRk
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2.4 MB-peptide 7|5 MMP-9 A& AA AZ.

olml oM koA AsjE 248k peptide® o] -8k
peptide based MMP—9 biosensorE A2t 74 of s Zalaz}
s 2geld Adiet BN AT PR AaAH MMP-9%

AEst7l SEAE aAe =

2

= 9] redox reporter?l
methylene blue7} 4% peptideE IAHA|AHOE st} MB-
peptide 54 A% ¥ JE|Z Peptron(Daejeon, Korea) ©] 2=
IS Bl FAe skl e, b AdEe] MB-
peptide©] Dimethyl sulfoxide (DMSO)< o]&3] 3|4 AlA
MB-peptide €4S wEITE o] 95 A incubation
A1717]1 18l Polydimethylsiloxane (PDMS)E& ©] &3t well&

150 MB—peptide €45 "ojredl H | 2A|7H5F HEg- A]7]

=

Phosphate buffered saline (PBS) £M& o]ga] A& sttt o]
HAg o MB-peptider= W9 cysteine¥} & A= 7H9
thiolate A= &3l w A= 4 ok [25] Heo=
spacer®} blocking layer €8 3+ 6—mercapto—1—hexanol
(MCH) & "olrg]a 1AIZE Fk W8 AlA HFA OS2 peptide

based MMP—9 biosensorE A& 3%ttt (19 13).
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(a)

(b)

9 13, (a) Yol £ A9 B45, PDMS well2 W9

2 1 &) 8 i
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2.5 MMP-9 Al e 7+-3-dz

o

oA

AAE = AT Yo MMP-93 Sol8og Whg-3)
peptide® 17g3kA7]1, peptided] TAHEHUE 7|3t
24 =42l methylene bluee] 2J¥ =+ tunneling &%

43l MMP-99 FEE g¥Her FYse Ay

N

|9kl o Qo).

Methylene blue?} A E peptideE & A=+ 114 A7)

=,

island electrode°] A4S A718l 9 A =3} methylene blue

Atolel A kel tunneling #Ae] oy dAR7E S

o

ri

Methylene blue”} A2}l tunneling state & &3 3}7] uj

—_L
=

A= mAFEo Q=6 methylene blued 7] welA

tunneling A7} HalA Fo}

olglgt MB-—peptideZt ILAEHAGE = A=l MMP-9
gol5Al =W peptide?] dFEo] ZHU Al ¥ peptide
gt ¥ 0]Ql+= methylene blue 3+ Z#{ X peptide} 37
Ao A "dojx yrkA @ webxs Ax7F tunneling &

2+ tunneling state?] methylene blue®] 7|57} £ & 5

o
=

o

L
=

tunneling A®F7F AAsHA =Hia, o dAF #HAE FH5H

MMP-99] x5 dFHor A= & 5 Ao (1" 14).
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(b)

(c)

19 14, (a) & A=ZLo] MB—peptideZ} 143} Holg+= A,
(b) 124 3}l¥l MB—peptide®t MMP—-97F2] WS AFE],
(c) MB—peptide®} MMP—92] ®I-& o]Z 2] Ak,

1;; A& et

26 - SECHRIL hATIOMAL LIMIVERSTY



A3 Aan g £y

[

3.1 MB-peptide 7|4} tunneling biosensor2] A
A EA

3.1.1 Biosensor A& o] WE AF A W3 54
G glA A MMP-92] AN AF BHAvich AR

tel 2 @A dR7e WsE F3 peptided 1A}

AR o] Fo] He=x s ®Bokrh WA, concentric electrode

O

Ay
Oll

g

deviceol|4] bare electrode JH|, & & A= fol olFAE
DA A7IA] S AEelA PBS &9 "Hojy ARE gl
skl (2% 15(a)). Bare electrode ZAEAA= HAA}9
tunneling®] %A < A+ tunneling state’?} =A3FA] 7]
e, A AF ZZelA tunnelinge] WA o YER=
peak AF7F vERA] QST

0=  AA  tunneling state 9GS F=  MB-

peptideE 2A|%F &<t A3t Al7]31, MB-peptideZ} 1273}

ke

¥z ke F+ A

L
o - =i ey

M-S blockingd}1 spacerd &S =
A7 H A [ = = A

d 3t
2ol AF7F WalkA Aok (29 15(b)).

ll

7(

MCH7ZFA] 1A1ZF 14

il
J N.
O
d



8.0x10?

