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Abstract

Over the past decade, silicon nanowire field-effect transistors (SINW-FETs) with
their tunable conductivity and biocompatibility have become significant biosensors.
Moreover, the thin silicon oxide sheathes on SINW-FETs are easily functionalized
with selected receptors prior to bio-detections, providing strong and specific binding
affinity for biomolecules. Because of strong interaction between the receptors and
biomolecules, modified SINW-FETs have been employed for the detections of protein,
DNA, cancer markers, viruses, and other biochemical species.

The first part of this thesis focuses on the detection of dopamine (DA) released
from living PC12 cells under hypoxic stimulation using an ultrasensitive SINW-FET
biosensor. DA is an important neurotransmitter which plays crucial roles in neuronal
signal transduction and causes several critical illnesses. However, it is difficult to
detect the extremely low DA content in patients using existing electrochemical
biosensors with detection limits typically around nanomolar levels (~10~° M). This
thesis describes a DNA-aptamer modified multiple-parallel-connected (MPC)
SINW-FET (referred as MPC DA-specific aptamer/SINW-FET) device for
ultrasensitive and selective DA detection. The MPC DA-specific aptamer/SINW-FET

has been employed to improve the detection limit of DA to <10~ M and the

vi



specifically distinguishing ability from other chemical analogues, such as ascorbic
acid, catechol, phenethylamine, tyrosine, epinephrine, and norepinephrine. The MPC
DA-specific aptamer/SINW-FET was also employed to monitor DA release under
hypoxic stimulation from living PC12 cells in real time. The experimental results
revealed that the increase in intracellular Ca>" that is required to trigger DA secretion
is dominated by an extracellular Ca*" influx, rather than the release of intracellular
Ca”" stores.

The second project of the thesis focuses on the detection of neuropeptide Y
(NPY) using a DNA-aptamer modified SiNW-FET. NPY is an important
neurotransmitter and is related with several critical diseases. Two most common
detection and quantification techniques for NPY are enzyme-linked immunosorbent
assay (ELISA) and liquid chromatography—mass spectrometry (LC-MS/MS).
However, both techniques lack the real-time detection ability for NPY and are not
suitable for cellular investigation. Herein, we report a DNA-aptamer modified
SINW-FET (referred to as NPY-specific aptamer/SINW-FET) applicable for the
real-time and selective detection for NPY. The linear working range of the
NPY-specific aptamer/SiNW-FET for NPY detection spanned from 107 to 10° M and
the limit of NPY detection is 24 nM. The NPY-specific aptamer/SINW-FET has
shown a detection specificity that is able to distinguish NPY from other
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neurotransmitters, such as dopamine. Furthermore, this NPY-specific

aptamer/SINW-FET has been successfully applied for real-time monitoring DA

release from living PC12 cells under hypoxic stimulation.

Key words : SINW-FET; dopamine; neuropeptide Y; aptamer; biosensor
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1 CVD 2 &% 5 4R A ikypf-ik-% (vapor-liquid-solid » #§ £ VLS) 2
EWFHE? 2R FIFLIAEFZARDRICH S w3 AL
AP Bt £ R KRR A 0 [24] 0 A 2R 3 K AR P W~ ByHg & PH;
BSR4 A X A 5 - A (B 1-4 (D) LRI
/% (contact printing) & H & BiFRp 2 A RELFWF AR F=H (W14
(i) A& 0% g6k %45 2 (A 53 LOR3A 4= S1805) it &+ # & A
b B FRARL B RE ~pd RS I TR NR/AERI R
(W 1-4 (v) S Esgst £ BF5R/AE: 2il-H (B 1-4(v) LR
* 4 ke (remover PG) '}ﬁ“",% Ak o if =+ SINW-FET 2 ® % o
Ap#3T top-down” * jE > “bottom-up” * E R F ?i‘}#’ U AT
FEIRERAE - VEApIBRFREFTIAFEL L LF AR A
r1 7bottom-up” 2 ¥ WIENF & F e SINW-FET fXa > d 3t &% 5 sy d4
A2

=% 0 % SINW-FET eng & 7% » #0032 b g

4-'\1}%}% I mz;’k _}

ERF PRI 0



SiH, + Ar + B,H,/PH ,

(i)

/
@:é

SiINW Synthesis by
VLS

(ii) Deposition/Alignment
of SINWs on a
Substrate

(iii)
Photolithographic
Writing of Source and
Drain Electrodes

mSi
P
. 5
4
. B

(iv)

Thermal Evaporation
of Metal electrodes

ht

(v)
Photoresist Lift-off

® 1- 4 2 ”bottom-up” ;= % i¥ SINW-FET 2742 @][22] °



1.2 B #88p

121 17 L 5P 2 £ IR T HAWH R PCL2 smre @22 5

Z v

5 @ "= (Dopamine’ f§ /= DA)’ > % % 2-(3,4-dihydroxyphenyl)ethylamine &_
- 7}@ l—!—*ﬁ_?gﬁmﬁ Wivg 3 —}’\_%f "8 (monoamine) },w’?ﬁ‘\:‘ mﬂkﬁ»”«-éﬁ
(catecholamine) » # i* § 24 & - % (amine group) #f¢ A4ad T T E P

(catechol) 4 &+ + (@ 1-5) -

HO NH,

HO

W 1-5 5 %2 it Figd -

DA £ - f84 (5 @ iE4 (neurotransmitter) » Al 5~ b LR GBFR K SV
PFFIERDES A F I EER G I P R
1 glomus cell § 2% = 9% Jhd DA i @~ 40 G400 Hedk § oL KN RS
A b Pt g F R L R R EMEOET T UL REEF F[25]
ORI ARER DA X AF S ER DA R M B X G RIDE R
(basal ganglia) #¢ SfimPe A & &4 5 = i f 6 4 X Ppdpdlip chi@ B o i
A im0 T s R E T A Rt & & g (Parkinson’s
disease)[26] - @ Fap § T ek BT R § FR LK L g (Schizophrenia) > 2 A
BrhEEF eROXRMZREFFERRRT)  LTRR R 0 R RS
Fjite ® 1% T OMRER T LY ST 87 E 48 e %e B (pheochromocytomas) £ B4 5
4% (paragangliomas)  i&#f Rk & o R s fi ¥ G DA JRR VT A & B
A3 5 B[28, 29] ¢ FI o HN I T U2 A B R LT T 0 iR
op a2 HrE R DA EApy £ & AL

BP W ER DA h1 E¢ 0 N EG R ETJIEERHOT M F 22
10



A A DA thy Ve AW AR R E Y fRA g Y chE B S
g itfig £ g~ R+ bldoflfa fe (ascorbic acid » i #&
AAS LS A % C)o F - 3 6 0 FhAIak f L4 thims thin o S AR
e B B S E R R L R/ R RE Y ) DA JRA ¥ i 107 M[30] -
Ba o PR E S Feri e RET: 10°M(& 1) BT ES R
ORI Aot Men § T vk B A AR § FIEReh o b o AP E e SINW-FET &
A#H RPN -BEF BUPFAAf-ERED DA LPE -

SINW-FET @ &2 % o3 5 2 v 2 3 enifjp] 1+ ie 4 % fiesnif 48 00 4
FAERFDRY FCDNA T 43 A sFEFREDOTH > FF
# SINW-FET #7pI[31,32] - @ & 2 SINW-FET i | DA o454 35" ch
A G AR P RGFE BRSNS AT R
SINW/CNT-FET #7 ] » &4 = /F}Lé:ﬁﬁ“ﬁlﬁ (adenosine-5’-triphosphate)[33]£7 4 ¥
fe (glutamate)[34] = & A~ 3 ¢ > 5 7 B DA > A = 7 g %50
(multiple-parallel-connected) # % F 3> T H» W > § f = MPC SiINW-FET >
fo o ¥ - i iF 2. SINW-FET » MPC SiINW-FET £ § # 3 ch 5¢ & fofids drn
fet (signal-to-noise ratio) » § B4t W BlF T 470 ] A o

P~ JI?%" CPEDN - BV EREME DA BELZ I PIBERRKEN
(DNA-aptamer)[35, 36] » 2% 7 f§ fiL2. DA-specific aptamer (] 1- 6) o 4 & i 4%
# F 2 & MPC SINW-FET @ SiNW % & + (f 4 5 DA-specific
aptamer/SINW-FET) o DA-specific aptamer 5 ¥ % ¢ DNA - & 57 @2 pesr
225 B35 5-GTCTCTGTGTGCGCCAGAGAACACTGGGGCAGATATGGGC
CAGCACAGAATGAGGCCC-3” » ¢+ B |- B 4~ 5 Mannironi ¥ 4 §* SELEX
(Systematic evolution of ligands by exponential enrichment) H /&~ B ~ & ~ g%
B 7| RNA # 8 (10"~10") @ &E & 21[36] » {4 & Walsh ¥2 DeRosa #-

RNA aptamer ## 4= DNA )5 » & ,T!L:‘E'\J‘/‘ 33 ﬂrjlvfj}vi (Thymine, T) B~ it fi e

11



v (Uracil, U) > & ¥ Z P d 3 & 0 DNA aptamer 7 42 7 22 DA E#H P %
& ert i [35] o Ak &FiE 4k ch DNA aptamer § )= 4 E;méﬁ B3 BAMRE
4 (affinity) 22:iE# 4 (selectivity) > st 2 P A F+ 5 &2, 4F & (complex) °

Rt DA 2 FARenf®% 4 3 G adofpot ¥R % 175 S Mahidd [ (bl4e

B N %% ) > DNAaptamer & 7 3% 5 cnif 2k Gl4cd & F 4] > 4 DA 222 %
&P 7 137 SINW e 6 0 8 SINW B2 FlR T %> @ 44 ot i
MOEL T o %rt gt 2. ¢k > DNA aptamer & 7 #4Fehit F 2 fif v B > %1

(denaturation) 2. {$ » % 2R Jg B v & Lehlgdp » 1R4R Herp 403 28 iy

"fTT 7 Rl DA > i DA-specific aptamer/SiINW-FET Bl3# DA-specific

aptamer &2 H s & 3 eniE & i 4 o 73 aptamer #3Y DA auEH Ao o iE

I
>

FE 5 & DA Apinenit B R B S > ¢ 7 Fuka fi (ascorbic acid, AA)
Bt BRRT =S DA LV RT3 3 W B8 W R ? i & ahF s
WF = fs (catechol, CT) fr % ¢ "= (phenethylamine, PEA) *T#JZ’E’ DA #4p iz ;
it ¥ g (tyrosine, TR) % 2 # % & == DA % 53 (precursor) ; % _+ grjl',%
(epinephrine, EP) 1 % @ § ’“ﬁ'\% (norepinephrine, NE) ¥ DA [ 3t 52 & fin 9%
oA K EAMY LR PN EREASFoAPD IS - BEG B AREIR
frEE P da s "org P B Fig- H BT Lk DA 277 4 o
Shof B g hine 6 3 0 KA § A BL R ER > BB F § 3
EPFo w51 syl X4 F (hypoxia) shikBim A4 F o bl4od Siwre ¢
A GG ES FoPCI2 e R KRt A R gfjlfiﬁiﬁﬁfr (rat adrenal medulla) m‘f‘;,’
4% 'm7& B (pheochromocytoma) » H 2 & & & DA v NE > & - £ E 5 aaf| T
g¢f@ahiv e Heigd A g4 £ F]3 (nerve growth factor) # 4 i LA G
i o B SR G E AP M T ] 0 PCI2 Mwve fdk F T 0 6

d *e el (% (exocytosis) f2xd! DA AipiEAE® R D lme p4T4S kR 0

12
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A[37] KA > ik § Pl PCI2 me @ DA ofs$]¢ (F 1- 7) 0 v 7
AR R eh A g R Ad 2w b TS U~ e ph[38] 0 B ELRE S e
poFe Bl R korrid 2 [39] @R A A AR ELE AR e ] o
-4 % DA-specific aptamer/SINW-FET T B id R4k § {1 jcts 0 PC12 ‘m¥e

Bz DA TP RFLREme M TaF kR P2 D BT S

Material Surface Linear working Detection Ref.
modification range (M) limit (M)

Glassy carbon TNT 107 -107 107 [40]

PET Au nanowires 107 - 10" 10°® [41]

Carbon fiber Tyrosinase 10%-10"* 107 [42]

ITO CNT 10%-10° 10°® [43]

Graphene Porphyrin 10%-107 10 [44]

£ 1-1 V.7 g (V8 5 = gt PIE2 (P4 o TNT ! titanate nanotubes ;
PET : polyethylene terephthalate ; ITO : indium tin oxide ; CNT : carbon nanotube °

13



Domain A

W] 1- 6 DA-specific aptamer rﬂfﬂﬁfr % B ° DA-specific aptamer m%ﬁés" PG
i &  stem-loop domains (Domain A ¥ Domain B)» 7 5 B H &2 5 = ikly
Lenik > B¢ 2 B H AL & Domain A > 3 f & Domain B = & i loop ] 7 d& &
A G AT ES s

_______4-—""-:‘ [02] J’

& _ar
MG |

-
L e

- cd?*

-

B 1-7 e § Pl e o d 2 02 84057 LR iwre fon d T oanigl e o
fnte pATAES kR ent A eh R FlAkdedh 3 B e thATAES R 0 (P RE )
AE T E R BN Ut (R ARH ER) o MC: AR ER: OB o

14



|

122 §17 3453 § PBPBEENLI P 2 ¥ RI BT &0 R S
Y

A 5 PSY (neuropeptide Y > f#§ 2 NPY) # - fad 36 Brefipherie = gl i

3475 5 1982 & > Tatemoto v Mutt &7 e+ *ga gt NPY » & ¥ j2@ 2 R 7

(Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Ala-Pro-Ala-Glu-Asp-Leu-Ala-Arg
-Tyr-Tyr-Ser-Ala-Leu-Arg-His-Tyr-Ile-Asn-Leu-Ile-Thr-Arg-Gln-Arg-Tyr-NH,)[45,
46] - %= NPY enigie® (B 1- 8)° N #£75 polyproline helix » C 4% a-helix
polyproline helix ¢ 7 ¥ C % o-helix & - 27 = F &g > i@ 250 &2 w2
PR R XS E[47]

