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Construction of Dual Signal Amplification Competitive Immunosensor
for Detection of Clenbuterol

Xiao, Fei Bai, Jing Zhang, Ningdan Lai, Yanjun Jin, Litong™
(Department of Chemistry, East China Normal University, Shanghai 200062)

Abstract A dual signal amplification immunosensor based on glucose oxidase (GOD)-functionalized
nanocomposites was developed for the detection of clenbuterol. The characteristics of the nanocomposites
were confirmed by scanning electron microscopy (SEM) and spectrophotometry. The results indicate that
GOD in the nanocomposites keeps good enzyme dynamic response and electro-catalysis performance. The
detection mechanism of the immunosensor was investigated by electrochemical methods of differential pulse
voltammetry (DPV). A set of experimental conditions were also optimized for the detection of clenbuterol.
The developed immunosensor exhibited high sensitivity, selectivity and reproducibility, which had a wide
linear range of 0.01~100 ng/mL and a low detection limit of 4.50 pg/mL for clenbuterol. Accurate detection
of clenbuterol in pig liver samples was demonstrated by standard addition method.

Keywords glucose oxidase; immunosensor; clenbuterol; 3-agonist
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WARRREIEBh i, X MRS ” R AT S
YA b A 42 5 RS S 7

FESEIR) 98 RS B B R g vk n =R € % - o i
125G C-MS) YRR A €8 1% — i i B FH VR (LC-MS) UL
B RE LU HER MRS I e AR RS 2k B i, AELE DR e 46 )
ot HAEE R, b R R T T A e
P T HOR A SRR R PR EE, R tthor, & T Ik
DEEA 5, 76 B b 2 A I AT L AT AR K TR SE B 3. FH A
. HAp Az s i E R BT B A 2 TR )
PR S T R LA 2R R AR (1 ey R, HLRe A AT SR
R AR SR A0 25 52 0. B T AR 8 ) I
KT TR A A 2 w2k ey St
2T 2SI AL A G AR KRS HT] T IR PR TR R A
T P4) P 2 s A K BT 5 A /D,

1T AR 0 e T AR R U ANE i Sk i, A
TG PRSP SRR e s bric . 7ehric
AR IO SR REAT bad, T8I e S AW AR AT
ST SR L BT AR B e . kT 3RA R
(AL NS S, B TAES DA R T S ME 5
KO A . 1 T LG Bk 1 BRI . BRI A Ak W
(HRP). %4505 A AL BE(GOD) S5 1 4 — Bl 5 F KA i
Wil iz H ) 58 TR 9K (CNTs)M O A gk g ek
SEPPRL ELASRAS G B fh AL AT . I HRP
Y. 5y 52 s A T, RN o 5 8 SRR A B T
JLSZFR IV . GOD % HRP “T-4t/b, (HILr FEROK, H
BARZ I, brid 2B 2584, ik, Lh GOD
VE bR IC B B SRS HRP AR, A i vt Sy BRAE, R
AR 22 Vol A8 B B 2 TR e AR v 7 1 R U
W& LI @PBE NV 2 WA i N L, vl Al
GOD 5§, HRP {15 ASRAT XA 5 TEOK 1 H A 27 i 3 A
5

PR BT D [ 2 A2 o1 6 92 1 B 1) DG B 0 B
T #h R AR RE B 5 /N oy P i, L] i o 7
B AT A BRI I R, DR BRI T S A
JRISAE N FAE DRI N . A SR 2 0 4
YK RLT(Au NPs) AN B 1 P HE 7 25 B AL L B AN e
s % A I 2 T Au NPs/CNTs b, #4717
GOD-Au NPs/CNTs-CB 4K &%), (R0 1E AR
Bt PB. RIS IR A AL (PDDA). 7o kb
(CS). AuNPs. wrfthe % By EHTA(CB Mab)35 D) fEME
kL, ¥y T CB Mab/Au NPs/PB-PDDA-CS %4+ £

BeAk i, L TR RIS B Ik, AN
TR K B-Se Rt R Hrde it 7 Fhopr ik,

1.1 FE5RF

CHI660a R HLAL 2 73 AT X (3 Je SR s A R 24 7)),
I L Bi(SEM, HITACHI-4800), 4k n] Wy 66 it
(Varian, Cary 50 Conc). ASZH KM = H /AR Ab/Au
NPs/PB-PDDA-CS 4 K13 ARy A bk, et
WEAEN 3 mm( HAZGHER 2 1), Ag/AgClHL NS
EE LR A 22 YAl Sk o) K.