bare
6.0x10°
4.0x10°
< 2.0x10° // /)
(0]
£ 0.0 —
3 //
-2.0x10°
-4.0x10?
-6.0x10° . . . . y y
0.4 -0.3 0.2 -0.1 0.0 0.1 0.2
voltage (V)
(a)
8.0x10” - - Bare M
i Peal ——MB_MCH|]
6 0310 current
\‘
4.0x10%
< 2.0x10° 7 e
E 7 _____—-"-./ //
2 0.0 ___...---""/
3 /__--""
-2 0x10* //
40107 Hﬂ\\__//
-6.0x10*
-04 -0.3 02 -01 0.0 0.1 0.2
voltage (V)
(b)

713 15. MB—peptide biosensor Az AW HAF WH3 1)

e

(a) bare electroded|A =43t AF 1832,

(b) MB—peptide®} MCHE 12743} A7l H

|\

Ak AF 2

[l

) A&t 8t



5171

°©

3}

S|
£l

MB-peptided] TE&

T
L .

3.1.2 MB—peptide % HZ 3}

I o) TN W 9 " T M
S W o g R = X om oY
£ R a M9 m% =
/mw. = =r o o, o oy 17F ~ o)
o g D P F o T 2
- o ! "
) & = DA T R
Ao R B 9 e W 3
= ) EU E—H — —
G o
%) = 2w F [
2w M =) o TR
I = o o T ow o w M
] w_;ou © B ol W . =3 o7 oﬁ._
T om B ° noo B . = & F
it e A
i - 3 W8
T e doo g o
TR S N R oo
Me olo e X ~ - ol | ! _
Ln_lpv ~ OM ﬂ.A' o)) —~0 ;oﬂ o) - <
. o = o ™ = | A] 1% = T
D8 E ® _ ogog 9 .= .
+~ )| 4 T
AN = A W_ o = =T o =X
o L 5 - 2 = 5 W 8w i T
% > % =m = ool T
 m o B 5 B 2 o = 3
S 1 = N
M O ﬂ_OI EW d” © Pﬂl H@_ = i
ojy > %O T R ~a o &°
T oT O K = 20 il X — =
lo R _z:l = "y 0 T = 0 it XL
o R R Mo & e
s W © TR =
= 1 R B oo 5 oo o
oS W = o om o® g N F B
F o= < % W % o B = N &RV
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current (A)

1.80E-09
1.60E-09
1.40E-09
1.20E-09
1.00E-09
8.00E-10
6.00E-10
4.00E-10
2.00E-10

0.00E+00

A=

0.1uM

10uM 100uM

MB-peptlde concentration

16. theksl MB—peptide &
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3.1.3 28 &3 & EAL AA 7] $% Tween 20
washing & 9%

=+ Z=o] MB-peptide®} MCHE 114 A)7]19H, 1% 15(b)

-

9} o] MB&F A= Alo] 9] tunneling A/F7F SAHE A

-1 (

sttt kA% MB-peptide®} MCH7FA 11783 A7l FH, 8=

PBS §912 Wolmen ARE ZASE AR/ Al webA

AL ashes 2S g stk (29 17(a)). ol& A= thiol
ol&7 MMP—-9°] %3 Zoi90# @& PBS &dexm 77}

=
Washing W< o33 £t MB-peptide®} MCH7}

TR Aol tween 205 Holmg]al 30+ &<t incubation

A7 H, 2% DI water® washdtill N2 guns o] &3] od
T3l

olglA tween 20 wash® &gt 7 Agte] WE HAFE
Sdskd, 2% 17@ el EARAE AF A Aol o ol

31 =



6.0x10° 10m!n
' /ﬁ\ —— 30min
4.0x10° \
— 2.0x10° \
< /
€
o 0.0 ,/ I
3
-2.0x10°
-4.0x10° \ /
-6.0x10° . : : . . .
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
voltage (V)
(a)
6.0x10° initial
—— 10min
4.0x10° \ —— 30min
2.0x10° N
g //
E 0.0 ]
Q -
= /
© /
R -9 S
e \\_/
-4.0x10°
-6.0x10° . . : . . .
04 -0.3 -0.2 -0.1 0.0 0.1 0.2
voltage (V)
(b)

1% 17. Tween 20 washing +5%° W& dF H3 54

(a) Without tween 20 washing, (b) With tween 20 washing.
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32 ¢ <7l wWE  MB-peptide biosensor 2]
energy state ‘%‘5.51]' '5':’#

peptide® TAZAZ] & ZA4s+ AFo Wale] thalA] energy
state® &3l A2 SRSk [28]