NPY A S 8id P A FFA SR ambd > ik 2 MEAY R %
HAG R > B FLANLEER > bl S P s 2 R 4 B pRs
(circadian rhythm) ~ & g &2 B 4 F & o “T 2% s NPY » £33% )ifria NN 10
blde A1 18R 4 1% ¥ (posttraumatic stress disorder ¢ ff - PTSD) » # & 45 4
EHBEALG G L EREAY RARARL PR TR B EpRLE
e FIMAC GNP REFLLG D (bl GFRE A % A
RE LR EFS PR PR )R IF ~ %Y D NPY ik
B M pF o X A (S en X P B A PTSD 9% s 1 € 3 4 [48] o TRk ¥ #75
& > NPY ¥ 1% 5 B4k & Jg % ¥ (chronic fatigue syndrome * 4 # CES) 4 F-
%32 (biomarker) » CFS m)]% Flgse o 2LH - F)|E Arilde > G X ML n é,-*z—’F’K 25
a lrﬁf&E CRAEANEEPLFFELACFEFH O LR EY (RF B
PrAb) RFIF PR s P w3 R RO BeR HER 0 DR R TR A
By PR 0 R F L e R o ApROT R A 0 CFS %Jﬁ 2gld
RY AF I A EFREBER T NPY[49] o FIt o a i BopE P B §
NPY » 304 (fimie chfl dfpm g M2 4 3 FE LA § £ & il -

pavdr ke ® NPY ehadr 25 4 % & L4 =2 (Enzyme-linked

15



immunosorbent assay > § iz ELISA) £2% 4p & 47 & 3# % (Liquid chromatography—
mass spectrometry > f§ fi- LC-MS/MS) - 82 78 ELISA & LC-MS/MS #*t NPY i
FREOTRGERA (2 1-2) &3 F 7 @2 ity R NPY » @ FH &4

@inse R g P b % FOUH) o P 0 AP a2 SINW-FET 5 Rt

T

- BEG B ERIFRAR CERMEET WEGR S NPY RBIE o TRH
W pE 1R dn v kA AL @R T ONPY o

&7 @ SINW-FET # rig 8 {23 i ip] NPY > 24 ji gk @ [50] > $44E ) -
¥ NPY 7 i % % &M {-+ 24 4 DNA-aptamer > 2 = NPY-specific
aptamer > # 3 H % DNA - d 80 B P HE*re+ . 575 5-
AGCAGCACAGAGGTCAGATGCAAACCACAGCCTGAGTGGTTAGCGTATGT
CATTTACGGACCTATGCGTGCTACCGTGAA -3’ » {f%‘d SELEX H a1 & i%
ko2 )*L » )¢ NPY-specific aptamer 22 NPY enfdg # 5 300 +200 nM-
AL & T 4 58 NPY-specific aptamer B % i SINW ehd 6 F > i3 45 18
7 SINW-FET > f§ 2 % NPY-specific aptamer/SiNW-FET -

2 i ¥ ¥ 4 NPY-specific aptamer/SINW-FET Ji * » T g 1 jp] o %2 8 %
NPY o s e * PCI2 fm%e phiv 347 5 nficd] - 2 kiRt 4 ST REEF (rat
adrenal medulla) mv%’f‘ 'm?s % (pheochromocytoma) > PC12 ‘m?z ¢ & & DA &
NPY %4 G@Ey » e TenfE™ > §5d ek (7% (exocytosis) 73z )4
@iy o A H-2 NPY-specific aptamer/SINW-FET £ 7] NPY 2 DA » B3
NPY-specific aptamer #+>% NPY &#uf & » & 7 - o Tk d |54k 3 ¢ kcen

PC12 'm% #+f %z NPY -

16



# Polyproline helix

W 1-8# iP5 Y 2 BH[51]

Method Linear working Detection limit Ref.
range
ELISA a1 -8 17 pM [52]
10 -10 M
LC-MS/MS N.A. <30 pM [53]

% 1-2 237 B A 453 02§08 NPY 2 1 p4&*

17



¥-F REHIZ
2.1 # % & \‘ ¥ 3 5k %ﬂiﬁ‘ﬁi}% BB 'Eﬂ Fﬁﬂ 3 (cowork with % £ i=
B gl mf o)

A4 % “bottom-up” AR FEITRRAF I ARBIRT HH
(multiple-parallel-connected silicon nanowire field-effect transistor, f§ f% MPC
SINW-FET) & % » @Witfe R & 7 £ 3 A FhE o s mgRr 32 £ Mg 2
2 fp R RAROEIT o NP RE g 2 e T VR I E F i b
= SINW > | #* L EMERFZ FME LSS BFEFHEr DS K
SINW #4532 ® stk Tieenf ¥+ > L Wit B 7 &2 EF#£:3 4 (thermal
anealing) AJZ > TR & & ¥ @l 17 s ¥ MPC SINW-FET ~ 2:2 7 3 (48]

BT PeiE ’?ﬁ'&*mnﬂ1‘g—f"zﬁ5§
211 £ 32k 3Fhé =

& % K3 (gold nanoparticles, AuNPs) #_& = SINW #7F erig it F|> H >
sl € B4R SINW B jo <o) 0 Fpt Ak ¥ &2 E /£ 20 nm < Au
NPs:» &£ 28 j&-]3 20nm 2 SiNWse g iviB k2 4+ AuNPs: H X B
EER LAY B 8 LIS FAl

HAuCly (ag) + Na3CsHs07 (ag) = Au NPs 5+ CO; (o) + HCOOH (o) + ...
#eow g & (HAuCl) £1F 5 £en®kih > & B4 NasCeHsO7) fF fis e
PR RAE LA DL o F R RFRIEe §F AR CH £43F) R
FAERIARI{BELREES AuNPs @ £ f TR PR FRP$ET (CHs0.)
g3t AUNPs e G » H4 G FIA 25 AT  &pIFEALE fAS
FIER 4 RHGARTNRRY o F B RIFRPER §BPLE A N Au
NPs #is <] > ¥ BIFFEPER B F > FIRFRITES g A+ T E =
dF o e FIP TR ATl o F 2 BRIFERPER MPF > T UG R

18



P R SRSk S o

3mM e F £ CFE051g v F £RBE S0mL 2 g+ ke o
38.8 mM 1§ ¥padhin iR 202 g R HEpesp s 23 20mL 3 B3 ke o
2.2 5mL 9 3mM » F £ 7% 10mL 2 3+ k43X 20mL & 557 >

T BRSO B BE L o - - DA

3. R 4o 075 mL R IFEA SR F BFRF S 10mine ¥ RET]

N

IS EREVEER T TS SIS N T TN

4, FB LS 224 Crk4a s o

19



212 mip 3 s

A v B F 4pit i (chemical vapor deposition, CVD) 37 3% > ¥ 02 £ 2

A

Fok 1T E R A 5 d F Ap-R4p-F4p (vapor-liquid-solid, VLS) 2 £ #41] &
T A LA VLS 4 E 48458 & 1964 #d Wagner #74% 11[54] -

VLS 2 & #4145 2 Z BHE (M2-1) 5t »REz2 4T eRT 28

EUBER (363 CC) M1t i~ F f 48 SiHy 10 SiHy §RtE| & koG o
FEXP LRI LRI RIEFOLFEFRIZ > EFAREF AR
£ & (liquidalloy) s &% - FFE Y » HHE ~ F i M & R85 » 285
¥ o g i 3|4 o (supersaturation) ;B 0 {3 R F B Asdr Ao g 5 S
(nucleation) i A% - = 4% 18 - $F @ ~ SiHyo gEr R+ wWEAN AR I
BFLIPOR A QEHFFALLDERP 2R & CVD-VLS 2 £ 4
PR A RN S £ 2 RS hE S ] o

& p s kAP, A ¢ R~ diboran (BoHe) # %8 0 12 (8 B3R e chp
AR T2 Fd R~ BoHe ein B se BRI A R R A ST

ER i oo

(a) Si
Y y »
Si
Au \ v ¥
O —_— Q —_—
cluster nucleation
formation and growth nanowire
(b) 1414
//

y

s

P

Temperature (°C)
=
[+2]
F=Y
/

N
\ AuSi () + Si (s)
) 363
Au (s) + Si (s) .
Au Atomic Percentage Si

W 2-1(A) ™ VLS 416 2# 2 &7 LK - (B) # & &= ~4pRI[55]

20



RiRP AR EXHE (F2-2):

1.

hed

#ew et B B F7 B S <0l (R ¥ 3emx L5cm) wl P o & B LA fR-B
(-2 3 kR R o g F oRbE e

FI* 5 5 ﬁﬁf\f (100 W, 200 s) iﬁi",‘fﬂ;‘#%«\i iy R o

. MR g B 0.1% poly-L-lysine (w/v, Sigma) JF teak B+ 0 R R
BELG > #FE 2min> M3 3FRFHRATE 0 F FRITEA R o SRS

v

# w %] poly-L-lysine @ 5 & 7 % °
R E I AR A A RS kR MAFL BT 2 2 RENA

BAG o3 108 150 A BT R R Y L UE F Rt A G o g

i G R (IOOW 5min) FF B4 £ 2 K Y LG
%%i%‘iif%%&ﬁ’%‘ VA E B R o o
B e drypump 35 % 0 R R F WA FRS ET 3] 0,02 torr

g > *r 3 diffusion pump # Z % 1 hre

con~ 20scem AR B AR Ar 4 0 K % 15min 2E 3 460 C o

TR REDE T 460 C PF o i~ SiHg (6 scem) fv BoHg (12 scem) @ T 23

BEIHRP X TRBL 25t0rr -

10 977 fMER FEF P RS ERLL > Bo M £2FF Y 15min-

11.

12.

13.

EapR 2 P SiHs fo BoHe s > 3558 » Ar 7 #8> #2

pump 3 F PR HF i MP R

_»——,‘F K{E‘uﬁ;— °

b

H3

£ i
FERTH T0C T Ar FAELE S B o

Mk RMBR AP 2 A R KRk
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MFC

Ar

MFC
MFC

SiH,

B,H,

| Quarztube g |

W2-2CVD £ ksm LW - @ * Ar~SiHy fr BoHe #2645 4 - £

£ ¥4 % (mass flow controller, MFC) #:4! # 1

o4& E

e 7

R e F R BRI

(furnace) ¥ ¢ % & ¢ (quarztube) {7 F & » pump 4 ‘,% BN R

22



213 & % @4

fo PR RAET AR TR AR P R TR £T

Lo Lo A Sk B $#E (photolithography) % & 5 ¢ B (54 b T 4B

BFNBAE AR 3 A RES I ER R T B IS

RS REY 21l QkE Jd- LRI {7 AP ERROETe B £

FRiFZIpETHR 2T ETREF ZEREFOLF g1 E iﬁf@i“f—i

FAMEAG NI F PO LB TR -BEERTEFRI VY B R RE S

FamAa &P o A E P E¥ Ef (Ohmic contact) °

R TP TR

Lo F 2k (100W,2005) e a4 5 o 4% %5 5f 5 o

2. NU%EHEE G4 LORSB kI Gt B M4 & o 00 4cffr 185 C S
min > &4 Arts 0 Rk SISI3 ke £ 04 115 C % 1.5min o A % &
{$ > % LORSB 4= SI1813 (7& & & % % 300nm f= 500 nm o

3. k¥ RS (mask aligner) B0tk T AR E (B 2-3) HETHFL S
ok £ %%} 350 ~430 nm ik gk 8550

4. 48 Wiz¢ P (MF-319, Shipley) # » #% Imin # > BZ AR 112
B okt §FF Rdg e

5. 015 F T GOW, 1 min) 3% & fl & 5 & F ke

6. #-f 1% » #4514 (evaporator) ERE Y - # E 2 3 107 torr 2T {5 0 B4
EHEERRUE - K AEEH (FFY Som)0 - K £ H (FER Y

60 nm) °

Hl{\

7. HgEt &g flizie $] PG remover ¢ AR ARG F R R 5T
B e BI] 60 C oo B tE U R re MRS 50§ F kit o
8. ﬁf»lbﬁz"aﬂaﬂi'ﬁ" /%] S1805 ’I'-"PE 'Frvr ' FE/%] ’ l i 5B ,?"‘117%'1% ’ %‘BBBJE].}

TR A [4mmx 14mm P o T bR iR iF o
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5 [ I | [ 0 [y e 1.5mmx 1.3 mm

= o
+ + 300 pm x 240 um
o= 1-mm-thick line
. v

+ + 1.5-mm-thick line

o] o) o ] e ] e [ e ]

”—‘ Fq 1.5mmx 1.5 mm

B 2-3MPC SINW-FET 2 * g £ &L ¥ %X @B - H 2~ 5 4mmx14mm> ?
B ehs & > A5 (300 um x 240 um) % liquid gate > #t3Reh 12 B £ = A5 (1.5
mmx 1.3 mm) 5= 2Rh-AET O INT IR A BLE A (1.5 mm x 1.5 mm)
= liquid gate ?hIRT AR > - F AR R F kg (TR K iR

P4 A meRimge (F2-4)
ST TR E R R S U S R
45 A A o

2. BALPRRRE IR > R F 2 ARGV e Wik TROL P&

X EAERELIE  RP AN REUErD &Y LG TN kT
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donor substrate

weight

Contact Printing

Removal of
the donor substrate

€

W 2-4 B Ere 2 L M2 AR R o

rA TR T

L 1% gk % 4554 LORSB L% G & 5+ > 12 185 C %% Smin- 4
¥ SI1813 ke > ¥ 115 °C %% 1.5 min -

2. k¥ 4 (mask aligner) #-p & 7 iRk Y (] 2-5) HEIH 1S
2k £ e 350 ~430 nm sk Rk 85

3. -8 ¢ 2 IEERR (MF-319, Shipley) ¢ » 4% 1min 5 » Bl &m» 12

ok s § i
4. 113 F TH GOW, Imin) G %5 * &6 AT L -

5. #-§ #xe>a & pe (buffer of oxide etching, BOE) % 5s % 2 &3 -k

— s

N REEREE T RN

a
B

W g P FAREMY BT D 107 torr T B AL
TS - K iMERE (EEHT0nm) %= kgL 4FEE (CE X 100 nm) e
7. #4E b £ FEe ) PG remover ﬂ&—%ry_}ﬁ;&;ﬁ-% ,fg-;%-x,%n EEE
Hp e AT 60 Codfd MpMfre Brifed o &% § f o Ric> TR AP A

T fmendl i -
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O U o o o O
W 2- 5 MPC SINW-FET 2 A & T #z £ E K7 Bl o P K THRXFBY » =
B-AETiE B L33 2l - RAEHRE- AR R P Fa e
SRR N BRI AR G (25 um) (Féfe) 2¥S eir hiegr
AT AR B (B 45 um) (%4 2) o

FTR ‘,ﬁ”

#39°t (thermal annealing)
AN TAEE 0 % P BT VY (ULVAC-RIKO MILA-3000) » 4 2 %
3 100 torr 12 5 5 i@ » forming gas (10% H2/90% Ny)» 238 & 360 C - 454 2

min > TR AFIIV o LB IEL T REEBTEEF 5 A R A T AT
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214 Rz g &R