551845 B (Clenbuterol, CB)#h g &, 7 245 ¥ S8 1k s
(GOD, type VII-S, from Aspergillus niger, 10000
units/mg), ¥ MEAFE I EL(PDDA, 20%, wiw
in water, MW: 200000~350000)F15% 5 ##(CS, =85%)
1 Sigma 7w, FRIEALIIK A0 K (Carbon nanotubes,
CNTs)J [ [ R B B8 B AT PR A | se ey
PR EHTUA(CB Mab) Il T BN B LD BARA R
Al SR AR L 25 1.

Bt e384 o dr i, S R /K o IR 20
K.

1.2 GOD-Au/CNTs-CB E& 4894 %

GOD-Au/CNTs-CB E&W)Mifil &l fwiE 1A fr
7. #4100 mL [¥] HAuCL %75(0.01 %) 75 Jill Z454E K Inh
S, RN 2.5 mL 1% RN, VA R
PO R R, FRELB R R A A

# 2.5 mg CNTs A 5 mL 0.20% PDDA /K (&
0.50 mol/L NaCl)H1, #7543 30 min, 7K¥E = kR Lt
i PDDA, HW]43 PDDA IhRE{LI¥ CNTs. X 0.75 mg 1%
CNTs A 9 mL §J A 48 (Au NP+, HiFE 20 min
Joi B0y BB Au NPs/CNTs, /KBB4
#T- 2.5 mL Tris-HC ZZ % (50 mmol/L, pH=9.0).

I _FR ¥ 0.5 mL, A 375 pL 2.0 mg/mL GOD
RIS £h 22 1 (PBS, 0.05 mol/L, pH=6.5)% Al 30 pL
0.50 mg/mL CB ¥, VKK Y 3 h i #5050 85, Fr
PP EF A ECT 100 pL (1175 0.05% Tween 20 (1) PBS
WWL(PBST, % 0.2% BSA), 17T 4 CUKF %M.

1.3 RiGERI[AME

JAIZPERE R 4 mL 0.025 mol/L K3Fe(CN)q ¥ %
A 16 mL 7 6.25 mmol/L FeCl,*4H,0. 0.4% PDDA
1 0.15%55 M (1% HAc W) h £ 5 30R
W, # W PB-PDDA-CS & &4 k.

TP KA M B FE W 1B s, K Bas A
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Figure 1 Schematic representation of (A) preparation procedure of GOD-Au NPs/CB conjugation and (B) preparation of immunosensor

and competitive electrochemical immunoassay

PR AT BE IO, A eBE i, HIRAE HNO;s (1.0
mol/L), NaOH (1.0 mol/L). PR S — IR z5 18 /K vl 7 4k
5 min. 55K 1 uL PB-PDDA-CS %0 14 T Hi b i,
NI TR, KA E T 0.10 mol/L HSO,H, 1.3 V
FA, S FRALEE 2 min, BT 10 pL S IR T Hbk
i, =I5 N 6 h, H PBST il PBS Vs LA 2 A 45
EEKRLIT. ¥ 0.5 uL 0.50 mg/mL FEABK: P o
W T AR T R A T TR PR A 20 SR A B Py AR SR T, T
4 CYKFhIE . H PBST #1 PBS ik BT 54K LA
R 2B B A BTAA, BN 20 L BSA THItER
T, 2N RN 1 h DU PARRE RS S0 5, FIOOT
PBST H1 PBS ot Hitl, Wit /afffr T4 CUkF .
1.4 GEERENATHRERAEFS HNE

