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ABSTRACT: Objective To establish an electrochemical sensing method based on a copper oxide

nanoparticle-modified electrode for the determination of carbendazim in foods. Methods The 3 kinds of modified
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electrodes were prepared by the drop-coating method. The screen-printed electrode (SPE) and the 3 kinds of modified
electrodes were electrochemically characterized and screened by cyclic voltammetry and electrochemical impedance
spectroscopy. The electrochemical response behavior of carbendazim on the surface of copper oxide
nanoparticle-modified SPE (CuONPs/SPE) and the effects of scan rate were investigated by cyclic voltammetry. The
supporting electrolyte and pH were optimized by differential pulse voltammetry, and the analytical performance such as
the limit of detection and repeatability of the method was investigated. Results The oxidation peak current of
carbendazim on different electrode surfaces showed significant differences. Among them, CutONPs/SPE exhibited the
largest oxidation peak current response. Under the optimal conditions, the oxidation peak current showed a good linear
relationship with carbendazim concentration in the range of 0.1-200.0 umol/L, and the limit of detection was 29.6 nmol/L.
This method was applied to detect fresh shiitake mushrooms, fresh yam and grass carp samples. The spiked recoveries
were 92.7%—113.9%, 84.9%—-110.2% and 89.0%-93.5%, respectively. Conclusion The established CuONPs/SPE
electrochemical sensing method has the advantages of simple electrode preparation, low detection cost and rapid
response. It is suitable for the rapid determination of carbendazim content in various actual samples.
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Fig.1 Construction process of CuONPs/SPE electrochemical sensor
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fEF . 2R AR AT M T .

LR RFRUEM (SEE 99%, FHFRTRL T A AL R B
HBRAT]); CuONPs(4EE 99.5%, Hife 100~200 nm, Fk
B). BRI _IKEY . FriER AR KEY . T
IKERFREE . LBE(rHral, i sk LR FRA |,
LA (KCD) . K3[Fe(CN)s]. Ky[Fe(CN)e]. iR — 244 .
WRE . KA (P, KETE RS,
G 99.9%, REEHBRHZ ML= F A BRA ;&
NI 2E) . R R 99.5%) (R R Ak 2=k
FI7Y, LKA NW BAK RE 4Rk aik, HEH
R 18.2MQ » cm,

1.2 UE5E%

PalmSens4C B fk 2% T AE ¥ (fnf 22 PalmSens Instruments
ZAH]); 200 B SPE[FTRR T/F M (EL4% 4 mm)., BT oL B A1
SR, KPR RA R, KQ118 RIS
B v (B I A AR A PR F]); Vortex Mixer V6 i
IR ST#8 (O e ERHE A BRA FD); RE-52A RUE 78 &Y
(FIEWEEAEALILES ), HR/T20M 245 2 v R B0 AL
(WP B P AL AR A AT BR 2 ), NW AR R 58 (it ) e
AW BT R A R D
1.3 ZWITR
1.3.1  ARAZER O EH

WERRPRIRL— Uit (1) 2 T R AR, T SR s 2k
B 1.0x107* mol/L IYPRIESHHE . SE5H, F 0.1 mol/L
PR £h 5% A (phosphate buffer solution, PBS) (pH 6.0)
VA B VBORR T AR TRV B2 O bR vV W, B BB
132 wigegdl &

S 5 B 1 mg CuONPs . A & 2% ¥ % W
(nitrogen-doped durian carbon, N-DPC)43#{F 1 mL 2=+
JKHR, A 30 min, 5% 1 mg/mL 2FK . 550K 10 L
CuONPs. 10 pL N-DPC 77 % F SPE UMk R E, BT
ZLAMTF 20 min BT, 53] CuONPs/SPE Fl N-DPC/SPE
BN . B 10 uL N-DPC 27T SPE B M,
ETLAMT T 20 min TS, #%7R 10 uL CuONPs £iF

W, BT, 132 CuONPs/N-DPC/SPE it % .
1.3.3 @m0

AL 2 AL AE 547 0.1 mol/L KCI 4 5.0 mmol/L
K;[Fe(CN)6l/K4[Fe(CN)o] 5 W Hh #E 47, 52 560 I B oh = iR
(25 °C). PH I AR % ¥ (cyclic voltammetry, CV)ill i 7£
—0.4~0.8 V HL {730 il L A4l Hy 0.05 V/s #E4T, LR
1% (electrochemical impedance spectroscopy, EIS)illia7E
PRIF A 0.005 V, $ZEFA 0.1~100000.0 Hz T 7T,