%% MPC SiNW-FET el (715 » i g £ 5 § T BBl & B & 2 chf e
2 R-mtm T o R (la-Vea) 09 SORRERTRER 2 K RE B EFE
& 0.1x PBS 3% ¥ > ER A2 iR-A1ET I AT R (V) ¥ 3R F N

¥5 % (Transconductance) 500 nS 14} e i Kig {79 5% o

lsa-Vsa &R % 3L (B 2-6) ¢

la-Via BBk 508 3474 5 (probe station) # i3] § 5 i = * § % (digital
multimeter, Keithley 6487) > B 2-7 5 £ B % %ir L, B> 2 ¢ Keithley 6487 1% ;
TRRE T E EPRIT o Labview A28 342 0R] 8 3000 2 L& EL o £ ORI BHR

Vi 45 #F 5 200mV 5 -200mV -

B 2-6(A) La-Vaa BRI 55 (B) & P 2L S -

Keithley 6487

T

SiINW-FET

m 2-7 Isd‘\/sd :!é_ /?'J /:% BT T‘E: ]?] °
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Isd'Vg :E._ iE'I ,:“\ ,3"‘& :
2R Lg-Vg o Rz m > FEZRPIAREFTHREE WBELR LR 7

Lo IS BARF L 3 AR T EAE o 17 4 (wire binder) (M

2

‘F}-

2-8(A))#rE A2t THRETERF F O Rl BFE- BB RN E
fof P EBTEAFL EG BT RL B TR ARRIB RN %

ZE (W 2-8(B) - Ziplpr > T A KB TR R S

W 2-8(A) #4514 B) Rl AEIBES -

La-Ve BB 55T & Bl4c® 2- 9 #7157 » f1* 4i4p2x+ B (Lock-in amplifier,
Stanford Research SR830) #P~3t 5L > H it 4 T % B P L efp @ 4E 5 > iR
Rbajea ¥ 2 @rtfgaas o £RRIELMERREIREZRY > Y
Labview #23% f #3541 F A #P~+ (DAQcard) *54c fi1RT BT ¥ o4l £
BIPE g AR & Bend ik T V= 10 mV ~modulation frequency = 79 Hz ~ time

constant =100 ms » R t&% B V, 4 F = 200mV ] -200 mV -
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NI DAQ card

|||—|

|||—|

| SINW-FET

Bl 2-91-V, iRl 457 LW -
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215 RRLR R eOEE

dNEFAFRPIFTHRFLARIREEY > 5T FLRSAREAIIALS
SR RESE TRV AP AL P R BRI R RIRA . RRIB R

# h @ ¥ E_H# polydimethylsiloxane (PDMS, & A% ¥ 3 "L 2) 2 A #
(Sylgard-184 silicone elastomer) f- B 7| (Sylgard-184 silicone elastomer curing
agent) M EEFF Y 10:1 gt GIRArIEZ 1 G B A FE2 A HP L fr E
ERTRELE BRIt Eotiy: T LR LF NN R R S i
o 80 C MY 15 min (BEPRFR A A+ PDMS =il & § %) #Fi44ris o

SRR A TR AR R i

BORlA A BBl (T 200 pl otip B AR A P A s tip A

|:

Wb jr 5 Tmme Wik S eng PUARNE > HANRLEESE T3 295

7mm ~ 11 mm ~ 9 mm ~ 2.5 mm (5] 2- 10 (b)) °

¥ 2- 10 (A) PDMS i+ 5 & ’}#3\‘ (B) R BliA R ﬂ;
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22 |* REFTHF 2 A RIBT LW A REF (T A
PC12 w32 % ¥ "2 (coworkwith %1% = # 1 fcl 3L F 7 o
Z)

221 P AR XA w B4R

AAp s fa it et A F % DA-specific aptamer 17 & i 42 F] T A SiINW
hdg o BAEERELG ZBHBR - F-HLEF I A LI B
3-aminopropyl  trimethoxysilane = (APTMS, Sigma-Aldrich) £ propyl
trimethoxysilane (PTMS, Sigma-Aldrich) & &1 4% 4 + » APTMS b 3 &
FARPE A -5 5 A ((OCHs)» ¥ - 555 - 5=l (-NHy)> m PTMS
i R A B 5 P § A e 2 (CH;) » APTMS 4o PTMS 77 § A g &5 2
R d e ek (Si-OH) £ R A& 2 42% » 252 p 2% H & 3 % (self-assembled
monolayers, SAMs)» ' FFR 2 A R &G F - BIRA -V IFL X MEP 3 A RE G
guf o de 2 PTMS ehp enf 5 7 AR 2 X 84 o e APTMS B A » &
SFRADF 2 KR X HE X 2 B §12 58 (steric hindrance) » # pt 7
B Fla Qb - A BT ¥k B REURIRRAE V-
% PTMS EH ZH FHEHAILF ZARNL0 B FRSFE TS 2ER P DT
iT* (non-specific interaction) - % = # #_i} 4% 3 maleimidobenzoic acid N-hydroxy
succinimide ester (MBS, Sigma-Aldrich) ** ATPMS } MBS £ APTMS - %
el B ORGSR = fptaht o Bfs - ) £13 &F DA-specific aptamer > 2\ i SRR e E
5 =l e dx o DNA - B 88 (disulfide DNA-dimer, 2 1 5 22 &) > 5]
pt L2 dithiothreitol (DTT, J. T. Baker) *» 7 #n4t » & DNA-aptamer fnf% #k
¥ ¥ MBS ¢ maleimide group * &2 =4tk - %’ﬁf 4 #- DA-specific aptamer ¥

e il REe (F2-11) -
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DA Aptamer

b s
MBS 0 0
P HyC % g N
i/

0]
Si(OCH3)4 Si(OCH3)s o &
APTMS PTMS NH; NH NH
che é HB? Hscg H3C€ é Hae ch y é Hace Hsce
Sic _Si ) ) 5 A ' : ; ; ; :
e o~ II\O’SII\O’SII\ P ‘I\Ofsél\O/S;l\O/SlI\ /SI'\O/E:" \Ofsll‘\o/sll\
| i

OHOHOHOH OHOH 9 0 0 o Q

N o i .
| SINW.

B 2- 11 DA-specific aptamer %] Z_it 2_ /i 42 ] °

1.2 4 APTMS & PTMS

#-% (743 ¢0 bare SINW-FET & 5 & B (3 k-3 73 f5-2 35 kb i 0 §
F Rz #-d P iREZT G 02vol % APTMS £ 0.8 vol % PTMS 2 99.5% ¢
feam® > F R 15 min {8 > 4cgde 110 °C %% 10 min e 4c £ 8§ 5 7 i@
APTMS v PTMS )= 2d4Fehp X HE & F 5
2. i3 4% MBS

#-¢ iz &/ APTMS ¥ PTMS 2. SiNW-FET & % %723 1 mM MBS 3 %
(3> 1.9 (v/v) caDMSO 4= 1xPBS)® 30min > i &F % =15 » 3 B3 ki ik
O S R I N T
3. 4 DA-specific aptamer

fe®l 7 3 1 pM DA-specific aptamer £2 16.7 mM DTT 2. 1xPBS 3% > #-
¢ g4 MBS 2 s Fimie >yt Y 1 hro Ba&F {8 > g ok h R
oo EFREC e

Aje gy bR 3 8 4 3 Fluorescein isothiocyanate (FITC)
DA-specific aptamer » f§ - = FITC-aptamer » § % & £ @ kgm0 2t 3 45 5 2 &
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T i = ¥ #- DA-specific aptamer F] Z_i SiO,/Si 74 F o FITC & - f& & kA M >

HE A3 gk £ 5 495nm > B+ 2k £ 5 520 nm -
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222 %=t b3 2 1R

RS S B % - BN E 01345 DA-specific aptamer 22 MPC
SINW-FET 8] % © % (DA)~#ilfi s f2 (AA)~ ¥ - 5 (CT)~ ¥ & %= (PEA) -~
eiep (TR)~ 1k (BP) m2 1 ¥k (NE) > HFideL s+ 2
DA-specific aptamer 2. & 1% & #fc+ (binding affinity) - % = B84 f00 &3
& PTMS 2z MPC SiNW-FET W p| it = faA + » bl 324l e f 5% o

FoEkPE o AP R R hA 3 0 0.1 B EARHE S #3% (0.1x phosphate
buffer saline, 0.1x PBS, 7z 7 13.7mM NaCl ~ 270 uM KCI ~ 1 mM Na,HPO, ¥

200 uM KH,PO, > pH 7.2) fie Bl & #7 & ek B o e Be 928 fie 2 8 503 5% 100 pl G

o

Yo 1t 204 AT HRRIE L [V, BRREE BRI F

2

!
T

$o T sk Lg-Ve & 8 o gi4p2cx B gk 5 Ve = 10 mV ~ modulation
frequency = 79 Hz ~ time constant =100 ms * W& T /& V, F# #F 7 200 mV 3|
200 mV o F %% = (8 0 ed@ ey I 1% Langmuir adsorption isotherm model $

23 ¥ #ic (dissociation constant, Kg) °

£ 3% ik E B

SINW-FET hid p| R § A5 p 4 F XML LE p AT DT e

B oA F ML G T A CRE B AR R R R 0 R RNT AR
- ARG A REER R R A F AR 1 ARR R

'S

ST X

i
ki

Vi € AR RN P AT R SR EA  (electrical
double layer) > i i P #&4 + #7 & 2 chE Ho J IR % T 5 #13) ¢ Debye screening
PAEAF T V() §EFIEHRIHE X TE T AT L Ve Mo
PAAsF X2 2L+ (bindingsite) |# 2 kK 3 4 o hiE# Ay 5 Debye

length » B # &40 5] 2 3¢ ¢
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BNy hdseBise AAAXTH (1L6x10°C) 51 23R REFSdt

F R o HFg 4o 5N

G RAET P BRR vz ST i T R A T LB E D 5T A

Ap = |——
b 8ilzN ]

H¢ lp % Bjerrum length (0.7 nm) °
d PNV FRROEIHRALF o Ap § 4B @ SRk

g LA » BRATHPID T MBI F) 0 " MP 2 X RITR T SR

BIFARFI AP EIGRP A F XM B L8 PP 2N RA G R
EHEF A g R TF % d 3% DA-specific aptamer ¥ DA 2. % & i

BEFF AN RA G PR S 3nm o A PEEHE A 0.1xPBS 3k (Ap =2.41nm)

BT ? s
PBS (pH 7.2) Ap (M) B3R (MM)
x1 0.7 150
x0.1 24 15
x0.01 7.4 1.5

% 2-17 kR BHFE B & ®3 7% 0 Debye length fodg+ % & o
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REBRER

Mg R A F B fR3Y 0.1x PBS (pH 7.2)» & 4R 0> SR 2 Rk R 0
BdRe i@t s kR 5 0.1 pM~0.3pM-~1pM~3 pM~10 pM+30 pM >
100pM ~300pM~1nM~3nM~10nM ~30n 2% 100nM ; F3fw kR 5 1
UM s B8 F kR 5 1 uM; Fe kR 5 1 pM s Beoepek 2 5 1 uM 5 &
+oE kAR S 1pM~3pM -~ 10pM ~ 30 pM ~ 100 pM ~ 300 pM ~ 1 nM ~ 3 nM
10nM~30n %2 100nM; & ¥+ ”fjl',% ER S 0.65pM~2pM~6.5pM~20 pM -

65pM ~200pM ~ 650 pM ~2nM ~ 6.5nM 11 % 20nM -
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223 Wipl4§ g™ h PCL2 Mwmie B2 § % ik

A PCI2 w2 #2 % & DA-specific aptamer/SINW-FET & 5 +F » @& % -t
iRl 5 AR R PCI2 ‘v fdk § BB T o % DA #hid 2 ehf g
B o L FEREL LA BING B BIARFEP DA-specific aptamer /SINW-FET
o R PCI2 wre hdr i g™ 1 cdien DA> M3 kR iék %
$ 3k (Co, reduced buffer) 1l PC12 Mm% » £/ H i DA« %=
e A EIFF AT T PCL2 wizf#cd) DA a8 4]7 - iz p 43S k
RBoehd 2 B mve AT T R r dnte poorid A A B Ry fdne p o B o
At > ER e NATHER LA o F R pE > 4o 0 CdF 33 (1 mM Cdh)#

ST FrE G RATHF &2 5d WA 3 sg flmre R Flimie p

B sk g s Pl PCI2 wre » §p|2 2.2 % DA-

PC12 im®e k32 % :

PC12 fm¥e gh R e« BT UL (rat adrenal medulla) &07F £ w e
(pheochromocytoma) » 3% % % Dulbecco’s modified Eagle’s medium (7 7 10% 3
w8 5% Ped ) 37C 0 7 F 10% COp 2% ¢ » &3 2 { 3#- 28B4
e BRFMERKRNE X b r A FATART AT 4 B BEAR 1 me R
ARARY B R e o BN R e R AR BEG
B B R K75 PCI2 wfe &% 4 2 DA-specific aptamer/SINW-FET
fe P PR BIARNT  237C T EE 2 P Rt ah Y o &
FRELERITHKT > 0 IXPBS FiRdmii BB BRSO F mie i gy

P oo

HEEERRER
I SILE E 15 ml 0.1x PBS 3R 0 K § § F A0k 4
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0.IxPBS i3 » i » § § (S &:5N) 15min> jnig Fqodl &’ ) b &) 3~5 % 4
e TER 2R F F 5 0.1xPBS Bk o dfd A7 B AAE S § 0.1x PBS
Bake 3§ 01x PBS Bk o WHE 4 35% Cp, reduced buffer &2 70% Co,

reduced buffer -
2.2.4 W IFR s fg 50

PR o2 4238 (Langmuir Adsorption Equation) &4 it @08 T A F & F
#0245 it 5 (chemical Absorption) 1wk & b o iv F i £ 4 -

IR EFERE GL R R PR R LA AL R e P E R T

.