LR U ACE B R I iR W R IS ) S A
PN 10 pL GOD-AWw/CNTs-CB W, =i MRS
1 h, PBST A PBS ¥, %k AT 7& 10 mL PBS %
AN 5 B A B, BEHE 5.0 min, FAE0E S
FEFR IEWOBUPAE 0.6~—0.2 'V HL RS FE Y 04 22 40 ik
R(DPV)IIZR, W= AR To; 7F %)% 1 s
I IN 10 uL GOD-Au/CNTs-CB Al CB [/ &1,
[FRE 2 A 2 - FPAS TR 5£(0.01, 0.05, 0.1, 0.5, 1, 5, 10,

N/ Y A% W

50, 100 ng/mL) CB f£4F FIMWEHE . HT CB 5
GOD-Au/CNTs-CB 364+ o i AL ks LIMEs &0 5L, 3
gt 4 B Al bR R A BE G BCR AR N D, R
WY R B, I N FRADMFRE AT H N U5 AI=1—
o, P UEATRIN AR R O AC RS

1.5 JEFTHmAYHI&

FEIHFEG A BT KT, FHa Co DI TA
BT, 4% 10 pg/g HISE R oI SRR vete e &
FRvEERE BRI IARAE . VERIFREL 10.00 g IRERIREAT
PESREIRRRE S, 2 BESCHERU ) £ 0 AR S 320,
JEHRBURT PBS (pH=6.5)E A% 5.0 mL, Wi TUKF
.

2 HFR5WHE

2.1 GOD-Au NPs/CNTs-CB BYF4E

2 >J CNTs, Au/CNTs f1 GOD-Au/CNTs-CB [
SEM RAEE]. M hn] LU HOR B 1B 9K 8 2 1
ey HAr 5 (a), %Al IE W g () PDDA Difgfk, H
Fe T &5 A Ry LA TR S AR BORL IS, ke AR
WSO OR, IF I — e B I A R (b)IRES. T GOD

TP * 1P

.......................

Kl 2 (a) CNTs, (b) Au/CNTs Fll(c) GOD-Au/CNTs-CB f#) SEM FAE &
Figure 2 The SEM images of (a) CNTs, (b) Au/CNTs and (c) GOD-Au/CNTs-CB
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FTEARKE R 456 B YUKRLF3R G, BeaK s R i w
B 5 1 T (c), R GOD FIFiABHs &5 1 )
PR BT ANK S KT TE R T GOD-Au/CNTs-CB R 454

KRS R e BRI E T 2 AW GOD i
P, M Lineweaver-Burk 23T E A3 LR MUK FGH 2L
(K™} 0.870 mmol/L, iZ%${H iz /s T SCik! 4536 11
GOD (5.85 mmol/L)fl Au-GOD & 4 4(3.74 mmol/L)1]
Ky fl, #H] GOD-Au/CNTs-CB E &4+ ) GOD {4
T R B )2, I HAFEoK KB )5 5 2.

tHT GOD/CB Jit Lt H A se iy e it 45 21 iz
f& % #% | GOD-Au/CNTs-CB & & W It ¥ & 1
GOD-Au/CNTs-CB 5 G445 Hh i % B A AL B IV 23 1
(R, T T 52 e B AR R AL 2 B R R/, S rh
W44 GOD/CB Jii i Lh k4% il /e CNTs R (1)
GOD %4 FF1 CB 4 T4 Lh. 45 3% W GOD/CB Jii & Lt
h 50 B, G AR I LA N K, DRI S Hh R
GOD/CB Jiit [t 50 4 GOD-Auw/CNTs-CB HA54).
2.2 CB Mab/Au NPs/PB-PDDA-CS $i&fEBiseay g
FERAE

