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F-CNTs/GCE), #) A i F it % (AC impedance, ACI), 73R4k % % (cyclic voltammetry, CV)& £ 4 kg ¥ 4R % % (dif-
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A new biosensor from immobilized acetylcholinesterase to

detect carbamate pesticides
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Abstract: Dialdehyde cellulose (DAC), an immobilized enzyme matrix material, was used to prepare an
immobilized acetylcholinesterase according to immobilized enzyme chemical linking technology. The immobilized
acetylcholinesterase was then used to prepare a new multilayer chitosan / immobilized acetylcholinesterase/
functionalized carbon nanotube / glassy carbon electrode (Chi/DAC-AChE/F-CNTs/GCE) biosensor. AC impedance
(ACI), cyclic voltammetry (CV), and differential pulse voltammetry (DPV) were utilized to characterize the
detection performance of pesticides acting on the biosensor. Results showed that the new Chi/DAC-AChE/F-
CNTs/GCE biosensor was successfully prepared and had a good response to carbaryl (CAB). This new sensor
provided a quick and easy detection method with a wide range and a high sensitivity having a minimum
detection limit of 3.5 pg L™ with good reproducibility and stability. These results could provide a new
analytical method for the detection of carbamate pesticides. [Ch, 6 fig. 4 tab. 25 ref.]
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R 14 ARG 0 DT A 28 00 Tl Py 400 0 R T2, S8 IR 24 1R s A 22 BE B 2 K 4 (multi-walled carbon
nanotubes, CNTs) P& 75 I 1 Ao A0 PR AR 352 187 19 720 3 Pl 52 % B 0 T 480 P T Tl A 0 1 TR v ol T3 B
M L7, R AEWLIREG TR Iz IE Y ZEER AR EEIE BT S K AR IR, K 2 BE Rk
AKAE T S AR AT SN REALAL B, REAS A RO BHL 11 22 BE e 4 K A8 e A AT SR, {6k 2 B Qe 40 K A8 AR i Ml 73
BRI — |« R i e Bl >, R ST T ik, BU0 AT U] 4 2 FT g i A ) el
TE AL s A P AR AR M i R e, WA AR B R e et . FAT, SERI RO A R . ik
Setrd Ak QWL WI-BEIE MR R ALY, XTI W A T R A R, R A 5
vk, RIERGRENEZE . WL 4ER (dialdehyde cellulose, DAC)fENEF4ER IO ENZ —, o T45H 1
MR FEA Ty SRR RESE AL iU A o, L B B g W PR RE T, Rk o0 4 b b e v LA S I O
T HP ) R T A R BRI A A Schiff BRAL 2R, REGE RS E M 1B E TR A b, R — Rl H AT Y [
TEACHEAAAATRE o ASWF SR BT BUATRL 508 BT IA 4, R I 5 Tl o A~ BB AR (8 7 AR L i i [
SEACTE, P 2 2R T ] A 22 )2 50 RO 18 R 1 £ Tt REL R i/ 2 BE A Bk 20 K A R A 2 A ) 1% SR e Chi/
DAC-AChE/F-CNTs/GCE) . 534 W MITIEM L, ZIr kWM i, BRI, £ REERER
S, RYEEHIGE, REUZRE, I a3k IR T A% ORI $2 (hbodt R J7 1%, AT —E BB
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1.1 UE5iKH

CHI6O60C Hifb 2= TAEM, (Bl R AR AW, HED); =W RS: By CHIL04 3% ik ik
(glassy carbon electrode, GCE, FH 4% 3 mm)/E A TAEHE M, 0 FH 5K B #% (saturated calomel electrode,
SCEVE R Z Al , BIHLARAE S % H i 5 SK3210HP i 75 i 5 vk s (iR ol A s A IR A W,
)5 HL 20T K (Sartorius 24 &, 8 ) ; DF-101S Y4 $4 K48 15 0 #ag  5 BE 2% (Il g I LT AR AL 2%
WRARAR, PE); DHG-9123A HLPAE RS X T4 ( Ll —tHR AR A RA R, PED.