Z A R WAL 20 2 &R DPV 7E 0.1 mol/L pH 6.0
PBS HillA 7. MK 80 pL 2258 R ARMEE SRR S A T
T SPE £ifl, ## 60s )5, TRMILE 04~1.1V, L
BN 0.01 V, BkepiE R 0.05 V, IkebetiE 2y 0.05 s, 3
A 0.1 V/s 50 T 4T DPV F4, 1521 i 1 fL JRAE.(D
SHL(E)Z 1K R
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SrBIFRER 10 g B il ff 1L 25515 S ORE B %2 0.01 @)
F 50 mL #RLE.0E R, A 10 mL 206, #RE 1 min J5,
T 4 g TKBRREEIIRAE 30 s, FEAIIA 1 g &4k, 1 g
FRERRENA 0.5 g FER R 81, 1Wi€ 1 min /5 6000 r/min
B0 10 min, F8IFE FIRAILZ) I, MERIRI L
HWEAREILT, A 2 mL ZEEE % PBS (pH 6.0)E
RHE10mL, i 0.22 um JEML, T AL,

Ha B JILA U NS 78003 e F G HERRFR I 5.0 g
FERRTF 50 mL B0, A 3 mL BRERENZRORT 20 mL Z,
PR 2B, WR)iE 2 min, YE&51F A HEI 10 min, T 4000 r/min
B0 10 min, W FIHET 100 mL Z9EHA ., 5RiE
10 mL ZMRLFRRELIRE 1 &, AHHR LERE, T
40 °CHERE 78 R BT . INA 2 mL ZEEAERVA AR B8 ot
FH PBS (pH 6.0)ZMIERERA 2 10 mL, i 0.22 um JEAH,
At 5 S
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FRA BRI 3 YOPATBOL A, Bkt &k
PG ST K Geit2¢ 53 Hr342% F GraphPad Prism 10.0
A58 o 2 18] 22 53 R B IR 7 2253 BT (one-way analysis
of variance, one-way ANOVA)E174: 5, DA P<0.05 2R
HAS#E X, s Hrdk LoD /A8 LOD=30/S,
K o 2z PR ARIEZE (n>8), S N5 RAE
(SRR,
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Fig.2 Diagrams of CV (A) and EIS (B) of SPE, CuONPs/SPE, N-DPC/SPE and CuONPs/N-DPC/SPE in 5 mmol/L [Fe(CN)]*"*" solution
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P R AP S, (AL RS T 5 20 R AR SR
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PR 22T R A RO 254 DL E4E, 2 R 5 CuONPs
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Fig.3 Electrochemical response of different electrodes to 50 pmol/L
carbendazim
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2.2 %ERAE CuONPs/SPE 3 A B 14 5 M )’z K25
RE AL
221 % R4 CuONPs/SPE L # ¥4k 5 vy 5

K CV 2 5%%85 T SPE Fl CuONPs/SPE 7E 50 pmol/L
ZH RV (0.1 mol/L pH 6.0 PBS) 225 [ PBS & H (1 Hy,
fl2gmi B (B 4). 7875 11 PBS I, PR B 344 i B
AR AL JE0, I R e R R L S SRR AR
E, LT, MA 50 umol/L £ R J5, SPE A
CuONPs/SPE 7E£4 0.83 V Zb34 i B T — >4 R WA i i) 481k
I, H CuONPs/SPE AIEHLIETE K, KW CuONPs HYET
H T HARO 22 T R I A2 A )

12
——- SPE-PBS
0 . CuONPS/SPE-PBS 4
8} —— SPE-50 umol/LE iR ,',1
7
S 6 CuONPs/SPE-50 umol/LZ5 4 7% /
%
B4
2 L
0 L
2 L . L )
0.4 0.6 0.8 1.0 12