ARTAES, AR AL BE PR (EIS) SE 46 2% 4%
TGP A TR AR ) 2 ok R o AR SR T I BT AR AR L. FH
PUG ELS @i o 2 B EAR 0 /NG T F AR B e
(Rep). Wl 3 P, RO BRI P OE LT 2 — A
£E(Hh4k a), 24 PB-PDDA-CS Bk L5, W
TALE TR F B (R b), M4 Au gKkE7t—2
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B3 #RPihk Ak (a), PB-PDDA-CS (b), Au NPs/PB-PDDA-CS
(c), CB Mab/Au NPs/PB-PDDA-CS (d) fl GOD-Au/CNTs-
CB/CB Mab/Au NPs/PB-PDDA-CS (e)f&1ffi [ 3 i AR (¥ 48 3t
FHAT &

Figure 3 EIS Nyquist plots obtained with bare glassy carbon
electrode (a), PB-PDDA-CS (b), Au NPs/PB-PDDA-CS (c), CB
Mab/Au NPs/PB-PDDA-CS (d) and GOD-Au/CNTs-CB/CB
Mab/Au NPs/PB-PDDA-CS (e) modified electrodes, which were
measured in PBS (pH 6.5) containing [Fe(CN)¢]* /[Fe(CN)e]*
(1:1,2.5X10 % mol/L)

B AR R T, B AR O BR BT R ¢), &
WS E AR 11K Au KR BHAT RUFIH P15 T30
N, e W BB CB Mab(Hi 2k d). 4 &
GOD-Au/CNTs-CB(Hh £k e\ AW )G, &4 bl it FH Bt
MBS OK, R KD % T CB Mab/Au NPs/
PB-PDDA-CS %% %18 5%

2.3 CB Mab/Au NPs/PB-PDDA-CS % & {& B g& &
CB Ry1E L%

FE R R S S LR U0 B 4 .

CPB (Hzo [oF CGODRed> <gloconolactone
PW H:0: GODox glucose
B4 A i A A A S s i

Figure 4 Schematic diagram of the enzymatic and electro-

(DI
apoJ}oa|a

chemical coupled reactions

GOD-AW/CNTs-CB & & W) Fl o 9 14 4% L) CB
Mab FrSeth g & 5, ZEW 1 GOD B ILH R 0, %
1k, £ GOD FALAH Hy0,, GOD ALK 9 (1)
JE I 5 M AR A P R T PR R IR, T B — AN SN
R, M7 HyO, ¥R H bk &MY PB-PDDA-CS
S, B PB bR A S+ A, PW)SEALERL PB, PB 4y
TAE B B A T S0 7 R A BB R SR PW, TR
S AN ONVAEIR. PN SNATE R IE I 2 — D WAL O
PRI HaO BT K, 10 PB AR FL AR 3 A i 17
HL A3, (ERAR AL R =B Pud . R H A f i Y.
HLIR. 4B B3 i GOD-Au/CNTs-CB I, KA (1)
GOD 7 T #i B8 T e A kA b, 7= AR K L At i
(K 1B LFE a). 1024 H b LR GOD-Au/CNTs-CB #
CB MR &%, BT CB 5 GOD-Au/CNTs-CB 3¢ 4
G AR A LIS G A, S A B EIY GOD
BOEARN gD, FR I Y R (R 1 IR b), HHLR A Y
NBERIREEE(ADBE A 64 CB IR 1S KT K.

24 TWEHHIHL

R A9 70 50 W05 1) A 5 v 0K L 3% T £ JE 4 L A 2
INEFRIR /N, i o5 A 2 W AR P52 (P 14 T, PR 18 e 12 HL
WK, R A IAF] 10 mmol/L IS, Wi R B A T AA
. R, S IR RV 10 mmol/L.

S ST PBS (1) pH {EXT GOD fEAG AL H
PR N ), i SA . JRE SA, SEEh
1L+ pH=06.5 1E K MAA R (1) pH {A.