WIELFYER (DAC, KRG BES ) 5 1-Z856-N- I BL 205 IR IR (CAB, 4 >99.6%, iy
WFFEET), £ BERLRRER S (acetylcholinesterase, AChE, 220 mol-s™-¢™, igFHEN ARG RAF ), M
b Z T % AR IE B, (acetylthiocholine iodid, ATCh, 4 >98%, FHi T /Aw]); ZBERRYI K4S (CNTs, 4l
JE>95%, v ER B AL A BRA A ) s 5o M (Chi, i QT =90%, [ 24 48 Ak 7 10 A R
A)) s HABI R X S Ay M Al s SEE FH K O AR 2R K
1.2 SEmMKENINGE

B 10.0 mg ZBEGR KA T 50.0 mL kR R b, #E 7 WHE T AR 7.0 b, DL BR 4R AR .
4 Al )5 i 22 BERR 99 R 45 BT 80.0 mL BRI [V (1R )V (BIR ) = 1:3 17, =il B A [ 10.0 he Z8 148K
Ve ik, 15358 ILAL 1Y £ BE TR 40 K 4 (functional carbon nanotubes, F-CNTs)™ | -4 gl #y K, Ht 10.0
mg R IEACIH ZRERAUORE T T N, N-H L BEiE b, #7520 min L8095 & H .
1.3 EZKBEERIH &

BERR RS2 vh ik b, 28 CHRLEE R LT 4 R 5 LW IR R B ) 4 4 S 0y 2.5 h 5 B 4 15, 281K
Ve BT B, AR TR, B0 E Ak £ 1 RE SR R B S ik i (DAC-AChE) , 4 “CukAf h IR A7
1.4 AChE £ 22096 & R R1E

etk v Ak 43 51 5 0.30 1 0.05 pum 1) AL SR R FE DG A B EAT IO, R ZEERK ik, 5k
e A AR A P T DR AT AR U IR ZE K L TOK Ol . R ZERKB A TE PE (5 min- k7, =BT
IS.0 L FREE AL 1) 22 BE B 40 K A8 (F-CN'T's ) V0 080T 14 28 004 B 1) B e A Al R T, i1 )5 PR v 5.0 L
[ 7 Ak £ BENH R A (DAC-AChE) , AR T, f/alifik 5.0 wL 2 BB W (Chi, 5.0 g-L), i piChi/
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DAC-AChE/ F-CNTS/GCE {4838, 4 CukA PR A7 . [ %1% F %l # Chi/ DAC-AChE/GCE, Chi/ DAC / F-
CNTs/GCE & /i 1 4% .

KM =R ZR, Ll 5.0 mmol- L7 [Fe(CN)e " AL R EE, LIMB M LR O TAR AR, 16
R NS R, S22 BN, T 0. mol- L™ Glfb 80 f ff By b, MEAT AL BHHT R AL
1.5 SEHFERREEERRFIHEN

AR A 0.2 mmol - L™ fllifl £ 1t 4 A0 IH 5k 1Y 9 B2 £ 2% vh v W (pH 6.6) b it 47 22 73 ik b AR 22 41 4
T2 SR A 32 B AE H IR TR 28 A% H R0 ) 1) A% S s A U P U, Los AR i R A% SRR 1R A 25 S () e S ik R R T 26
A% HU Y B IR £k 22 P s W b A ) 14 min, YRS T 0.2 mmol - L @Ak £ 1 A AC I B 114 Wl 12 £ 22 i T
(pH 6.6) Hpr JE47 22 73 ok i AR 22 41 4, A6z 00 52 22 ke Y I 1 2 % OGR4 il ) p) A% s O W /B0 1, 28 5K
(1) 530 22U HY PR TR 28 2% HURI X2 A% Skt rh B Y R 38 1(% ) o

1(%)=171x100% 1)