BRI - AR R HTELTFREEIRSFEE P ELREH &
PP EBEM - PR LEAH N ¢ HE (monolayer) st o DA 2 i 4F b p
% & 4 & &1 DA-specific aptamer eni & @ & i Ewsgenif it > L 7§40 DA
22 DA-specific aptamer 1f# 3t ¥ #c (dissociation constant, Kg) > #% 4| * 3 7R
Bkt 4758 KRR DA 22 DNA aptamer 13 & iR o

SRR A B AR 2 L R4 G o DA-specific aptamer (S*) € & DA
2 4&35% S-DA 4 &£+ (S-DA complex) :

S*+ DA< S—DA

Btk RE N T HEEE > T O T ARl
[S — DA] 1
[S*][DA] Kq

K, 5 S* &8 DA eh' & ¥ #c (association constant) = @ [S-DA] £ 0 & (7 &
DA % & ¢ DA-specific aptamer # & ¢ > 3% DA-specific aptamer #Hc& b &
= b 5 [S*] Pl 1-0 B (X¥ DA % & ¢ DA-specific aptamer #Hc® ¢ %

DA-specific aptamer ## vt E) = T o 2 bR B RR-T §ES fe e g A

0 1

be—
(1-0)Cpha Ky

b A5 ¥ PFR e ¥ #ic (Langmuir adsorption constant) > Cpy 5 % = "=k A -
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BEFR-S BNASIEEEE > B9 PE S RN 4o AT
=

bCpa Avgal

6 = =
1+ bCDA Avgcal,max

0 573 & DA % & DA-specific aptamer # & ¢ 3% DA-specific aptamer
BB ot 0 L ERCE T DA KR S TR SDA KR LBt ¥
DA ER“rg ¥ enT AR £ 5 AVE s & &5 DAERPF > #1ig & e fof
AR R LAV 0w % AVERYAVET o i s b=1/Ky M

TR 2 At FREH W IR S g N 4o T Apon

Coa__ Cpp + ————K
cal — calmax —DA calmax
AVg AVg AVg
B ey P50 0 DA kR (Cpa) » X #ho DA kARG M TR E

(Cpa/AVE) 5 Y $hiell > §1% & T = 2 (least-squares) £ & 41— (FAL 2 o

/7

2=

=

B0 PR L JAVETT S BgE S KAV s BES 1A T 08

DA-specific aptamer ¥ DA g% #ic Ky 2 fdci B & v & K, -

35T P
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23 f17 B4 § POEPERE ML o SRR S
B FPRY (cowork with 24 1= #£1 ~ F 2 % k)

231 P2 kMt e 24

P2 [,?’c PPeE S - BEEHEBEE NPY 4% £ o NPY-specific aptamer
5% £ 4> 5 7 % NPY-specific aptamer B 2% 3 X 8 & 6 > A € & bare
SINW-FET & 7 Fi&{7= B3 &3 o 4ol 2-12 #7771 > - H AL ap 2K 4 o
+ i3 & 3-mercaptopropyl trimethoxysilane (MPTMS, Sigma-Aldrich) £ propyl
trimethoxysilane (PTMS, Sigma-Aldrich) &= f&it 4% 4 + » MPTMS s &3
EFARDT A - %5735 A ((OCH3) > ¥ - =2 /it A& (-SH)>» @ PTMS
i R A 57§ A ® A (-CHz) MPTMS e PTMS 7 § AL ¢ 227 2 3
A m @ A (Si-OH) F A2 4% > )+ p wXH 230 HEp 2 L&
0 ZFOAERA VT FLRLMEN Z A RL G i o e r PTMS 0P 08 3
THER ZAREG S MPTMS R A NEALLEBEI P 2R SR HME
£ 482 B ez MR aR (steric hindrance) » B ¥ ¥ i § F1 5 LA - A2 0 @ @R 4T
ey Ak EA BEERIERAR o ¥ 2 A B4 3-maleimidobenzoic acid
N-hydroxy succinimide ester (MBS, Sigma-Aldrich) - MBS ¢~ maleimide group ¢
2 MPTMS Fifig 28 F E2) % £ 4t o & {5 — ¥ £ % NPY-specific aptamer 2
AR 3K R A G o ATRER anEl 5sB i3 4R 5 - ok e NPY-specific aptamer
(NHz-aptamer, # 1 3 *22> #)>NPY-specific aptamer - %= & MBS &~ &

) & fphegt o F5 ¢ @ NPY-specific aptamer %30 # 2 f M & o
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o o) g
) o
2 { v~
N0 N__.0
‘ o 0
SIOCHs);  SI(OCHg)s of‘j X,r
MPTMS ~ PTMS SH S s
Ha? ;Ha? H3c:8 ce é HaC ch8 Hsc8 HsC H:,c8
Si,__Si._ SIS Sl LBl o Si,_Si Si, __Si_ Si_ _Si
OHOHOHOH OHOH ~ o707 or > /loclJ o> L s
| | | |

ﬁm_

B 2- 12 NPY-specific aptamer #] Z_i* 2_ /i #2.58] °
1. 34 MPTMS & PTMS

#-% i74% ¢ bare SINW-FET & % & A M-85 ps-3 dp3 kb s g
FPREC o B FEE 23 0.2vol % MPTMS £ 0.8 vol % PTMS 2. 99.5% ¢
fRai%® > F & 15 min {6 > MAcgdE 110 C %% 10 mino 48 5 7 #
MPTMS v PTMS )= 24Fchp 2K H o 3 95
2. i3 & MBS

#-e iz &F MPTMS £ PTMS z. SINW-FET & 5 /&7@* 1 mM MBS /3 %
(3> 1:9 (v/v)sh DMSO = 1x PBS) # > 30min {& > 3 g3 ke P & a o
O F i
3. 3 & NPY-specific aptamer

fe®l 7 3 1 pM NPY-specific aptamer 2. 1x PBS 3% » #-2 i & MBS 2
B FUREITIBRRY R 2hr (oM I RPRE T G oL U F F REC e

Ay chpb R 3°xh 345 fluorescein isothiocyanate (FITC) 7 aptamer >
#- % FITC-aptamer- ] #* ¥ & 2 ij k@ P o 13 & > 2 27 v = # % NPY-specific
aptamer ¥ Z_ SiOy/Si A} oFITC A - fa¥ £ A B> HE ~ sz £ 5 495

nm’ x3xkEE L 520nm °



232 A EARY BH o3 2 R

PR G BIE s F - BEL F 0l PTMS-modified SINW-FET i jp)4¢
Sk Y (NPY) 2 5 = v (DA) » T2l ed sk o % - BI04 00 i34
NPY-specific aptamer 2. SiNW-FET ]} i@ f84 5 » $Ftiea A 5 &
NPY-specific aptamer 2 ¥ i & #4r4 (binding affinity) °

FoRPE o NP R R ehAs 00 0.1 BEREA B S #5 % (0.1x phosphate
buffer saline » 0.1x PBS > % 3 13.7 mM NaCl ~ 270 uM KCI ~ 1 mM Na,HPO,
% 200 uM KHoPO, > pH 7.2) #Ff#pe @l & #1& ek & » S Po9738 o 2 $R 5003 7
100 pL jF edo ¥ b o 1% 214 ~ 2 FHEPl&EoriE 2 -V BB G SRR
WORl o Hh e X s La-Ve F oo fApex B S BK TLE Vg = 10 mV -
modulation frequency = 79 Hz ~ time constant = 100 ms » W &% B V, ¥4 # Fl =
200 mV ] -2200mVe F 2% = = {8 a2 #cp & §1*  Langmuir adsorption isotherm

model F 3 f23E ¥ e -

REBZRER
Mg plens S 5 A% 0.1x PBS (pH 7.2) & U 0= SR 7 ik & o0

gk o i@l NPY kR 5 1nM~3nM -~ 10nM ~ 30 nM ~ 100 nM ~ 300

nM~1pM~3uM %2 10uM; DA kR 5 100 uM -
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2.3.3 WiRpl#F FlT ¢h PCL2 tmre @2 4 PR Y

A g PCI2 fmP2 32 & & NPY-specific aptamer/SINW-FET & % +F » & #*
-t 88,5 s ps g PCI2 i fdb§ BB 0T > H 3% NPY #1ig & e
THERL o LKL LA BIAL - - BIASIHefsk  Ligi PCI2

‘m*2 7 NPY-specific aptamer/SINW-FET F » & 3 70% 4 ¥ ¥ 73 % (Co,

reduced buffer) » LR E T & 4 AMEH M o %2 BINA » F8 PCI2 fmre iz %30
NPY-specific aptamer/SINW-FET & % * » & %12 35% ~ 55% v 70% 4+ 3 ¥ b

iRt PCI2 fmve » B8 focd ch NPY #id &2 P& > Fie— 4

17 NPY kR o

PC12 mPe k32 %

PCI2 w¥e fhift f ~ B & 1 SL4LH (rat adrenal medulla) 778 £ ‘n%s %
(pheochromocytoma) > 3% % % Dulbecco’s modified Eagle’s medium (7 7 10% 5
X8 5% e w )37C 53 10% COp 2% F ¢ & A X L - B AR -
BEF MR SE R oA 2 FATH T BT chd TR R R 1 e BT
BARY > e wie o BO L GR e » FEDEB AR AFERF D
‘iz R o H#-7 3 PCI2 w%eenyg & % 4r I NPY-specific aptamer/SINW-FET #;
SR RARY 0 B 37C TR 2 P et bkt o
RABLRRIF ® D 0 1 Ix PBS BiRdmdss B AR 2 0 i et i

$ oo

3% s Ry -
MBI SILE E 15 ml 0.1x PBS 3R 0 K2 § 5§ A a0y HE

0.1xPBSi3i% » i » § # (A A:5N) 15min> jnif F4rd4l &® ) b & 3~5 35

Sy

/E? s ?'Plg?ui'i: 'f* 7 1 0.1x PBS /p/l"" ° %ﬁ‘:{ /’“')f’r' ; 0.1x PBS ’A”’?bk"ii

0.1xPBS 3% » WH 35% ~55% fr 70% Cp, reduced buffer e
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. Y= | | .
31 # B F F MISCRT S WY Yﬁﬁu;
2 B \ 20

1l P2 iMmeés %

Af s 20 nm g B K (T L B E ;ﬁd T8 VLS = &
Wl s amger 2 XA He et g 400001 62 ¢ ukEH
WBRBEF ZARDIEFT B3I LN P RFLIEBBREY ZFRLZP
Bl 2 & &< 1oume 2P HF 4y 3 T F B Acdt (scanning electron microscopy,
SEM) ~ 47 % 2 A Mehd 25 > ¥ ¥ UG RETRTENT T BEKE
(high-resolution transmission electron microscopy, HR-TEM) v % F & & &
(electron diffraction, ED) #4R# 7 i &k fu it o 1395 SEM hg % (B 3- 2) >
F 3ok sene £ A 25~30nm 2. F-HR-TEM ¥ ED g % %% (B3-3) ;};,

MPFAFREG P FOHFOEERNS 23 0mo A KAGE LB H

&

£ 2% 5 n 5k B A s (Miller index) [111] 2 fo #7 # & b & £ > Ap 285 42

B P FES 5 0.32nm °

W 3-1mdgies 3 F M2 LERRH -
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25~30 nm

B 3- 3 miEses 2 2. HR-TEM ¢ ED £ 48 - (A-B) # 2 ¥ M2 8 /=9
25~30nm - (C) # % ¥ #RF & 05 & ¥ 2~3nm- (D) 1345 ED B - 7
2|80 A K M5 B & 4 o (BE) HR-TEM o iy 1 2 K85 [111] (F ¢ #
) P&t SHs 4R 032 nm (v ¢ HEE) e (F) # 23 Rehd £ %

(¢ B5) 2w Fhtc o [11] (F¢HT) po 3L ffho 220023

FmAE e 900 (ke d H)[S6] -

45



312 iz g L7

# 1T % = &7 MPC-SINW FET 4c@] 3- 4 #7177 » S0 4 W £ R~ 2 a3 [ -V
BlE IV, B> T A4 H o

iR~ 20 LV BIFF > Va #Fde £ R L5 -200 3] +200 mV > F SRR
B Vg T i 0cd P2 Ii-Vyg & 57 (B 3-5)7 BB F| T/ Vg & 1t e
Mz 27 REeEmP TR TNV UEIFZANE L BT RO P E
fg

Pt -V, BIFF » Vg k%5 10mV > & 0.1xPBSHE T €8] > 14

P oETIRITL MIEEENARY 0V, Ff P FIR LS 2200 F) 4200mV e d £

B2 Ta-Vg & 7 (B 3-6) LT Vy & [ =71 enBl 2 270 2 £ &
23 p ATEMDEF > T E LV, Bl AF > v EAROBEYE
(transconductance, d Iyq /dV,) ° fr%‘%—, BRAAAEDFARARA A% 4 RBE I |5 5
1000 nS » MPC SiINW-FET sl F + > 600nS > Apf>t @ seen¥ 1547 2 Sk R

BT LA (B 43S 10~100 nS 2 ) » MPC SiNW-FET thi#c i ~ g #

=,

¥ 3- 4 MPC SiNW-FET 2 % % 8148 o 9 %% ® *7#& * ¢ MPC SiNW-FET &_i=
P ed BR/AIE 0 B RIS N AT AP R & ikt :T_{«r“il%rﬁéﬁ?;fé

FTITL MBS Btk D ik o
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|, (nA)

Bl 3- 5 p-type SINW-FET 1 I -V Bl

800

00 0
V_ (mV)

100

200

7004
600:
5004
400 -

3004

-200

T -
-100 0

V, (mV)

® 3- 6 p-type SINW-FET 1 -V, Bl
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32 1% AL @ACH £ F MHTRT B WA R (T

PC12 w2 % = %

AF Y ¢ A & & Journal of the American Chemical Society » 4p B B4t
=t B
321 (& B AFEDP

FB%&" > 11 APTMS 4r MBS &7 fa it § 4% 4~ F # DA-specific aptamer
HEF Hh P de o A PUBRYLXEGEP LA B4 2L E 2 0 S5 iR
3-7 %m0 s §F VP R/ AR i34 FITC-aptamer % 3BT ¥ %

* i 4F 5 FITC-aptamer (h& BRI &E F L A 4 > FP L B A 27 35 %

ey

DA-specific aptamer B T3 # H & F o Fla# fu P 25 & SINW &6 % 5 =

R FREERERN A ET 2 DA-specific aptamer F 3t SINW £

Bare SiO,/Si Surface modification
substrate of FITC-aptamer

W37-F & AH/# R4 d 24 FITC-aptamer 2 % £ F Bl (A)z v =
FEPAF/IFAARZLFERG - Be-F "FAF/FARL B

FITC-aptamer s 2. ¥ £ F o v ]2 5 100 uM -
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322 5=k H U o3 2 iR