B AFo) = cyclic voltammetryE o|&8 AFES =43
Atk HAetE Z7]el —-0.4VE 5% F A7tElE FH 0.2V7HA]
double sweep< 3} 1, scan ratex 10 V/sec® =4 & X33
AT

HA o deks QI7Fst’l e MB-peptide biosensor?]
energy state™= 1% 18(a)&} ok Mot <A7bshA &2 Hd
A wj= MB-peptide’} MB+29} LMB F+ 714 Az &

il et ol —0.4Ve] Hdeks AL A7kelisd 19 18(b) 9t

ol

M

o] & A= energy levelo] oA Al Hof I A=A MB+

2 A2 tunneling®] WS a2 A¥& 92 biosensor AW

o] AH= 2= LMBE v A "k o]sb o] 7] Aol Abe
= MB+9} LMB7} w<&dte AH el LMBYEHE vt #of A
F 54S AgstA "t
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Vacuum

Vacuum cDbias =0V (Dbias =-04V
—_‘h"""‘-—

ba, E, = 445eV
o (at pH7) T
D [
= =
o I V-S o
(0] (0]
— —
2 : ’ 2
———————— *——J4o8--—————%  Negative voltage ®
(-0.4V, 5s) applied
LMB

(a) (b)

19 18. MB—peptide biosensor?] energy state. [28] (a) A<t

o] QI7tE Al &2 %7] AH, (b) 0.4 VE 5% &<t A7Fsk F9]

SH.

l

Ot
il

o=z 0.2V7HA AL sweep A AFE =H
1% 19(b) ¢t 2ol & A= energy levelo] Yol 27| w0
LMBolA HAFoz A2  tunneling®] Ydojdt}d. 0.2V7HA
sweepe ¢ o]F o= thA] —0.4V7HA] A4S sweepshi=Hl ©]
W= positive voltage sweepe F o #We} RFE A=A MB+

29 A9 tunneling®] dojv}A =},
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Vacuum
Dpias = -04 V Vacuum @ =02V

I

- MB*

3 o
< [0)
— o MB+*
< —
@
Positive voltage
sweep (~0.2 V) G
LMB

(a) (b)

19 19. MB—peptide biosensor®] energy state. (a) —0.4 V&

5% &9t 27tst 3o Ae], (b) 0.2V7}A] positive voltage

otoll Al AWt voltage sweep?d EE AL HAF I1HZ=z
el 723 20 3 2 2719 —0.4VE 5x%QE 917beke]
AR eElE 25 LMBZ vkt F, 0.2V7hA] positive voltage
sweep= oAl H™ LMBAA HA=o=2 A} tunneling®] 4o
WA A77F AS SrtekAl gk shARE Al AxE o=

S 9lE LMBZ} 2% mzew 457t gl gk 0.2V
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sweep®| B4  Wwrl2 —0.4V7}A] negative voltage sweep=
A HH AT MB+E AA9 tunnelinge] dojuwA HF
7V S7betal vEHA R AAE we 4 Sl MB+7F AW

T

AR7L s 19 203 2 AR sho] YA Hrt

LMB -> Electrode
Electron tunneling

Depletion of
N/IB states

current {A)

-0.2 -0.1

-0.4V. 5 sec
MB* state - LMB state
Electrode - MB*
Electron tunneling

Depletion of
MB* states

-6.00E-09

voltage (V)

1% 20. Cyclic voltammetry =74 A], A sweepel] W& A5

=] =]
AR FA.

&)l
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o AolA Aast WRlel wEk A= biosensors ©] &3
MMP-9& AE3dhs A38S 18 alvh. PBS &8 Aeelx A
o FHa @]l dojuA e S gRlg ¥ MMP-9& g
wy AP EE AFE SAEY (" 2D, a"AA B o5 9l
o] MMP-95 "ojme|w Azt whet d77F fAxbd oz A
Al "t} o]= kA =k A MMP-9¢ 93 MB-peptide
7} Z2HyY7A HHA AAS] tunneling site 89S 3= MB7}
peptide®} 7 Holx Yrp7] wjiol] dojv= dAdolnt