2 #RE®
21 ERBHOTAMAIRRERIE

RS UMLBL R BB AT O, S50 1 57 800 T
Ao ML NR BB MR T e | ¢ Y d
K BRI 2 R LG £7 26 e i
W (), ML BE . SO ks Sao| T AeT el L
KAWL BRI, R, | S AT
T T4 L 2 A 6 2 5 A jgﬁalff
B (o), MBS, SORpy w1
A = ERIK T [Fe(CN) AL B HOBLS) 53— 270

D5 T # [ Fe (CN)o |7 [a] AR R T 8 H A0 A SO I AL F a0 4 4% GCE:; b. Chi/DAC/ F-CNTs /GCE; c. Chi /DAC-
— AN, DT G B BB A, X UL W [ E AL E AChE/F-CNTs /GCE; d. Chi/DAC-AChE/GCE;c 5. o4 s =5.0
g s, ACEMizE m R . I Chi /DAC-AChE/ mmol-L% co=0.1 mol L
F-CNTs /GCE Hi#% (¢)5 Chi/DAC-AChE/GCE Hiti ()4 B 1 FRF @A S [Fe(CN)o 7= A 47 5 i
Ho, BLHCE/ME S, 3R H TR IE I 1Y £ BB g k4 RS
FW A KRR, R T 2090 K% 1 4 8 Figure 1 Elec.trf)chemical impedance sp.e(:tra of diffel;er/:t
VT LB S A ] o T odted clectrodes measured in LFe (6070
2.2 Chi/DAC-AChE/GCE EyfE TRtk 2245 1

[ 2A %y Chi/ DAC-AChE/ F-CNTs/GCE Hi# 7E 5.0 mmol L 8% {k# [ KiFe (CN)g]-0.1 mol -L %1k,
PR R R T IR IR L, BI2B SRR S HECE TR RS RE . K 2 TR, FE
AL B - B b B A A R R A, H R 1) 3 i R A R AR A 0 L I S R IR A
PRAR, KRR TES TR K2456% 10 BEEHE @) M8, Wiy O 78N, 06
FL S R R R RAF R O R, U B A AR S B 3 R A2 B AR o

# GCE, Chi/DAC/F-CNTs/GCE, Chi/DAC-AChE/F-CNTs/GCE #iI Chi/DAC-AChE/GCE )/ ¥tk 2 i 2%
s 3 . WK 3 A A pH 6.6 185 IR 22 i W, Chi/DAC/F-CNTs/GCE & i Hi#% (a), Chi/
DAC-AChE/F-CNTs/GCE & /i Hg #% (b) 1 Chi/DAC-AChE/GCE 16 /i v 4% (¢ ) ¥ W2 B e 1 B, 35 W s 4y
itk 2 WEARAC B AS A AE B, R LB B 0 AR SR R N o Y A  BEBR AL AR S, #R GCE Hifk (d)
F1 Chi/DAC/F-CNTs/GCE &4 il (e) EAT B AT W B, 10 R BE AL 1) 22 BE TR 90 K 45 FOW RS 241 4 R AE %
PG E I, 1 Chi/DAC-AChE/F-CNTs/GCE & 1fii FL #% (£) 1 Chi/DAC-AChE/GCE & 1fii . 4% (g) # 3 3
ENGIBUIE =R A S = WA 5 8 i e e R L2 A A R TR AW [ER T %) 32 o SRR et /D iR AW [ER T e
FRRAHE T B % S 8k AL T = 4R 1%, B Chi/DAC-AChE/F-CNTs/GCE & #ii v 4% () 114 14 v, 37 B 5. [t Chi/DAC-
AChE/GCE & i Fa ) (g) B9 K, 150 B IR JE Ak 1 2 BE fik 40 K 8 A B TS AL 8 I ) T 5 A () 19 L T 55 85

solution
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Figure 2 Cyclic voltammograms of sensor at different scan rates(A) and the dependence of peak currents vs. vl /2(B)