"2 DA-specific aptamer/SINW-FET ] DA 122 His &2 2 4 4p ivenst + o
FHEEE4cH 3-8(A) 77 0 e pH=72 chEEARER Y » DA(PI=9.7) &
3 F T A% v 21T DNAaptamer ¥ &2 2 &pF-d 2 H org L enT 31 p Al
SINW eh i 13 > > R Fl T (La-Ve & & T /A) o 2 0.1x PBS h
[-Ve ¥ 35 A% 510 nM ¢ DA # LV ¥ 83 PR T BB ER S 1
UM ¢ ascorbic acid (AA) ~ catechol (CT) ~ phenethylamine (PEA) 12 % tyrosine
(TR) A5 i Ig-V o &ipds > @ kA& 5 10nM ¢ epinephrine (EP) (pl
= 9.4) ¥ norepinephrine (NE) 823 i & L-Vy & R T /A > CHFSELER
DA #7ig & i # & -] - B 3- 8 (B) = #4l2F %% % » 1 PTMS-modified
SINW-FET &7 & » 2% %1 DA 1% H s 212 *f?#ﬁ PRz Vb A
Vg & 8N o d 305 - B SINW-FET £ F 7 I g3 » Fpt 12 3 e
SINW-FET 2 RIple kR uc iRl A F > g S chT it 24 €5 972 > &
TR R L R > 2 RBF B SINW-FET 0 [-V, & > #-p a3+ &%
MeemA 2 DT E (Alsg = ltarget — Ibutrer) B #E = Vy # 14 & (5
calibrated response » 1/ AV{CBEal For) o T R BBy y & Vy,=-90 mV iz}
PE T Algg 0 3 Algg F 2 Ta Ve W R A S g E L AVE e R
3-8(A) & (B) ehf sklicdpdr ¥ 5 AVS 55 uFI3-8(C) iTRAE A Y
s pten AVEL (12 DA 0 AVER 5 100%) 0 X dh 5 #r iRl eA S o i d &
7= DA-specific aptamer/SINW-FET » & ¢ #% 5+ PTMS-modified SINW-FET > B2 X
ﬁDAW%*%?@%W%EP?NE%%&%A@MAW§25i%6§
50+ 5% e TR RH e Fr B RIREOLS T 2ZERES S DA 1100

B Hoerig e AVERD e 10% o
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800
720
< < 6401
£ =
7 % 560

4801 -

400

50 100

-100 50 0 50 100 -100 -50 0
C V_(mV) V, (mv)
1001 SiNW-FET with aptamer modification

< so{ SINW-FET without aptamer modification

g"’ 60 -
=

©

9 204

Buffer AA CT PEA TR EP DA NE

¥l 3- 8 12 DA-specific aptamer/SINW-FET ¥ PTMS-modified SINW-FET & Bl
DA &4 32 95%%% o (A) 2 DA-specific aptamer/SINW-FET :& {7 & B2
[-Vg ¥ 4o (B) 2 PTMS-modified SINW-FET (without aptamer modification) &
FEPB2Z Lg-Vg b & 2Rk &F 0.1x PBS~1 pM ascorbic acid (AA)~ 1 pM
phenethylamine (PEA) ~ 1 puM tyrosine (TR) ~ 10 nM epinephrine (EP) ~ 10 nM
dopamine (DA) £ 10 nM norepinephrine (NE)- (C) #p %+ AVf,fal H7 P ae 3 2

“@® (1 DA 5 AVE 5 100%) > error bar i = = F S &% iR A -
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d > EP & NE ~ ¥ DA-specific aptamer/SINW-FET i = 2 ¥ 2 1% 3t
B Apie- HERF FIERES DASEP 123 NE» & #-9 S #icp b |
Tk s P PR oS 4758 5 3B ) DA-specific aptamer iz &4 o
24 ¥ #ic (Kg) ° 4731 DA-specific aptamer &2 v 2. FF eriife4 o £ Rk R ¥
Bi 10" # 107 M § 3-9(A) €7 DA-specific aptemr/SINW FET £ i8] %
kR DA 2 LoV, o & ¥ Sdcdpde 5 AVEY 7 5 3-9 (B) DA sk
B (Cpa) & AVE/AVSM ™™ 2 pp 4] » 7 BT F DA <35 BERG
WF A OK M G ATF 0 aptamer 1% S T B Y AL DA fribdpoAVEA! @ B4 e
T A AVE e 4o 3-9(B) ¢ BB (Cpa ¥ Cpa/AVEY (FH]) 77 » i
F B T R B dR & P PR s 425N 32 B ) aptamer-DA 4f & $r 0
i #cs 1202 10 pM o “f pt 2 ¢k > DA-specific aptamer/SINW-FET i ;] DA
st g E s 107 3] 10° M (R13- 10)-H3- 11 5 T pF el 10 pM DA 2

TUNESLUE BT EEEE LGS 100nS F et X3 5o gl et i R
41 aptamer-EP 4§ & 4+ 22 aptamer-NE 4§ & # 2_ f23¢ % #c > » %] 5 6.03 + 1.85
nM £ 910 +270 pM (B 3- 12 (A) £ (B))° ¢ >* aptamer-DA 4f & F crfZ 3¢ ¥ #c

q = K2 ¢ k] g B DA-specific aptamer # DA 3 fidF e & MAr4 >
R P P

St

¥ DA 38 fr4 < A EP 0 50 22 NE 98 & o
d *> DA-specific aptamer ¥f* DA 3 #& 3 chig & B4 » AP F 0k
DA-specific aptamer/SINW-FET § "2 & * & pF i Pliw e f3c DA 2{mr P

F o
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880
830
8004 g 820 \
:3810 \
é'é‘ 7201 0.1x PBS - =
= 0.1pM DA Vv, (mV)
% 640 )
= 0.3pM DA
1.0pM DA
5604 .
100 nM DA
480 - T
-100 -50 50 100

0
Vg (mV)

L 30
3 £ | K,=120+10pM
§ % 20
5
¢ %10
] o
0
0 10 20 30
i C,, (M)
0 5 10 15 20 25 30

C,, (NM)

® 3- 9 12 DA-specific aptamer/SINW-FET £ B % k&% = % (DA) 2 9 %

% o (A) A LR 9 DA(Cpy =0-100nM) 2 IV, ¥ 50 £+ = 36§

Wi

3% % Bl (B) Cpa fr AVEV/AVSM™™ 2 B iR > $BH 5 9 PR o A

U & W A aptamer-DA 4f & 4 2. Kg=120+ 10 pM -

100+ ; 8 @
X 80 f
x ¢
53 60 ;
a  40- ¥
-
_ 3
& 204 ¢
<
04 ¢ = i ]
10" 10" 10" 10" 10° 10°

Con (M)

W 3- 10 Cpa v AV‘;’Z“/Vg““’max 2. L 48 B - 1 DA-specific aptamer/SINW-FET

P DA zZ s e R s 107 7] 10°M -
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15.2- 10 pM DA

-
o
—

15.04

Conductance (uS)

14.9+

o 1 3 3 4 5 & 7
Time (min)

B 3- 11 2 DA-specific aptamer/SINW-FET T pFid jB| 10 pM DA 2. 7 5L % i
B -

>
ve

1001 i : 100+ ) P .
—_— - — . 1
) i $ X 1.
S Ky=6.03+1.85nM 2;—— 01 s Ky=910% 270 pM
[}
= - i 1
; E-é, 604 S - r % 804 I S o
S ' 2w e ‘ 2
J 4d0q ¢ 8% I 09 g e
_ &' %odﬂ _ % ("'30
@ 204 4 320 = 204 :gﬁ
< . O o < )
. 0
0H 4 0 20 C‘EOB (nﬁ) 80 100 0_ !_ 1] 1 2 C:E (ni‘) 5 6
0 20 40 60 80 100 0 5 10 15 20
Cep (NM) Ce ("M)

B 3- 12 12 DA-specific aptamer/SINW-FET £ 1% I ik & 0% 1 9tk (EP) #1
Trox (NE) 29 % %% (A) Cgp v Avgcal/AvgcalrmaX 2B A IEE L P IT
Bkt 2 L d o aptamer-EP 4§ & 3 2. Ky= 6.03 + 1.85 nM » (B) Cyg v
Angal /AVgcal’maX Z M REB 0 1R A W ITE RS 2N E S W A aptamer-NE A4f

&4 2. Kg=910+270 pM -
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3.2.3 Wipl4 § fig™ th PCL2 Mwmie B2 § ° ik
% 7 - # # DA-specific aptamer/SINW-FET § "% g * |wie st + » 3
PO Tt BBk AT B RIS § Tt 5 PCI2 fme erfacs DAL ©0 g
TR BRI Aak F DT PCI2 fmee ) DA cf4]¢ o fwve p AT T K
Boent 2 8 d fmre oh g n o~ dmre poArig o R B BT wme poe Ben
AT > FERlmrie P AT RR A o

17 PCI2 'wre f#3c § ¥ 92 P %P > 4ol 3- 13 T > 2 &R “71 > PCI2
e B 48 & %Y DA-specific aptamer/SINW-FET & 5 F » B 4o r B id B 7 20 5L e
gib o REFRRER S 70% Co, reduced buffer {5 » PC12 sw?e X 3| 1] 2%
DA T HEEBITE T & 30s M TR (B 3-13)c A pra BT Al ey
P > il PCl12 in%e 2. DA-specific aptamer/SINW-FET 4§ 5} > #-3% 73 %
B4 5 70% Co, reduced buffer & » ¥ ABEF| T Fawey (F3-13 + > 24
Eﬂ)”% $ 2 7h> 12 35% Co, reduced buffer i& {7 o> ¥ XA LRI T E e % (F

3-14 22 I ME) Aok g {lpx 3 i PCI2 Wiz 2l DA -

Wi

T3E dk F PeT PCI2 fwie fcd § = senf4] @ > e h 4T AR T
e Bk A e b AT R e te ST S B R et e B
AT > ERme PRI ER Y > F%pE o 4o r I mMCdT BT e R AT
BFEE R b HUTHS A S TR 7¢t3is?lsz Ilamre oo B E R
5k B4 5 70% Co, reduced buffer (7 7 1 mM Cd* #3) 14> & AR
TEF PRy (F3-14 T328%8 Q)4 PCI2 w2 j f2cd D
PSP A T PCL2 it {5 2 el d| v o it h AT A
A Flmre th g Sl A G FE P e Nod IR

bR S P AP e - DA-specific aptamer/SINW-FET i * % pF
)4k § Tl 0 PC12 fm®s M ac2. DAe$ % 4cib § BB ET] T0% 11+ chig
% Plpo 4 Eusldeimre g =3 f& 1Y (membrane potential depolarization) & 2
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it 15 0 RRMITATE G (voltage-gated Ca®* channel) EALE T > i€ e AT AR

FE G LR E R e o e P RS R R hE A 514 PCI2 i R
DA ; @ 5 4e33 45§ {1 (4- 35% Cop, reduced buffer) pF » ¥ X # @3] DA > 42
RIS F gd RSl Az kmre WO 2 R o L o e r CdY g (RS
SLAp = g R ETR 1S > e B T4k 5 Pl ¥ AW RIT] DA o7 &R %P
Ak flgcit PCI2 fme B2k 5 ¥ sepfB )¢ > e M ATARES ch) 24 B £

e e AT A S T d AT S W p EE D oA TR

a:x.31
- 43.8+ Hypoxic buffer 8 ¥
2 §%| Without PC12
‘é’ 43.2- ¥ 3 | cells seeding
= 829 y
,g %0 Time (min) 14
_g 426
o
© 20 With PC12 cells
) seedmg
0.0 10 15

“Time (min)

W 3- 13 2 DA-specific aptamer/SINW-FET = pF @ jp4% § 1™ 0 PC12 ‘e
B DA 22 LA E - T > 2 FEB 5 PCI2 % 1 % 3 DA-specific
aptamer/SINW-FET _ &k 8 AT oo = d 85 1 70% Cp, reduced buffer
tlge PCI2 w484 DA 2 TG B o 1 = 2 BRS04 09 % hA
% PCI12 m% ¢ DA-specific aptamer/SINW-FET }+ » % 3% 70% Co, reduced

buffer - + dpre iz g & 77 4~ 70% Co, reduced buffer 2 PR EL o
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14 35% C,, reduced buffer

0 M

0 1.
3 b
14
8 fﬁn reduced buffer
g 0
g ™
S 1 70% C,, reduced buffer
O ol ! + Cd?* inhibitor

-1:'Cd2+inhibitor
00 05 10 15 20 25 30 35 40
Time (min)

B 3- 14 2 DA-specific aptamer/SINW-FET T pFid ;p| % 42 ¥ § T 0 PC12
fwie 2 DA 2 TSR B o 2 B S e~ 35% Cp, reduced buffer i&

Fhlgr o ¢ BB S 4er 70% Co, reduced buffer » ™ 2 & E 5 4e x 35 1

mM Cdl; 2. 70% Cq, reduced buffer -
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33 17 45 § PP ERENLF Bk RICRT R
I PR Y

331 4% B AFED

F % ¢ > MPTMS {r MBS &7 it § 4% 4~ + # NPY-specific aptamer
B3N B r A AP ERYEEIIGEN Lo B4 2T F 2 o B IrH
3-15 #7m o> e= § i AF/P AR F 245 FITC-aptamer % B BLRT| ¥ £
m 13 4 3 FITC-aptamer sP®H PRI & ¥k A2 2 > FP L i34 27 2 %
NPY-specific aptamer F] 25 & FF o Flap & 72 SINW 26 9 5 -3 it# o

=V P LA 2 F & # NPY-specific aptamer & 23t SINW % & o

Immobilization of

/ FITC-aptamer

Bare SiO,/Si substrate

B 3-15 - % v A4 /% AR 34 FITC-aptamer 152 % & 58 -
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332 A FARY B#H s o3 2 iR

A & w2 PTMS-modified SINW-FET ¥ NPY-specific aptamer/SINW-FET
£ 1 pMNPY 4= 100 pM DA Bl3# NPY-specific aptamer ¥+ NPY e7ug # 4 o

12 PTMS-modified SINW-FET @ p] NPY £ DA > 9 5% % % 4@ 3- 16 (A)
w70 A %A 1 pPMNPY & 100 uMDA % i24 # LoV, & A 4 PR enih A o
B 3- 16 (B) * ' NPY-specific aptamer/SINW-FET & {7 £ ip|2. F % 2 % > U
0.1xPBS &1 [¢-Vg # 5 5 B ¥ -1 uMNPY @ 3 [V, & R} BFE » T iHi
A 100 (MDA Bl % # IV, & 5 P A #H o 1 pMNPY 3 % LV, & 4
v T AR FIE R A b pH=72 a3 ks ? o NPY (pI=9.2) # 7 & %
70 % U ¥ NPY-specific aptamer 32 & PF > F37# 2 K84 5 » d 30 H #r3d 2 e
TH @ p 3 SINW pIReng@ i 43 57 > T F T (la-Vy & 8w T
#%) e

