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ABSTRACT: Objective To establish a method for detecting aflatoxins B; (AFB;) in maize by electrochemical
aptamer sensor based on gold-doped zirconium-based metal-organic framework (Au@Zr-MOF). Methods Zr-MOF
with high specific surface area and mesoporous structure was used as a backbone to obtain Au@Zr-MOF with good

conductivity and uniform dispersion by in situ reductive growth method. An electrochemical impedance aptamer was
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constructed based on Au-S bond covalently binding AFB; aptamer. When AFB; was present, the aptamer recognized

and bound to it, causing an increase in electrochemical mass transfer resistance on the electrode surface, and as the

concentration of AFB; increases, the impedance value also increased, and the quantitative detection of AFB; was

achieved according to the change of impedance value. Results Under the optimal experimental conditions, the

linear range of AFB, detection was 107°~10' ng/mL, the limit of detection was 0.19 pg/mL, and the recoveries of

maize samples were 96%—112%. Conclusion The electrochemical aptamer sensor established in this study can

realize the quantitative detection of AFB; with good specificity and reproducibility, which provides ideas for accurate

and rapid detection of AFB; in food.
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BRI F BRI A WOk SRR
AR E AR . Hih &R B, (aflatoxin B,
AFB\)Z5M it BitEioh . faFRRWEERER, BAN
SEIGEDE . B mEmE" Y, BAE 20 e, EPREEsE
5¢HLM (International Agency for Research on Cancer, IARC)5f;
¥ AFB, SIAIEEURY) . A R RIZH Ul e 1 AR R
A, BN, BEA ERE Mk 4H 4 (Food and Agriculture
Organization of the United Nations, FAO)MLE &5 AFB, 1Y
R SRV E R0 1S pg/kg, BOEHLE BT AFB, FREARIER
2 pg/kg, HPEBUE S IR LGS A AFB, ARER T
20 ugkg, INEEBYINI AFB, ROl EF 5 pg/ke® 7,

W W B AFB, & 7 A W 2 4 A 32 (thin layer
chromatography, TLC)®),  m %A (41512 (high performance
liquid chromatography, HPLC)!"O"1 | e 425 W B 5
(enzyme-linked immunosorbent assay, ELISA)!'2 BRI 564
Bl %E Ak, WAL A IR R R R R R | i
Btk . 5 T e i L Kb T4 e D5 H TR A4
] B AR, # Iz L T A= ) B RN AL 2 ) B Y
PaxyTw it ol MR O L S S S DN E G
T M 1 3 PO AR I R A A AL BRER AR B T Y R T,
MIERCIR S AFB; FERPERBIET, SasIRBEART-6 B
i IASEE SR, MRE SRS, X AFB, 1T
SR B A2

SR, H AT H Ak 30 TC A A% SRR 22 2R FH B i 40 K
DS AN 3 FH A b/ 7 AR ) K W A7/ Ll 1P S
BRGNS E B AGE R L) nen A EAEF . #
FL IR S DA R e Iy SRS A AR TR AS &, SR AR S
BAEAEEAKGE | GRG0 S s 0 e &R A
HLHESE (zirconium-based metal-organic framework, Zr-MOF)
A BRI H AR | 45 3 AL R 23 DA S A5 1 A 27 TR
Rk, i HILE A SRR L AR L AR . B
B, T AR T AR PR R R b B R Y 0 I

FPI R, Ze-MOF A B SRS, AilG HREN
AR ISR 14, AR 2 5 =AM L R Gk
RS HOR . 442Kk T-(gold nanoparticles, Au NPs) AN
B A0 5 e AR e e, T EL A Bt mT DAFE Sy e
HSIEMRERALL Au-S SRR TSR, BT, AHE
ST LA Ze-MOF B 28, S8 R 7 i SR AR K R et HEFLIE N
SMBZR AuNPs, 1B HLE RT3 HEYSIH Au@Zr-MOF,
HIETF Au-S BN ELS S AFB, G, WEEHIb
PURLE FLREIRRER, N TR AFB, MR, SHgRHt
B TR h L R R R RS