x 1 AERINIERTEMEBIENINEHE
Table 1  Equation of the effect of scan rate on the peak current
AT MXRHR  bRfE%S BEARRN P
& )5 (Red) 1=33.374 Tv"> + 7.955 5 0.991 8 11.987 3 8 <0.01
A4k (Ox) [ =-26.612 49" -16.104 3 0.996 0 6.652 7 8 <<0.01
HL B 7 BRE 39 98 . % Chi/DAC-AChE/F-CNTs/GCE 10
16 ¥ H #2 F1 Chi/DAC-AChE/GCE & #i b #% 75 4% 1t _22 "
F -2 JE-N-F L Sk PR IR v ikl s, 5 T Ak 40
Z R A BR- B IR 50 22 by W AR SRR 2l S
Z(k f1h), R B RFHBORMLEBRTE, ~ _g
ULH 1-Z5JE-N-HUJL UL R R 0 T il B2t 00
JOEL 6 P T 0 0 1 o AT R AR ARG P AE R —120
AR ALK DL AT S 543 BT £ T I 6 IR A Y TR 1, SRAE —140 l L L L '
0.2 0.4 0.6 0.8 1.0 1.2

S S R TR 2 R SRR AE ] R R i, e
0 23 AT ARG T A P R R 28 R SR B

& 4(A)N Chi/ DAC-AChE/ F-CNTs/GCE 1% Ji&
TR AL AR AR 2 BE R AR 1 22 43 Bk o AR 2, R
T AL TR X AN [R) e B LAk 2 T AR T A T Y g
WitE . NIE4(A) T LA 1. BEE W3,
TEARKE I, 3 B 2 1k E B G A O 40 8 2 08 1 )
e b, ELREAE AL ¥ 0 0 B Ak 2w A E AR % A
KA

PR 4A) g, BRI RS s
B A I B YOG R, S5 AR e (D) S

cx0=0 mmol L7 (a, b, ¢); cyo= 0.2 mmol- L™ (d, e, f, g, k, h);
cen=10.0 wg-L'(k, h); PBS (pH 6.6)

B 3  Chi/DAC/F-CNTY/GCE ( a,e), Chi/DAC-AChE/
F-CNTs/GCE (b,f,k), Chi/DAC-AChE/GCE
(c,g,h), 4 GCE(d) /£ 84k T Bt AL AX, B2 % -
BEER 3 2% oF i P e PRI R &

Figure 3 Cyclic voltammograms of the Chi/DAC/F-CNTs/GCE (a,
e),Chi/DAC-AChE/F-CNTs/GCE (b,f,k),Chi/DAC-

AChE/GCE(c,g,h) ,bare GCE(d) in ATCh-PBS

AL 2 P B IEBGHAR JEE (c) S B AP MR PESC &R, SRRl : 1=-6.757 9c-4.138 0(R=0.995 8, S=

0.0738, N=7, P<<0.01), P£ULIE 4(B),
23 ftEEEMRSHRL

H T AL X T JOEL Bk 5 T ) 410 4 P ) 5 A SR T AR 2 AN, A% TRt 1) 1 B 52 vl M DAY WA
pH BRI AR e 70 A 25 v i 3 R B[R] A 52 iy, O atl, WIS J2 S5 48 1 AL i IR ALY pHL (B A% A A
g e T TR A 3% ELUTR) #8400 o (W) o 0 oL O A 2D, SR AP S s o 0 B AT AR SRR, 3RS

PSRRI 2 PR,
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Figure 4  Differential pulse voltammetry of ATCh (A) and relationships between peak current and ATCh concentration (B)