AipE- T IRRE (Alsg = Larget — lbuffer) T3~ Vg 12 (L5
calibrated response » 12 AVgCal F91) o #-B 3- 16 (A) v (B) 7§ Skcdpit & 5
AVg? {50 13- 16 (C) &7 - H Y $hi apiten AVEY (1 NPY 0 AVE S
100%) » X $h s #718 plene 3 > W EF &5 PTMS-modified SINW-FET » 4= ¢ %
7 NPY-specific aptamer/SINW-FET- § # 2 ¥ & % w 2 4/ PTMS P¥-1 pM NPY
e 100 pM DA ‘¥ F P A 2 ELic % 0 4 57 PTMS-modified SINW £2:&5 &
AF2BIRG AT E o 2 K MIBA G NPY-specific aptamer F¥ > 4p
#5 1 UM NPY 585 it £ > 100 pM DA #7i3 & 3L s it £ 98 10% o

kot 4p >t DA o NPY-specific aptamer 727 $+ NPY 7 ¥ { Fens & 4c4 o
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A B

8104 —— 0.1x PBS 260+ —— 0.1x PBS
—— 100 uM DA —— 100 uM DA
8004 1 uM NPY 2404 1 uM NPY
7904 2204
g 780 E 200
_®7704 __ 21804
760 160
750 PTMS-modified SINW-FET 140 NPY-specific aptamer/SiNW-FET
T T T T L) L) L L T T T T T L) L) L\ L T
100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 100 -90 -80 -70 -60 -50 -40 -30 20 -10 O
Vg (mV) Vg (mV)
120
[l F ™™S modified SINW-FET
1004 I NPY-specific aptamer/SINW-FET
= 804
£ 60
=
g
2 404
ke
g
20

100 uM DA 1 1M NPY

B 3- 16 12 NPY-specific aptamer/SINW-FET £ PTMS-modified SINW-FET & B
NPY %432 §5% &% - (A) 1 PTMS-modified SINW-FET i& i £ |2 IV,
¥ AR (B) 14 NPY-specific aptamer/SINW-FET :i& {7 € ip|2. L-Vg & &0 & Ptk
&3 0.1xPBS~1 uMNPY = 100 upM DA = (C)4p ¥+ AVE® $+7 f chs 3 2 1%

Bl (v NPY 1 AVE 5 100%) > errorbar 5 = = § s & % iR £ -
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FT R APERFRERD NPY T RFRBEIp A T3 2HREDY
TPE e g 4758 0 2 8 NPY-specific aptamer #2 NPY enfzag % #ic (Kg) > 45 3
aptamer £ NPY 2 @Fehi & m4cd - plenkRFR S 107 3] 10° M § 3-
17 (A) H_r1 NPY-specific aptemr/SINW FET £ Bl % F k& ¢ NPY 2 Ig-Vg &
B RF RIS 5 AV @3 W 3- 17 (B) NPY hik & (Cypy) &2 AVE/
AVgcal'maX 2 B OGRR T OUBETIY NPY <3 R BRARE - d WH 2HAL G
“r4 0 aptamer & B F AL NPY #Tikdho AVE & Fléefor T 5 AV
4o 3-17 (B) * #4E B (Cpy $f Capy/AVE (EH]) #F7 o 5 P % 1 go] T
R E S PP IR o2 425 > 3B 0 aptamer-NPY A4 & P nfE Ay Bk
260 nM o 2 ¥ ¢k = B A e e NPY-specific aptemr/SINW FET %% & 45 £ /8|
?EERS NPY» %S5 4-H 3-18 B 3-19 2 2 §) 3-20 #771 » ] T 3
iE A B2 B ER S T PR g f7 5N 0 3B 0 aptamer-NPY df & 4 ez
¥ B W 5 330nM -~ 320 nM e 290 nM 0w =X F Bk % ¥ | aptamer-NPY 4f
& enfadp F BR300 £ 32 0M (£ 3- 1) @ 2 e Rfed £ f kR i
Il aptamer-NPY #4f & 4~ cnf# 4 % #ic s 300 £ 200 nM[50]> 2 if# e Bk 5 % &2 2
RS 2 RAT -

d  Cypy v Avgal/AVgcal’maX 2. X 4B (W 3- 21) ¥ v » NPY-specific
aptamer/SINW-FET 1 ;] NPY chstpta (v @ 5 107 ] 10° M * 2 i ipl&
W5 24nM o

gy b 2% > 7 #P 11 NPY-specific aptemr/SiNW FET 1§ ip] NPY 1§ %

24 LR
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700
620 \ 100 4 ¢
— —— i
600 < wo X 80 §
0.1x PBS - \ B o i Sw
< sooq4 ™ * . ' B s ?5 120
c 1 nM NPY > 40 =7
S )
- 3 nM NPY = =
® E
400410 nM NPY Lo L3 G
<] 04
: 0 i 2 H [ ] 10
20010 BM NPY C, .y (uM)
-100 -50 0 50 100 0 2 4 6 8 10
vV, (mV) C,py (MM)

B 3- 17 12 NPY-specific aptamer/SINW-FET £ B % k& e NPY 2z 9 % 2%
(Device 1) » (A)# F k& &7 NPY (Cypy =0-10 uM) 2. [4-Vg & 3R> & F 3 idF
B 5 52835 % B (B) Cypy frAVE/AVE ™ 2 B 4 ) - 3B 5 9 PR s A

O HEE W A o aptamer-NPY 4§ & 47 2. K4=260+65nM -

A B

440
——0.1xPBS
—  10nM
4004 ——  30nM
—— 100 nM 420
—— 300nM
— 1M
—_ I 3uM ~_
§ 300 10 M § 400
p— p—
_3 _3
3804
200
, 360 . .
-100 0 100 -100 -90 80
C Vg (mV) D Vg (mV)
600+
100 §
} . 5004
- “w
= 80 Y
< ~— 4004
x 604 x
©
= ! T 3004
8 =404 5 >
% <] 2004
= 20] 3 %
. : OZ 1004 e
=<1 o
T Dil L) L] T L)
0 2 C4 I\b}l 8 10 0 2 4 6 8 10

W) 3- 18 12 NPY-specific aptamer/SINW-FET & | % k& 7 NPY 2. %2 %
(Device 2)°(A) # k& 1 NPY (Cypy =0-10uM) 2. T4V & 52 (B) 5 (A)

gk 32+ @] (C) CNPY’f‘“AVgal/AVgcal'maX 2 B ThBlo(D) & P kS AR
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& d 4 > aptamer-NPY 4§ & # 2. Kg=330+110nM -

480
——0.1x PBS
——  10nM
—  30nM
4004 ——  100nM 4404
——  300nM
B — 1 uM
< 10 M < 420
c — u c
~= 300+ =
= =
_VJ _VJ
400
200
L] L) 380 T T
100 0 100 -100 -90 -80
C g D
100 3 6004
) L
S~ 80 ~. 5004
S
i 400
E 60 i N
® >
o o S
> 7 3004
= 404 [ >
3. : < 2004
> 204 it
< s S1004 =
04 O
T T T Ll T o T Ll T T Ll
0 2 C4 r\&ﬂ 8 10 0 2 4 6 8 10
wpy (RM) Cpy (UM)

B 3- 19 12 NPY-specific aptamer/SINW-FET & B 7% F kB e NPY 2. 9 %% %
(Device 3)°(A) % F ik & 1 NPY (Cypy =0- 10 pM) 2 IV, ¥ 58-(B) 5 (A)
1k 254 4 ] (C) Cypy frAVE/AVEMM™X 2 g 3 F (D) 5 9 7P2 s A5 R

& 4 > aptamer-NPY 4§ & # 2. Kg=320+110nM -
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800

780

il

720
-100 -90 80
vV, (mV)
100 - ] 3 120
- — -
2 80 3 E 100
g - T 80
[ x -
E 604 i E“—’
S o u>m30- *
z 7 < 40 «
B = g ]
L7204 c
= N O 204
< f L
0- 04
0 1 2 0 c 1 2
CNF‘Y (“M) NPY (P‘I\"I)

B 3- 20 17 NPY-specific aptamer/SINW-FET & p| % k& e NPY 2z F % %%

(Device 4) (A) # F ik B 0 NPY (Cypy =0- 10 pM) 2 LV, & #-(B) 5 (A)

ED

1/ 312 % B (C) Capy frAVEY/AVE ™™ 2 1Y B o(D) 3 9392 i A2

& W 4 > aptamer-NPY 4f & # 2. K3q=290+85nM -
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The dissociation constant (Ky) of the aptamer-NPY complex:

(in 0.1x PBS)
Device 1 260 + 65 nM
Device 2 330+ 110 nM
Device 3 320+ 110 nM
Device 4 290 + 85 nM
= 300 +32 nM

% 3- 1 aptamer-NPY 4§ & 4~ 2_ f2 3 % #c -

120

1004 $

10° 10° 107 10° 10°

Crpy M)

® 3- 21 Cnpy v AVg“‘l/V g“‘l’m"‘x 2. L 48 Bl 11 NPY-specific aptamer/SINW-FET

Bl NPY z si1 e B s 107 3 10°M > #R4&"L 5 24nM -
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3.3.3 Wipl#F FIgT ¢h PCL2 tmre @2 4 PR Y

F P ig — 5 #- NPY-specific aptamer/SINW-FET Ji # *t w223 F R % ® >
" Lg-t BR]E SR RS AR 5 It o PCL2 wve 4z NPY o

BAOAPEEI A ER R 2 B A PCI2 @ 2 NPY-specific
aptamer/SINW-FET & 3 } #-% % % ¥ # 5 70% Cp, reduced buffer {s » ¥ &
BRI T Eoey (F3-22(A)-#&F 27 PCI2 w2 #3c NPY 2 F %hpF
PCI12 'm% 3 #33 % > NPY-specific aptamer/SINW-FET & % F » B 4o 50 pF 1§ 5
TN - BEER R EH S 70% Co, reduced buffer ¢ » PCI2 Mwm*e < I
Tl NPY » § &0 0 4 30s 85T 6§ (B 3-22(B)) - £ i )
R 3-21 2 #dpdE & IR W A (calibration curve) 0 3 8 H) PCI12 wre f# ik
N0 NPY R 5 36nM e

f gtz vk A sl 35% Cp, reduced buffer {o 55% Cgp, reduced buffer
Tl PC12 % > % 35% Cp, reduced buffer f= 55% Cq, reduced buffer i
BT ARBRINT E® (F3-2308 MEBEI ML) LAndianid s
Tlges 2 &g PCI12 wie f#2cd) DA - AP E£45 2 70% Co, reduced buffer
fligge PCI12 % » “TRR I T Hehg it (F13-23thicd RME) £.F5 PC12 MW
e e dt NPY @ 5ldzens et o M35 00 NPY kR 5 31nM e

FHREEHED NPT L ¥ NPY-specific aptamer/SINW-FET i * 3t ¥ g
W] PC12 w7 % NPY o %54k ¥ kR E T 70% 354k 5 il 4 &
gl4e ke R =4 H& 1Y (membrane potential depolarization) » & & it {8 > T AR
$7473 i (voltage-gated Ca’" channel) € 447% 1 » @& fme (H4Fap S 7 ' d 4730 3
SN dmiE N o dmie N 4TS R R ent 2 313 PCI2 jwe ) NPY 5 @ % 4o 33
#*F Plgx (40 35% reduced Co,fr 55% reduced Co,) F¥ > I A @[3 NPY » F]

ARG A E T Rl g 2 it o
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>
ve

58.0 51.6
5] Hypoxic buffer Hypoxic buffer

~ ~ 51.4

aQ l aQ

; 57.6 4 ;

O o 51.24

c c

-ig 57.4 4 %

3 5 51.04

2 2

o) 57.24 o)

© Without PC12 cells seeding | © % With PC12 cells seeding
57.0 T T T T T T T

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (min) Time (min)

W] 3- 22 12 NPY-specific aptamer/SINW-FET & if jp[4% § ™ 0 PCI12 ‘m¥%
B NPY 2 R LRI H - (A) 28 4lef% > AR A PCI2 wieh
NPY-specific aptamer/SINW-FET }+ - & 3% 70% Cq, reduced buffer - (B)™2 70%
Co, reduced buffer f]i PC12 ‘w# f#3c NPY 2 RELEI B - & e chiz
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ABSTRACT: Dopamine (DA) is an important neuro-
transmitter that is involved in neuronal signal transduction
and several critical illnesses. However, the concentration of
DA is extremely low in patients and is difficult to detect
using existing electrochemical biosensors with detection
limits typically around nanomolar levels (~107° M). Here,
we developed a nanoelectronic device as a biosensor for
ultrasensitive and selective DA detection by modifying
DNA-aptamers on a multiple-parallel-connected (MPC)
silicon nanowire field-effect transistor (referred to as MPC
aptamer/SiNW-FET). Compared with conventional elec-
trochemical methods, the MPC aptamer/SiNW-FET has
been demonstrated to improve the limit of DA detection
to <10™"" M and to possess a detection specificity that is
able to distinguish DA from other chemical analogues,
such as ascorbic acid, catechol, phenethylamine, tyrosine,
epinephrine, and norepinephrine. This MPC aptamer/
SiNW-EFET was also applied to monitor DA release under
hypoxic stimulation from living PC12 cells. The real-time
recording of the exocytotic DA induced by hypoxia reveals
that the increase in intracellular Ca?* that is required to
trigger DA secretion is dominated by an extracellular Ca**
influx, rather than the release of intracellular Ca** stores.

D opamine (DA) is an important neurotransmitter that plays
many important roles in the nervous, cardiovascular, and
renal systems and regulates various physiological activities. When
mammals do not have enough oxygen, their brains send out
signals, through DA, to increase the breathing rate and blood
circulation to reoxygenate the organs." In addition to regulating
physiological activities, DA is also related to several critical
illnesses. In the basal ganglia of the brain, DA is a neuro-
transmitter that plays a vital role in Parkinson’s disease, which is a
notorious nervous dysfunction associated with vibrating limbs
during the early stages and dementia in the advanced stages.”
Schizophrenia has been shown to increase DA activity in the
dopaminergic pathway and to reduce DA in the cortex.”
Clinically, an abnormal DA level in either the urine or blood
indicates pheochromocytomas and paragangliomas,” which are
rare tumors arising in neural crest tissue. Consequently, quickly
detecting and accurately quantifying DA levels is important for
cellular investigation and biomedical diagnosis.