4 SPE il CuONPs/SPE {5 /A& ZH R E W R CV Wi
Fig.4 CV responses of SPE and CuONPs/SPE in solutions
containing/without carbendazim
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RE—H IR L H RAE CuONPs/SPE K1 H b2
128, RA CV LA T fymh ek (B 5). FiEH
TRAHESC, 22 B R B4 Ab V6 H 70 20 7 348 o, e oL {7 1 ) I
MR sl i H R 5 O MR, 4550 BN Ip 5 v'?
HRFAYERR, LRI RN Ip=10.50v"270.1024,
17=0.9846, KWL R {E CuONPs/SPE F I LTk it 7
FEZY W
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Fig.5 CV responses of CuUONPs/SPE in 50 pmol/L carbendazim
solution at different scan rates

223 MK KR A pH 89 F

Z R RIE— R IR 54, HAE 25 °CF Y pKa
448, ZALG WIS FRRITE ATV TS, (HAERR A
PARRE, SRAEZE SR, B iR pH FH i imiin .
TR T AO2E TN pH % CuONPs/SPE R T3 i 11 Je £
TR R AR 23 B0 o T 22 B R RIS e M
i, JHLREHIRH WY pH EHRER, 0% T
PBS. FbR-flFRENZE 1A (acetic acid-sodium acetate buffer
solution, ABS)HIMF itH-% B £ 2% vl %5 i (Beritan Robinson
buffer solution, BR)YEANA] pH Z514 T %t 50 pmol/L 214 R 4
Tl B R IR, 4501 6A i, 76 pH 4~8 LM, 3
P Wl Z T R AR R R A E pH 6 B A BI R, &
S TREE pH M 4 THE 6 if, ZERBHEFT L, N
HOE UG AR Sy oy, R SRR EBT 2R I L,
MK T 5 CuONPs K [l Cu® SR EC AL S1, MTTSEEL T %K
W TR, BN FEZ REE K, HAE pH 6 HHAF|E
fEH. 4 pH 4hELThEnt, HAR 2T DR R R b
PIEA, (AP 20 OH 4 5 Z 1 R 354+ CuONPs K
(1 Cu™ PRI, PIHIEAVE M R A TR, Bl s b
I T 2 WA R, FEBOLARORE T, 7€ pH 6 i,
PBS H £ B 2 (4 0] HL I S iR ABS Al BR. BRIE, 1R
pH 6 1) PBS 1E N 5 25256 i) fre AR

it — 2 X AL L 07 (anodic peak potential, Epa)5 pH
Z A RPEAT /00T, WK 6B FTR, W% pH I THE, Epa
EAENK, RARTEES S TzbE R 8% Epa
5 pH T2k A, 250 SRS pH EH R IF A2k
P R, LB KN Epa=0.05497pH+1.154,
7=0.9903, HIEEEWTHF L Epa=E"—0.059(m/n)pH, -
E° TR AR B, m A HELAR SN 2 AR R RS I R PR,
HFER BT, TSR] m/n=0.05497/0.059=1, FHZH
RAE CuONPs/SPE 3R I 1) B Ab 2= 8 A F o S5 i S5 1
RN, 5 SCHR[28 i iE—EL .
2.3 ZMSEE KRG R

R &M, KA DPV BRI E L3 AR
f£ CuONPs/SPE [ HLTRMAN. . Z5RUNE 7 iR, W& Z
PR VRSB BN, SR Ak A R TG R, FLVE TR PR R,
WL AR 22 B R AT AT R . DAV L RN 2
W RWEIER, 45RE/R, £ 0.1~200.0 umol/L i il Pyl
MR SmERRIFLM LR, LR B FRERN:
Ip=0.04651¢+0.03010, r*=0.9985, T 30/S & LOD &
29.6 nmol/L. 5 BUA SCHRHRIE (1 HoAth HL b 2 A5 B AR A L
(F 1), AL LOD BAHZEMMHE, HEALUTRE
RS (DRI W, JCAUE 22 B s i B8, (2)m
N R, BASRE LA R (3)BLARIKHE, CuONPs &
WikhEL Sy 15, (4) SPE mIHbE/E ™ [ FEHE, EA ik
b0l B g D W 7 1 s IR P3SN e e R o M N S R A
TR 28 1 B DR ARSI 5 K T AT R o Y T



178 B il 2 A iR A I A 4 CIRVES

A 3.0 B 6
—=—PBS — pH=4
—— ABS — pH=5
2.5¢F ——BR al — pH:6
—— pH=7
2 20f g
B B 5
1.5}
ol
‘10 L 1 1 Il ! 1 Il 1 ]
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pH ALV