MAIE SA AT YR AR 28 oh 5 pH 6.6 B, A5 A 06 R AR K, DA HE R T AY pHL 6.6 8 T 5
PRIEEG TG PE, PrAARSCIRE$E pH 6.6 [ BEIR L 22 MhiA W AE M IS . H Bl SB W 1: AE 1-Z8JE-N-H1 Jt
B4 H R IR 1 W Bl B ] P RE S, Chi/DAC-AChE/F-CNTs/GCE Ha i 78 i1k 2 Bt 4 QI Bl o g e v 3t B
TREAR, 1-Z8HE-N-FH 5L S0k FH R I8 X £ 1k APk 5 s 1) 410 o) 4 R s, 0 R AE A A B A9 R 14 min Py
TR YE N, Y P0EEAE  14 min, 2 ARG R B 0 50 R T AT, R 1-ZEE-N-HOL S R R S
T R R it v AT SO A i 45 A E FC SR AR, Bk, 78 1-Z8 56 -N-H 3L a3k B R 15 1) DU o 3l
L A ]S 14 min,

_2_

I/pA

7
5.8 6.0 62 64 6.6 6.8 7.0 7.2 7.47.6 0 4 6 8 10 12 14 16 18
pH t/min
cew=10 ug'L_l; PBS (pH 6.6)

B 5 pH 1&2f Chi/DAC-AChE/F-CNTs/GCE 84 % & (A) e dp 4] B 18] 55 B 40 4] F 69 X % wh 42 (B)
Figure 5 Effect of pH on Chi/DAC-AChE/F-CNTs/GCE and relationships between inhibiting time and inhibition rate (B)

2.4 fERLEEXTRE I ERER 28 R A AV AR U AR

$¢ Chi/ DAC-AChE/F-CNTs/GCE & 8% 73 3| 5 W A5 AN [R) e 2 119 3% HUFR) 1255 3 -N- FEY 258 A i P i 1 s
an ARSI AL £ PR A QA 7 1 Jek b OSSR ANTEL 6 Bvm o Bl A% SR o vk
AR R, I P RS T /0 P DA P S DR 5 R RN A MR BE AP AE — 8 B R R o LA 1-25 - N- R S 6 Y IR i
X T AEL T P R 1 10 0] 25 X 1-25% - N- F R Uk PR R R 4 B B R BE AR &L, Al 6 Bz, WT 0o 2 R
Br: 1.5~6.0 pg- L7 F1 6.0~16.0 pg- Lo ZeAEINIRTT RS0 T3 30 #1090 Sy 4 B R iR 28 2% 1
A SR AIRAG PR, A5 B2 A B A By 3.5 g L7, ARSI R BUE R 3.7~5.1 pg L',
25 HmEKERNE

AT 1-Z8 38 -N- R R 200 HRR IR A i, A 10.0 g L7 980, R FH AR HE AR 0 72 A5 i RS
ZERINE 4 PR, S UOFATINE /g Wl 97.89%, LW A= ¥y % Jk e 7 SE B i ot A8 S 0 285 2R LE R
HERR 1
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Table 2 Equation of the effect of pH and inhibiting time on the sensor

B WG Ik HCFRER FEAK n
5 667099)"
A y=—2.284 54 —49084 _ osero 0.9759 10
0.961 0/ /2
_7.799 1-45.480 8
B I(%)—W+45.480 8 0.998 8 9
lye 1397
*3 1-ZEN-RPESERBRERENBISEZZMEENINEHRE
Table 3 Equation of the effect of CAB concentration on the inhibition rate
R ¢ /(pg- L) G 7 e FHERER bR 2 S FEAR n PH
1.5~6.0 1(%)=3.728 8c-3.130 1 0.995 6 0.565 5 10 <0.01
6.0~16 1(%)=5.051 0c-10.438 3 0.998 2 0.984 9 10 <0.01
T4 HERESEMNI1-ZE-N-RESERBREENEKENE
Table 4 Recoveries of the sensor for CAB
o v FiE 0 ke iE/ o I R Ve R/ o
L I U O o e T HE A 0 VR G N JoT o e IR 1 22/% % R | %
(g-L) (g-Lh (g-L)

1.952 4x107
1.983 6x107

CAB 1.0x107 1.0x107 1.961 8x107 1.66 97.89 2.12
1.938 9x1077
1.951 7x107

26 HEMMWEEMNE., REERBE

[l — SR AR A 15 1-25% - N- P U T PR 1) A PR £k 2 nh i3 9 (pHL 6.6) R Il 14 min J&, A
A 2 ot A REL G A B TR £ 2 b i o P AT D E 10 W, D e QAL O ARDAS B Al 25 1.57 %, BT Z AR
P SRR N