-4 ACS Publications  ©2013 American Chemical Society

Among the existing tools that detect DA, electrochemical
methods are dominant because of their speed and convenience.
However, the oxidation potential of DA overlaps with that of
many other substances in urine, blood, and the central nervous
system (e.g., ascorbic acid (AA)). Moreover, the concentration of
DA in the extracellular fluid of Parkinson’s disease patients and in
the urine/blood of patients with pheochromocytomas or
paragangliomas is extremely low (<107'° M)® and very difficult
to detect at the normal concentrations of a clinical sample using
conventional electrochemical methods (typically with detection
limits no better than nanomolar, as listed in Table S1 of the
Supporting Information (SI)). Therefore, a new DA sensor with
high detection sensitivity and target selectivity is highly desired.

Over the past decade, silicon nanowire field-effect transistors
(SINW-FETs) have attracted great attention for applications in
ultrasensitive biomolecular detections.” ¢ A SINW has a large
surface-to-volume ratio, which allows a small variation in the
local charges on the wire surface to result in a significant
conductance change inside the SINW-FET due to an electric-
field effect. SINW-FETs modified with selected receptor
molecules can be used as biosensors to detect specific targets
in real-time with label-free, sensitive, and selective sensing. By
judiciously selecting a suitable DA recognizer to attach to the
SiNW-FET, these functionalized, nanoelectronic devices can be
excellent biosensors for the highly sensitive and selective
detection of DA.

The bioanalytes used for molecular recognition with SINW-
FETs are mostly large in size, have high molecular weights, and
carry large charges, which can exert a strong electric field that
facilitates detection by FETs.”'” It is comparatively challenging
for FET-based biosensors to recognize weakly charged, small
molecules, such as DA. To date, only a few small molecules have
been studied with SINW-FETs (and/or carbon nanotube-FETs),
e.g., the label-free detections of adenosine-5'-triphosphate'® and
glutamate."® For sensing DA in this study, we built a multiple-
parallel-connected (MPC) SiNW-FET with greater reliability
and higher sensitivity than a traditional single-channel SINW-
FET. This higher sensitivity is essential for recognition of weakly
charged, small biomolecules.

As illustrated in Figure 1A, the electrical measurements of an
MPC SiNW-FET were conducted with a lock-in amplifier, and
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Figure 1. (A) Illustration of the experimental setup of a DNA-aptamer-
modified MPC SiNW-FET device for detecting exocytotic DA under
hypoxic stimulation from living PC12 cells. (B) Optical microscopy
image of an MPC SiNW-FET device. S = source; D = drain. (C)
Procedure for immobilization of the DNA-aptamer on an MPC SiNW-
FET (details in sections S3 and S4 of the Supporting Information).
Abbreviations: APTMS, (3-aminopropyl)trimethoxysilane; PTMS,
propyltrimethoxysilane; MBS, 3-maleimidobenzoic acid N-hydroxysuc-
cinimide ester. The drawing is not to scale.

the solution gate voltage was supplied by a data acquisition
(DAQ) system through a platinum electrode. Details of the
device fabrication and the electrical measurements of the MPC
SiNW-FETs are described in sections S1—S$ of the SI. Each unit
of the MPC SiNW-FET devices comprises hundreds of p-type
single-crystalline SiNWs (~20 nm in diameter each) as
conducting channels, which were connected by two sets of
comb-like source and drain electrodes (Figure 1B and details in
Figure S1A of the SI). Electrical characterizations of MPC SiNW-
FETs reveal that the nanoelectronic devices have ohmic contacts
(Figure S1B) and high transconductance with a typical value of
600 nS at a source—drain bias voltage (V) of 10 mV (Figure
S1C). Compared with a traditional SiNW-FET, whose
conducting channel is composed of only a single or a few
SiNWs, the MPC SiNW-FET system possesses remarkably
higher detection sensitivity (i.e., larger transconductance) and a
better signal-to-noise ratio (S/N) in electrical measurements
(Figure S2).

In this work, we chose a DNA-aptamer™*" with high specific
binding to DA as the receptor to be modified on an MPC SiNW-
FET. The immobilization of the DNA-aptamers was designed to
modify only the SINWs surface without contaminating the
surrounding substrate of the FET chip, which substantially
enhances the detection sensitivity, as we demonstrated ear-
lier.”»** The DNA-aptamer-modified MPC SiNW-FET (re-
ferred to as aptamer/SiNW-FET hereafter) has several
advantages for molecular recognition by affinity-based bio-
sensors. First, an aptamer has a smaller molecular size than
conventional receptors (e.g., enzymes or antibodies); therefore,
the captured DA molecules are closer to the SINW-FET during
the sensing measurement, resulting in a stronger electrical field
exerted from the DA that modulates the conductance inside
SINW-FET and gives optimal detection signals. Second, an
aptamer formed by oligonucleic acids is thermally stable. This
stability is in sharp contrast to proteins and antibodies, which
may lose their functionality irreversibly under thermal/chemical

20,21

attacks. Moreover, denatured aptamers are able to recover their
function by self-refolding.

An artificial single-strain DNA oligonucleotide of $7-mer (HS-
5'-GTC TCT GTG TGC GCC AGA GAC ACT GGG GCA
GAT ATG GGC CAG CAC AGA ATG AGG CCC-3/,
synthesized by MDBio) was adopted as the aptamer for DA
sensm% The sequence was vitro-selected from random RNA
pools and was confirmed to retain DA affinity in the DNA
form.”® Although the crystal structure of this DA binding
aptamer is still unresolved, the tertiary structure, according to the
biochemical data from previous research,”' should be highly
compact and consists of two major stem-loop domains enclosing
five DA binding sites (Figure S3). The immobilization
procedures of the aptamers on an MPC SiNW-FET are
illustrated schematically in Figure 1C (details in sections S3
and $4 of the SI). We first test the binding ability of the aptamer
to various molecules including AA (which is the major interfering
molecule present in cells and has a redox potential close to DA),
catechol (CT) and phenethylamine (PEA) (structurally similar
to DA), tyrosine (TR) (a biomolecule involved in the DA
metabolism), and epinephrine (EP) and norepinephrine (NE)
(other catecholamines).

Figure 2A plots the relationships between the source—drain
current (I4) and the gate voltage (Vg) of an aptamer/SiINW-FET

B

800

E 0
C v, (mv)

1001  SiNW-FET with aptamer modification

SiNW-FET without aptamer modification

(%)

relative ’AV?'

Buffer AA CT PEA TR EP DA NE

Figure 2. [,;—V, curves measured with (A) an aptamer/SiNW-FET and
(B) a PTMS- modrﬁed SINW-FET without aptamer modification
(referred to as a bare SINW-FET hereafter) for the detection of 0.1X
PBS buffer, 1 uM ascorbic acid (AA), 1 uM catechol (CT), 1 uM
phenethylamine (PEA), 1 uM tyrosine (TR), 10 nM epinephrine (EP),
10 nM dopamine (DA), and 10 nM norepinephrine (NE). (C)
Calibrated responses (AVE") of the various biochemicals relative to that
of DA (100%). The error bars present the standard deviations of three
measurements.

device in response to various molecules dissolved in 0.1X
phosphate-buffered saline (PBS, composed of 13.7 mM NaCl,
270 uM KCl, 1 mM Na,HPO,, and 200 uM KH,PO, in NaOH,
pH 7.2). While 10 nM DA caused a prominent shift of the I,;—V,
curve, AA, CT, PEA, and TR at 1 yM had little effect on the
curves, and 10 nM of EP and NE induced limited changes. As a
control test (Figure 2B), a bare SINW-FET device without
modification of the DNA-aptamer had no response to these
molecules. To avoid variation among the different devices,”* the
measured current change due to the receptor—target binding
(ALyat Vg =—90 mV, relative to the buffer solution in Figure 2A)
was converted to the change in V, (termed the calibrated
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response and represented by AV;al as illustrated in Figure S4)
according to the I 3—V; transfer curve of the FET device used.
Changes induced by the tested buffers containing AA (1 M),
CT (1 uM), PEA (1 M), TR (1 M), EP (10 nM), DA (10 nM),
and NE (10 nM) are summarized in Figure 2C. Although those
two catecholamines of EP and NE caused significant AV;al of 25
+ 4% and 50 + 5%, respectively, all other non-catecholamines
induced changes less than 10% despite the 100-fold greater
concentration that was used. These results indicate the specificity
of the DNA-aptamer in distinguishing catecholamines from
other molecules. Moreover, the association of DA with an
aptamer of mutations at the binding sites (referred to as mut-
aptamer) is very weak as shown in Figure S5, where 10 nM DA
induced only a small change of AV;al < 10% in a mut-aptamer/
SiNW-FET.

We next determined the binding affinity of the DNA-aptamer
to various catecholamines. The test was carried out with the
analytes at 107°~1077 M in 0.1X PBS. Figure 3A shows the I.;—
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Figure 3. (A) Measured I;—V, curves of an aptamer/SiNW-FET in
response to different DA concentrations (Cp, = 0—100 nM in 0.1X PBS
at pH 7.2). The magnified scale is shown in the inset. (B) Normalized
plot of AVEY,,/AVEER™ (where AVEER™ is the saturated AVEY,) as a
function of Cp, is summarized from the data in (A). The inset shows the
least-squares fit to the Langmuir adsorption isotherm model (section S6
of the SI), yielding K4 = 120 + 10 pM for the aptamer-DA complex.

Vg plots of the aptamer/SiNW-FET measured at various DA
concentrations (Cp,), where the data were subsequently
converted to the calibrated response (AV;‘II)A) as a function of
Cpa in Figure 3B. The inset in Figure 3B plots the Cp,/ AV;IIDA
against various Cp,, and the dissociation constant (K) of the
aptamer-DA complex was 120 + 10 pM, which was determined
from the least-squares fit to the Langmuir adsorption isotherm
model (details in section S6 of the SI).”** As displayed in Figure
S6, the linear working range of the aptamer/SiNW-FET
biosensor for DA detection spanned from 107! to 107® M.
Similarly, the K4 values of the aptamer-EP and aptamer-NE
complexes were 6.03 + 1.85 nM and 910 =+ 270 pM, respectively
(Figure S7). These data show that the affinity of the DNA-
aptamer for DA is approximately 50- and 10-fold over EP and
NE, respectively. Because of this affinity for DA and additional
biological DA in some living systems (e.g., PC12 cells contain 10-
fold more DA than other catecholamines™ and dopaminergic
neurons synthesize exclusively DA), this aptamer/SiNW-FET
can be used as a unique biosensor for practical DA detection in
cellular investigation and clinical diagnosis.

In addition to selectivity and sensitivity, real-time detection
allows the SINW-FET biosensor to monitor the cellular response
to drug treatment or environmental alteration. Although many
time-dependent measurements using techniques that do not
have real-time responses have been used to detect the DA release
from cells, these measurements usually require hours of work for
sample collection and DA recognition using HPLC purification
and mass identification. In comparison, Figure 4A shows a
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Figure 4. (A) Real-time recording of 10 pM DA by aptamer/SiNW-
FET. The analytes were driven by a micropump (0.3 mL/h) through a
PDMS microfluidic channel. (B) Illustration of a hypothetical
mechanism of cellular DA secretion under hypoxic stimulation. The
escalation of intracellular Ca® to trigger DA exocytosis is speculated to
occur via the pathway of either extracellular Ca®* influx (solid lines)*® or
intracellular Ca?* store release' (dashed lines). (C) Real-time recording
of PC12 cells that are seeded with aptamer/SiNW-FET (bottom inset:
optical microscopy image) in response to the addition of 70% Co,
reduced hypoxic buffer (section S8 of the SI). Top inset shows a
control test using the same aptamer/SINW-FET but without cells
seeding. Arrows indicate the addition of hypoxic buffer. (D) Real-time
recordings of the DA release from PC12 cells under different hypoxic
stimulations: (upper trace) 35% Co, reduced buffer, (middle trace) 70%
Co, reduced buffer, and (bottom trace) 70% Co, reduced buffer

containing 1 mM CdL,.

representative real-time recording using an aptamer/SiNW-FET,
where 10 pM DA was detected (S/N > 5) with a conductance
change of ~100 nS within 1.5 min at a flow rate of 0.3 mL/h. In a
further test of the aptamer/SiNW-FET, we attempted to conduct
real-time recordings of the DA release under hypoxic stimulation
from living PC12 cells.

For mammalian cells, adequate oxygen is essential for their
survival; therefore, mammals undergo hypoxia-induced cellular
processes to tolerate an oxygen deprivation environment. Such
examples include the release of transmitters from neuronal cells.
The hypoxic effect on PC12 cells induces the release of DA
through exocytosis, which involves an increase in intracellular
Ca®" in the stimulus—secretion coupling.26 However, the cellular
mechanism of coupling hypoxic stimulation with DA secretion is
complicated; whether the pathway involved in increasing
intracellular Ca** and triggering DA exocytosis via either
extracellular Ca** influx’” or release of intracellular Ca*" stores™®
(as illustrated in Figure 4B) is still under debate. In this test, we
tried to apply the aptamer/SiNW-FET to resolve these
controversial pathways. The experimental setup of an aptamer/
SINW-FET for real-time recording of the exocytotic DA under
hypoxic stimulation from living PC12 cells is illustrated in Figure
1A, where PCI12 cells cultured in a polydimethylsiloxane
(PDMS) well (section S7 of the SI) were applied directly on
the SINW-FET device (bottom inset of Figure 4C). As shown in
Figure 4C, a progressive increase in the DA efflux was recorded
while the PC12 cells suffered from a hypoxia of a 70% decrease in
the environmental O, concentration (Co,); meanwhile, the

increase in DA reached equilibrium within 0.5 min. As a control
experiment, no significant change in electrical conductance was
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observed with an aptamer/SiNW-FET without cell seeding
(upper inset of Figure 4C). Moreover, the DA release by hypoxic
stimulation is not linearly correlated to the reduced Cg,, where

the exocytotic DA could not be detected until the Cy was

reduced by more than 70% (Figure 4D). This observation
indicates that the deoxygenization via minor hypoxic stimulation
(e.g., 35% reduced C ) is not sufficient to trigger the membrane

potential depolarization, leading to the activation of the voltage-
gated Ca’" channels to elevate the intracellular Ca®* concen-
tration and trigger neurotransmitter release. In addition, after the
Ca’" channels had been blocked by cadmium ions (by adding 1
mM Cdl,), PC12 cells failed to release DA in spite of hypoxic
stimulation (Figure 4D). These results reveal that the increase in
intracellular Ca** that triggers the DA secretion following
hypoxic stimulation is dominated by the influx of extracellular
Ca™.