Bl 6 JEIIEM K pH *F 50 pmol/L 257 5 I %2 B4 (A) & A pH PBS ' & R Y DPV [&(B)
Fig.6  Effects of the type and pH of buffers on the response of 50 umol/L carbendazim (A) and DPV diagram of carbendazim in PBS at
different pH (B)

A LSy — 0.1 pmol/L B10r
—05 umoi//%
— 1.0 pmo i _
— 5.0 pmol/L 8 Ip=0.04651¢+0.03010
10l —10.0 pmol/L #2=0.9985
——20.0 pmol/L 6L
< ——50.0 pmol/L <
= —— 75.0 pumol/L P
ks — 100.0 pmol/L B o4l
5+ ——150.0 umol/L g
= 200.0 umol/L 5
0 ok
0.4 0.6 08 1.0 0 40 80 120 160 200
ALV HeBE/(umol/L)

€7  CuONPs/SPE Xf A B Z 14 R 1) DPV [Kl(A) K& 2 I R SR Mg i it 15 Hk B =22 [ B SC 2R (B)
Fig.7 DPYV diagram of CuONPs/SPE to carbendazim of different concentrations (A) and the relationship between the oxidation peak current of
carbendazim and its concentration (B)

®1 ZERBLAFRUGENLEER

Table 1 Comparison of the electrochemical detection methods for carbendazim

G IRAR I LR E il /(umol/L) LODs/(pmol/L) ] 4% 1) ] /h SEBRFE EZ DU
NiMn-LDH/Mo,C/SPE 0.001~230.000 0.0002 44 WEEK . BB, 1 [22]
MIP/AgNPs@PDA@Gt/GCE  0.000001~1.000000 0.000000237 18 PULIAG . PR [29]
Apt/AgCu/His-GQD/G/GCE  0.000001~1.000000 0.00000029 18 gy [30]
ZnFe,0,/SWCNTs/GCE 0.5~100.0 0.09 25 SR Fomn . A3, KR [31]
CoS-FeCo-HSNC/GCE 0.001~10.000 0.0003 41 AR, BN, R [28]
CoCu/COF/SWCNT/GCE 0.001~10.000 0.00065 21 EP T/ [32]
G-Ni/C/GCE 0.04~10.00 0.0089 16 WIEK . BT AT [33]

CuONPs/SPE 0.1~200.0 0.0296 1 it Fr i, Iz, Bt BN

A FERL R G (molecularly imprinted polymer, MIP); 4R 444 T-(silver nanoparticles, AgNPs); %% M i (polydopamine, PDA); f1 884
(graphene, Gr/G); B ik (glassy carbon electrode, GCE); i& it {A (aptamer, Apt); F4H X4 JE 44 KA+ (silver-copper bimetallic nanoparticles,
AgCu); HE Rk 204 5T 4 (histidine-functionalized graphene quantum dot, His-GQD); HUEERR 4 K4S (single-walled carbon nanotubes,
SWCNTs); HA KFLEEAY L4542 45 LBk I 7K (multi-doped hollow carbon foam with macropore walls, CoS-FeCo-HSNC); 47 HLHEZR
(covalent organic framework, COF); #5244k ZfLik-11 8845 & A #1F1(Ni-doping nanoporous carbon-graphene composite, G-Ni/C).
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(Dl VR A

i AR A 7 4045 6 % CuONPs/SPE, e LSi%
FAF X 50 pmol/L 12 B R VB TIN e, L0 b7 H 3
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Fig.8 Fabrication repeatability (A), test repeatability (B) and stability (C) of CuONPs/SPE
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Table 2 Detection results of carbendazim in actual samples (n=3)

GRS WA BE (5 5 SRR /(umol/L) 5 i /(umol/L) BT/ % RSDs/%
1 5.80+0.26 95.3 44
fif 75 4 [(42'?7581%'1069;12;}{; : 10 16.24+0.83 113.9 5.1
100 97.54+6.00 927 6.2
1 2.12%0.11 110.2 5.2
it 11124 [(16?7231%%75;122}{; : 10 11.2940.46 102.7 4.1
100 85.9142.35 84.9 2.7
1 0.9320.05 93.5 5.7
Fifh 0 10 8.90+0.70 89.0 7.9
100 90.60+2.37 90.6 2.6
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