T T I TR0 2 A S 8 o 2 L AL PR e i 14 5B
R, WA AR B IR 60 min B IA B OKAH, 60
min 2 J5 i TAE, # W] GOD-Au/CNTs-CB ££ fu % 14 i
MRIMR S PESE IR B MR, RUE, S25e o 60 min
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2.5 CB Mab/Au NPs/PB-PDDA-CS ff& fE Bisefr £b
B e (4% % I ZE Y 1Sz AR

WAL A N T R R v AR 2 I 5 . s A S
BAT N, Jo3ad CB NPT I 4 63.7 pA. 564+ CB ik
J&40.01,0.05, 0.1, 0.5, 1, 5, 10, 50, 100 ng/mL I £] Is 73
W14 59.3, 56.0, 53.0,47.7,45.1, 31.7, 30.0, 22.2, 18.6 pA.
RIS AT 2 3.40, 7.70, 10.7, 16.0, 18.6, 32.0, 33.7, 41.5,
45.1 pA. BLALK] CBIRFERD BUE R KL, PriggetiElA
TR A AI=2.22+1.10 lg [CB], R=0.9895. i%{t /&%
X} R IR e ACRE B I A I YE A 0.01~100 ng/mL,
KPRl 4.50 pg/mL(30). %5 s At B i Hi PR 2k
PESE I T2 BRI
2.6 fEEBRIFRERREM

RS G AR RIS B2 AR Dy 7R AT S M
R F e H AR . 2 HI4E 10 uL GOD-Au/CNTs-CB #
WA w2 e, 2R/ TR T
W, e TR 50 ng/mL, ¥ E 60 min J5, 2351
SESLIE I AL . S5 350000 41.5, 1.53, 0.746, 1.04
HA, RPEALRAR IS 2 EL . 2 By T GRS T e

(RIAE SN Ky 3.69%, 1.80%H1 2.51%. 45 5 W Ff
AT BRAFAE AR G B-S2 AR A AN S 7= A B 2 T

B & U AR IR B BT 4 CUKRT IR A, FERRM K
e X AH R E CB M NPk RE. 25 R, ih 14
d AR XT CB (1) 3G B I A2 4k, 40 d AT REDRKF IR
A NAE R 85.0%. FHULULHT, BTV & 1AL IR 45
ke, Feoe v
2.7 KBREERETNE

PP ALK R MR N 10 pL GOD-Au/CNTs-CB #
HE TSGR AV, R R 2R 18 e e s D bR
LI TAE IR Zeill e B CB & . R ik
MIRESD A R CB N 0.450 pg/g, £ B FARK:
h, HTTWEIIRES Cy D S8R CB. AR50 BT T
D5 AR S B S O UERRE, SR P ARHEIN AL 28T T DY
Tl I A i, IFRIFBCRAE 97.5%~102%2 7). ¥
Mt R 1 Pios.

R 1 OBITEES T CB

Table 1 Determination of CB in pig liver samples

Spiked/ Found/ Recovery/ R.S.D(%)

Sample _ ,

P (geg )  (ngg) % (n=3)

0.00 0.450

Sample A
10.00 10.4 99.5 3.5
0.00 0.00

Sample B
10.00 9.81 98.1 5.1
0.00 0.00

Sample C
10.00 10.2 102 6.2
0.00 0.00

Sample D
10.00 9.75 97.5 3.7

3 #it

AR SR B8 R0 4 g KR 1 (0 A i A R T IR
¥ GOD I CB 431 [FIf il %€ - Au NPs/CNTs F, A7)
Gy TP A [ e A T — MR T R T
GOD-Au NPs/CNTs-CB 4 KE &), I THAY+
GOD #1 PB MXUEAF S KIIfetyd T CB Mab/Au
NPs/PB-PDDA-CS 4+ 14 G s AL . 1AL & vl T
ERIR SOARRE B R e RS I B-S2 AR A I e, HAT
RPEE &, R Phom, rkia st B, A3
JIT S ST I 7 VE AT I RURS B % xR I i TAE R )
W] 1) 1. FH T 5.
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