In summary, an MPC aptamer/SINW-FET was demonstrated
for the first time to be a reliable DA sensor. Furthermore, the
nanoelectronic biosensor possesses the advantages of high
sensitivity and selectivity and can be used in real-time, label-
free detections. The MPC aptamer/SINW-FET has a strong
binding affinity for DA that is at least 10-fold over the rival
catecholamines of NE and EP; these three catecholamines could
not be discerned using conventional electrochemical methods.
The ultrasensitive MPC aptamer/SiNW-FET, capable of
probing DA down to 107'' M, can be used as a practical
biosensor to detect DA at the extremely low concentration level
(<107 M) in the extracellular fluid of Parkinson’s disease
patients and in the urine/blood of patients with pheochromo-
cytomas or paragangliomas.6 Using this MPC aptamer/SiNW-
FET for DA detection, we have successfully monitored DA
release from living PC12 cells following hypoxia-induced cellular
secretion. DA secretion following hypoxic stimulation has been
verified to be coupled with extracellular Ca** influx. Finally, this
novel bionanoelectronic device, which is capable of integrating
with living cell systems, adds a new item to the biosensor toolbox
for the future studies of cell biology and clinical disease diagnosis.
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S1. Materials and reagents

Deionized (DI) water (>18 MQ-cm) obtained from a purification system (Millipore Synergy) was
used throughout the experiments. The phosphate buffered saline (1x PBS), consisting of 137 mM NacCl,
2.7 mM KCI, 10 mM Na,HPO4, and 2 mM KH,PO,4 in NaOH at pH 7.4, was purchased from Gibco.
The chemicals 3-aminopropyl trimethoxysilane (APTMS), propyl trimethoxysilane (PTMS), dimethyl
sulfoxide (DMSO), and 3-maleimidobenzoic acid N-hydroxy succinimide ester (MBS) were purchased
from Sigma-Aldrich. Other chemicals were also purchased commercially: dithiothreitol (DTT) from J. T.
Baker, the single-strain DNA-aptamer from MDBio, and polydimethylsiloxane (PDMS) from Sil-More

Industrial.

S2. SiNW synthesis

Single-crystalline boron-doped SiNWs (Si:B = 4000:1) were synthesized catalytically with the
assistance of 20 nm gold nanoparticles in a chemical vapor deposition (CVD) reaction through the
vapor-liquid-solid (VLS) growth mechanism. Gold nanoparticles were dispersed onto a Si wafer chip
with a 400-nm oxide layer that had been incubated in 0.1% aqueous solution of poly l-lysine for 10 min
to increase the adhesion of the gold nanoparticles. After the deposition of gold nanoparticles, the
substrate was washed with DI water, blown dry with N, gas, and cleaned in oxygen plasma (100 W and
50 sccm O; for 300 s). The p-type SINWs were grown from the CVD reaction at 460 °C for 12.5 min in
10 sccm Ar, 6 sccm SiHy (10% in He), and 15 sccm B,Hg (100 ppm in He) at a total chamber pressure
of 25 torr. The diameters of the as-synthesized SiNWs were generally between 20 and 30 nm. The
quality of the as-synthesized SiNWs was examined using high-resolution transmission electron
microscopy (HR-TEM) and electron diffraction (ED) (JEM-2000FXII). The experimental details of
SiNW synthesis can be found in Refs. S1-S4.

S3. Device fabrication

Using a bottom-up technique, we fabricated selective surface modified (SSM) SiNW-FETs with
the receptors modifying only the SINW surface without contaminating the surrounding substrate of the
Si wafer chip. The SSM SiNW-FETs can substantially increase their detection sensitivity, in
comparison with the traditional all area modification (AAM) SINW-FETs. In this approach, the strategy
was to modify the SINWs with a chemical linker of APTMS using a thermal-evaporation method prior
to photolithographic fabrication of the device. The experimental details of the thermal-evaporation

method can be found in Ref. S2. Briefly, a Si-wafer chip containing the as-synthesized SiNWs was
S2



suspended in a sealed three-neck flask, which was pre-loaded with a 1:9 (v/v) solution of APTMS and
PTMS. The flask was evacuated for 1 min at room temperature and incubated for 1 hr at 40 °C;
meanwhile, the thermally evaporated APTMS and PTMS molecules were immobilized on the SINW
surface to form APTMS-modified SINWs. On average, only ~10% of the SINW surface contains
APTMS as the active sites (amine groups) to be modified with aptamers (~2 nm in size). The modified
PTMS on the 90% SiNW surface was used to not only adjust the density of the immobilized APTMS to
avoid the steric hindrance of the immobilized aptamers, but also form a chemically inert surface to

prevent non-specific binding in the later biosensing measurements.

The as-prepared APTMS-modified SiNWs were transferred onto a photoresist (S1805)-patterned Si
wafer with a 400-nm oxide layer using a contact printing method. The SiNW-FET devices were
fabricated following standard photolithographic procedures. The metal contact regions (defined by
photolithography) were cleaned with oxygen plasma (100 sccm and 30 W); meanwhile, the native silica
sheath of a SINW in the contact area was removed with a buffered oxide etching (BOE) solution. Metal
layers (70 nm Ni and 100 nm Al) were deposited consecutively using thermal evaporation on the areas
defined by the pattern. The separation between the source and drain electrodes is 3 um. After liftoff, the
SiINW-FET devices were further annealed in forming gas (10% H, and 90% N,) at 360 °C for 3 min to

ensure good electrical contact between the SINW and the metal electrodes.

S4. Immobilization of the aptamer

To anchor DNA-aptamers on the APTMS-modified SiNW-FETs, the chip containing the
APTMS-modified SINW-FET devices was immersed for 30 min in a 1:9 (v/v) solution of DMSO and
1% PBS containing | mM MBS. After the MBS had reacted with APTMS through the formation of an
amide bond, the chip was rinsed with DI water, blown dry with N, gas, and immersed for 1 hr in a
solution of 1x PBS containing 1 uM DNA-aptamer (disulfate DNA-dimer) and 100 mM DTT. After the
sulthydryl group of the DNA-aptamer had reacted with the maleimide group of MBS to immobilize the
DNA-aptamer on the APTMS/SiNW-FETs (forming aptamer/SINW-FETs), the chip was washed again
with 1x PBS and DI water, and finally, blown dry with N, gas. To demonstrate the successful
immobilization of DNA-aptamers on SiO»/Si surface, we used FITC-tagged aptamer (5’-HS-GTC TCT
GTG TGC GCC AGA GAC ACT GGG GCA GAT ATG GGC CAG CAC AGA ATG AGG
CCC-FITC-3’, referred to as FITC-aptamer) to show that the FITC-aptamers can be nicely immobilized
on a SiO,/Si substrate via the chemical linkers of MBS and APTMS (with the same modification
process presented in Fig. 1C). Like the fluorescent images shown in Fig. S§A, while the FITC-aptamer
could not be modified directly on a bare SiO,/Si substrate (left panel, no fluorescence), the
FITC-aptamers were effectively immobilized on a MBS/APTMS-modified SiO,/Si substrate (right panel,
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strong green fluorescence). The homogenous, uniform fluorescence image indicates the excellent
modification of FITC-aptamers on the SiO,/Si surface. The modification of DNA-aptamers on a
SINW-FET can also be examined by measuring the shift in the source-drain current vs. gate voltage
(Ise—Vg) curves. As depicted in Fig. S8B, the shift of the Iu4—V, curve after the DNA-aptamer
modification is caused by a gating effect on the SINW-FET due to the negatively charged
DNA-aptamers, consequently increasing the conductance of the p-type SINW-FET.

S5. Electrical measurement

In the electrical measurements of SINW-FETs (Fig. 1), the source-drain current vs. gate voltage
(Isa—V,) and the Iy as a function of elapsed time (Iq—t) were acquired with a lock-in amplifier (Stanford
Research System, SR830) at Vg = 10 mV, a modulation frequency of 79 Hz, and a time constant of 100
ms. In the biosensing measurements, the samples were dissolved in 0.1x PBS (Debye-Hiickel length =
2.4 nm) allowing SiNW-FETs to effectively detect signals without severe electrolytic screening. The
sample solution was either dropped directly onto the SINW-FET devices, or delivered to the sensing
devices through a polydimethylsiloxane (PDMS) microfluidic channel (6.26 mm (length) x 500 pm
(width) x 50 pm (height)) driven by a syringe pump (KD-101, KD Scientific). A platinum electrode,
immersed in the sample solution, was used as a solution gate with the voltage supplied by a data
acquisition system (National Instruments, DAQ-NI2110) and was maintained at ground potential to

e . . . . 2-S11
minimize electrical noise throughout the real-time electrical measurements.>*™

S6. Dissociation constant

The dissociation constant (K4) of the aptamer—DA complex was determined by a least-squares fit of

the AV;% . —Cpa data (Fig. 3B) to the Langmuir adsorption isotherm model>
C 1 1
]:c):l = cal, max CDA + cal, max Kd ? (Eq Sl)
AVg’DA AVg’ﬁA AVg,ﬁA

where the relative AV, is defined as AV, (%) = (AV,, —AVI))/ AV x 100(%), AV
is the calibrated response at Cpa = 0 that induces no detectable signal, and AV;“]})’Z‘""‘ is the saturated

calibrated response at high Cpa.

S7. Culture PC12 Cells on SINW-FET devices

The PC12 cell line, derived from pheochromocytoma of the rat adrenal medulla, was cultured in
Dulbecco’s modified Eagle’s medium (containing 10% horse serum and 5% fetal bovine serum,

Invitrogen) at 37 °C in an atmosphere containing 10% CO,, and the medium was changed every other
S4



day.’*®'* Cultured cells were re-suspended with Eagle’s medium and reseeded into a PDMS well
directly on the aptamer/SINW-FET devices at 37 °C for 2 hr. Before electrical measurements, the

cultured cells were gently washed with 1x PBS buffer three times.

S8. Oxygen reduced buffers

In this work, anaerobic buffer was prepared by continuously bubbling 0.1x PBS buffer, sealed in a
clean glass flask, with pure N; gas (purity: SN) through a steel needle for 15 min. Buffer prepared in this
way is a fully deoxygenized buffer that does not oxidize reduced methyl viologen (blue) to the oxidized
form (colorless). Subsequently, various Cp, reduced buffers were prepared by volume-to-volume

mixing the aerobic and anaerobic buffers.
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Table S1. Comparison of the detection limits of various DA biosensors

Surface Linear working

Detection

Biosensing technique Material modification T Timit (M) Ref.
Glassy carbon TNT 107-107 107 [S13]
PET Au nanowires 107-10* 107 [S14]
Electrochemical detection Carbon fiber Tyrosinase 10%-10"* 10° [S15]
ITO CNT 10%-10° 10°® [S16]
Graphene Porphyrin 10%-107 10 [S17]

Field-effect transistor SNW Aptamer 1010 10" Thiswork

TNT: titanate nanotubes; PET: polyethylene terephthalate; ITO: indium tin oxide; CNT: carbon nanotube; SINW: silicon

nanowire
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Figure S1. (A) Bright-field optical microscopy image of an MPC SiNW-FET device. Scale bar is 20
um. The FET device contains six pairs of FET units, where four FET units (at the left-side) consisting
of comb-like electrodes (MPC-system) were employed for experiments, and the other two FET units (at
the right-side) containing two parallel electrodes were used as a control for comparison. Each MPC-FET
unit comprises hundreds of p-type single-crystalline SINWs (~20 nm in diameter each) as conducting
channels, which were connected by two sets of comb-like source and drain electrodes. (B) A
representative plot of the measured source-drain current as a function of the bias voltage (Is¢—Vsq) shows
that MPC SiNW-FETs form ohmic contacts. The I,¢—V curves were scanned in ambient condition with
a digital multimeter (Keithley 6487). (C) The source-drain current vs. the gate voltage (Iq—V,) plot of a
bare MPC SiNW-FET shows that the FET-device is of high transconductance with a typical value of
>600 nS as measured in 0.1% PBS buffer at Vg = 10 mV. The IV, measurement was conducted with
a lock-in amplifier (Stanford Research System, SR830) at Vg = 10 mV, a modulation frequency of 79
Hz, and a time constant of 100 ms. The V, was scanned with a data acquisition system (National
Instruments, DAQ BNC-2110) via an Ag/AgCl reference electrode.
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Figure S2. Comparison of the detection sensitivities of a MPC SiNW-FET (red trace) and a
conventional SINW-FET with a conducting channel consisting of only a single SINW (blue trace). The
Al vs. elapse time plots were measured as a function of applied (solution) gate voltage (V). The V,
was applied through an Ag/AgCl reference electrode from 0 to 100 mV with an increasing rate of 10
mV/step. Signal acquisition of the electrical measurements was conducted with that lock-in amplifier
described in S5. Relative to the measurement by conventional SINW-FET, a significant improvement

(more than 100-fold) in the S/N ratio of the signals measured by MPC SiNW-FET is clearly observed.
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Domain A

Figure S3. A schematic representation of the structure of the DN A-aptamer, which contains two major
stem-loop domains (Domain A and Domain B) inclosing five DA binding sites on the loops (2 on
Domain A and 3 on Domain B). The interaction of the two loops is indicated by the blue dashed

. 1
lines.>'
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Figure S4. To avoid device-to-device variation in the detection sensitivity with different FETs, the
measured current change due to the receptor-target binding (Al at V,=-90 mV, relative to the buffer
solution) was converted to the change in V, (termed the calibrated response and represented by AV;‘“)

according to the IV, transfer curve of the FET device used.”>*"”
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Figure SS5. The IV, curves measured with (A) an aptamer/SINW-FET and (B) a mut-aptamer
SINW-FET for the detection of 10 nM DA in 0.1x PBS buffer. (C) A comparison of the calibrated
responses (AV;‘]) of a bare SINW-FET and a mut-aptamer/SiINW-FET to that of an aptamer/SiNW-FET
(100%). The error bars present the standard deviations of three measurements. The sequence of the

mutated aptamer is 5°-GTC TCT GTG TGC AAC AGA GAC ACT GGG GCA GAT ATG GGC CTG
CAC AGA ATT TGG CCC-3".
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Figure $6. A semi-log plot of AV, /AVZ;M™ as a function of Cpa. The linear working range for

detecting DA by aptamer/SiNW-FET spans from approximately 10" to 10~ M, as marked by the

double arrows.
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Figure S7. (A) The plot of AV;“EP / AV;;‘”E’P““" as a function of Cgp. The inset shows a least-squares fit
(to Eq. S1) of the measured C,, / AV, vs. Cgp data to yield Kq=6.03 = 1.85 nM for the aptamer—EP

complex. (B) Similar treatment gives Kq =910 + 270 pM for the aptamer—NE complex.
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Figure S8. (A) Fluorescent images of a bare SiO,/Si substrate and a FITC-aptamer-modified SiO,/Si
surface. (B) The Iyq-V, curves measured with a bare SINW-FET (black trace) and an
aptamer/SINW-FET (red trace) in 0.1x PBS buffer. Scale bar is 100 um.
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