MMP-9& "ojzdl thg 107 FHE 6027k4 107 &9

= A%E 248 ¥ 89 o] EAet @2t MB-peptide

a8 218 1nMe MMP-9 £HS "ojrmd] I A|7lef wpE

AR WM3E =43 292 oltl 60% E<F WFS A]7]1 wash

7HA] 218 st PBS £ AF ti¥] 22.12%° AF7F FAE
g g & 5 At
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—PBS MMP9_10min —— 20min 30min
—40min 50min 60min wash
4.0x10°
02.12%
2.0x10° X
<
€
g 0.0 e ne
=0
[&]
-2.0x10°
-4.0x10"
-04 0.3 -0.2 -0.1 0.0 0.1 0.2
voltage (V)
1% 21, InM MMP-9 €95 "ojred]l 5 743k A 7to] w&

A5 1P

. s g



3.4 MMP-9 %o w& A7 H3 SF

PBS &9 tiv] targets Hojfrtg]il 60% ¥ washing ¥4 7HA
A

MMP—-9< 0.1pM ¥ 10nM7HA] 108] @92 F 6719 &
L5 A1, BSAE InMYE 100nM7FA] 374A19] T 5
Abgate] AYs st (27 23). I"HAA & 5 Q%o
IpMFH InM7HA = %o mE Aol FHsA ety =
AE B 5 ok AT 0.1pM A= 1pMy} Bl ske] #

F oWgle] zbol7t AL fle AL Fel selth. 3 10nMeA &=

InM div] ¥ 2 AF FAa7F dojuA @yl "Eel MB-
5

QAL B AR, 1pMe] 9

]_
= ¢k 5-6pM A7t HiE A &l 2 5 SISk
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A4 A2 oz AT A

2 AT E e HEH dole F8st J¥E ok
MMP—-9< #HZ=3= #7]4 tunneling biosensorE 7H3}$th
Enclosing electrode® ™ Z o] island electrode? ™A X}
10008 ©]%} &, concentric electroded T%% 5A& F3l

7% AZo] glo] F HAZ ws ALElo] biosensors U

peptide® & Ao AP, F712Ho®E MCH 11439}

tween 20 wash® 3] FgA HAd A7 1d2ZE IS -

Atk oA AP wHiol| A= HEITAZE ok 5~6pM

PJEE MMP-9= #5 & F 3d3la, & 248 Ux Lo=%
%)

g W el mE

ATE £33 MB—peptide®} concentric electrode 7%=
o] &t Hiole AlNE Fsl peptidest 5ol WbeS s =X
A= F ess Qs or, sk olyst MM EAS

olgstol MMP-9 W ohje uvkd BAS PESE

11 =



e

213l A

o

AT HAQ Al oF XIg A7) wpol e AA e §E
H Jost AT S Adstd oy Eoh

serum A3 wgozF st AA A sampleoA <
"ol ewiA H=

theFst nonspecific targets ©]83F AlA 2] selectivity

=
A%

CMOS #e o8 cells &&sto] thekst Hpo]ewpA ¢

L
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Abstract

Electrical Tunneling Biosensor for Detecting
MMP-9 Using Concentric Electrode Device

JaeWoong Lee
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

An electrical biosensor based on the measurement of the
electrical tunneling current modulation due to the cleavage
action between the peptide and the MMP—9, the biomarker for
a cancer, has been proposed and experimentally realized.

The Matrix metalloproteinase 9 (MMP-9) is a core
protease and material of cancer invasion and metastasis. In
this work we use the specific peptide as the probe molecule
for the MMP—=9. The peptide substrate for MMP—-9 labeled
with Methylene blue (MB) immobilized on Au electrodes using
thiol chemistry. MB is used as a redox reporter which enables
the tunneling of electrons from Au electrode. After MMP—9
cleaved the MB labeled peptide fragment causing decrease in
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the current caused by electron tunneling.

We wused the cyclic voltammetry measurement and
concentric electrode device. The concentric electrode which
area of enclosing electrode much larger than island electrode.
Therefore the self-gating effect of the biosensor with
concentric electrode is able to provide a reliable electrical
measurement without the reference electrode.

Our result shows that the limit of detection of this
electrical tunneling sensor was about 5pM for the combination
of MMP—-9 and the specific peptide sequence of Gly—Pro—
Leu—Gly—Met—Trp—Ser—Arg—Cys. The platform may be
extended to a general personal cancer diagnostic chip platform
if a proper biomarker (other than MMP-9) with proper

peptide sequence combination is given.

Keywords : MMP—9, methylene blue, peptide, concentric electrode,

tunneling current
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