W AL B B T B IR R 2 v iAW (pH 6.6) ' 4 CYkA IR A7, 10 d J5, %1% ks i e v it T W Wit
%, U A H G PRGN, e ) R A 4TS BE DRS00 i o 7 P O 1) 85.0% , U W] b 35 1] 5 1) 1% R8s A7 i 1 EL AR
TEVERE, MEERAL T R R AR

N3
E
=
0 1 L 1 1 | 1 1 |
12 4 6 8 10 12 14 16
E/V c/(ugL™

car=1.5~16.0 pg- L™ cye=0.2 mmol-L; PBS (pH 6.6); inhibiting time: 14 min
B 6 Chi/DAC-AChE/ F-CNTs/GCE f£ 7R R # & 1-25 45 -N- ¥ L S 7 82 85 b 64 2 Bk ok 4R % ) (A)
Aol a2 5 1-RAR-N-F A &L F Bk Z g % 2 B (B)
Figure 6  Differential pulse voltammograms of Chi/ DAC-AChE/ F-CNTs/GCE for different concentration CAB (A)

and relationships between inhibition rate and CAB concentration (B)

K P IR T 28 A% R X 2 T OEL A P £ 54 400 1 e KR ) T R AR SRR A AR o S BRSOk O TR N
iy P BB 9 R A AR TR B S v P B BR A T R O, SCBRAR R B MM . 4 CUKAE T, R AR A £EO.
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mol -1 pH 6.6 H B FREL 22 vh i i iRt 3 d, JLUg L i (ELRE WS 1K 52 2 ISR Y 93.5% , 5 SCHRAH L™, It
EE7 L T
2.7 itig

Gk FY R I 218 2% HRS) 400 86 2 1t ME ik 9 A P LA S YRR 2% BRI A A, 0
FUEL T P P T P R O A o 22 TR ) R i A 2 5 P TG A DAY 0 2K 25 g T 2 T FELRRE A9 K A E T, AR N &
PO AR B A HE 2 B, i R A 2 R G S R RE R 22 BE DN AT, R R AR, 51— R B >
AU BRI E ARG, B IE 5L 25 5 £ 19t JIEL 6016 6 10 05 1 9 0 S5 45 5 T2 ISU il 15t A1 1 80 155 i
[l e R 7 2 T UL Aol I 1 e 2 20 ik S BEHAR B BE 0, DRI, ASWIRSE 4R A3t 9 1 SR AN (EL AT ] 203 P R R 2
A BRI PRI, 3k n] A LRSS A HOR AR, ] DU R A BB R A% SRR I 1 — Fof o 7k

3 %k

AR5 i 1o Al S BRI ACH T 2 i [ Al )5 A8 W 2 B ik, R4 T Chi/ DAC-AChE/ F-CNTs/
GCE &I, ) J Tt 00 1) D B A S 0 A 00 A Y R P 1S USRI A T 0 o 1% A s X L TR0 2 P R i S
A% HUR) 1-Z85E-N- YRR 205 A IR IR (A tE R AT 36 3.5 wg- Lo ik 5 H T T 00 2 Tt 06 1 174 I el A 7 12
ANTR] 13 2 AT R A Bl T SR B e e Al B, S TR, T IRORT A, AN (ERE Bl M R A I T
P, i ELRES 55 A AR R T AR E R, TR A AR S ) 2 BERR AR AT I Z L0, KRR, kg
S PR AR o p T At A R PR M DR U 5 12 R -N- L G R R 5 T < Tt I ek 1 1 ) 410 ) D B
[, NI, oA et TR A 3 P T JHL Al 1 22 35 P R T I A% HRFR) 7 A ) 2 YRR 1 288 3% T390 32 B 174 Bz v
HA T e B

8% 3Lk
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