1 #MR57H%

1.1 #R5ERF

TR SE T A b T

AFB;. AFB,. AFG;. 1% % citrinin, CIT). AFG, (4l
=98%) . — & H LA JE H Bk iR £ [Tris (hydroxymethyl)
aminomethane hydrochloride, Tris-HCI]., = (2-H it &
) JBEERFRER [ Tris(2-carboxyethyl) phosphine, TCEP], ZE (43
Brat) (R IRMAE YRR A BRATD), SAkss . 2-2 X
FF i (2-aminoterephthalic acid, NH,-BDC) , N,N-— F 5L H it
Ji¢ (N,N-dimethylformamide, DMF)(/3:#r4li, |32 seks:
R A RA ), BRI, ek a4k iR ait
AN, A L (orbrat, Lk T BRTELAF); 2
FALER Gt at, REERM 2R R A R ), W4k
FAC (G pr s, REEBUE A BRA R, v
FEE (R s, E2ERL2A2R A RAF);, ERAH
P A T AR A R A Jl & IR alifl, B3 7 40 h
5'-SH-(CH,)s-GTT GGG CAC GTG TTG TCT CTC TGT
GTC TCG TGC CCT TCG CTA GGC CCA CA-3"; LI

IKEIBAK, AR 18.2 MQ-em,
1.2 UE5REF

CHI 660C HE fk2% T4l (1 g IR AR AL ER A BR A H);
JSM-7800F #14fi i, F I 18 %% (scanning electron microscope,
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SEM). JEM-2100F i% &t Hi, ¥ . f6% (transmission electron
microscope, TEM)(H A< B F#EA £541); Allegra X-30R .0
HLOUL 3 2 P R AT BRZA \l); KH-100 mL 7K BN 42 (L i6F
BB AN A AT BR A ] ); SB-5200DTD 8 75 e i Ve (T 9%
B2 LE VI RHEBA AT BRZY w1, 101 B e BAGE KA (IOt
BESF AL 84 BN ), DF-101S B4 PG AR I i PAms o bt
(XA B AU AT IR A F; 0.45 pm A AR
MR AR PR A RS D
1.3 SKWHE
1.3.1 A4 &

(1) Zr-MOF Hihil £

K F Bk A B Ze-MOF,  H AR J7 1 2 B Sk
31,3513 RifEB k. BRI 0.0769 g ZrCl, #1 0.0597 g
NH,-BDC %F 35 mL DMF ", #7 10 min DISEVER.
A 7.63 mL VKEEHR, QRSIRST, SIS HAEFSE] 100 mL
S8, FE 120°CHEAT I 16 he AR EIBIE RS,
B, F DMF MIZBEAS B 3 R, BT 60°CH) T4t had
", S8 HA & R B FLE5H 1) Z-MOF

(2) Au@Zr-MOF B4,

ZH WU FP ik, R AR R A K kA
N Au@Zr-MOF FREL 10 mg A5 ) Ze-MOF #3 K F 25 mL
B, A 2 mL 20 mmol/L AY/K FLFEE(1:1, V: V)Y HAuCl,
VW, BRI ERUE . KPR E TR R
FIRIEE 4 h, 4°CHOK B R RSB RE 1 he SRJE B T N
0.5 mL 0.05 mol/L ) NaBH,, Z4kZ:7EKIAEPIERE 0.5 h,
SR HRBAEKSE 3 1k, BT 60°CHYTIAH i, 155
SRR R H A HY 511 Au@Zr-MOF,

(3)32 e (A V2 Y 1) T

g AR T B03E Fe 7R S F B OHL(8000 r/min, 1 min)¥f
TF AR RE O AR TR 45, DA It T i s <R
apids, SEGUNOTRIT RS . K51 A OD

&

BB HL

3000 - —— GCE/Au@Zr-MOF/Apt/MCH
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E 2000 . "
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»N 1500 Lo, . Hv
" 1000 & ) ¥

500 " \/ V.
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A 10.75 pL 10 mmol/L Tris-HCI1, 5% 100 pmol/L f43& Bt iA&
W, B 100 pL 50 pmol/L A& BLAE T 1.5 mL 25004
B, AT L =(2- 15k £ ) il I e Y VR A D P A
T s, DS RCAE IS5 S Au@Ze-MOF ., 7t
I3 SUREE AN 400 L Tris-HC1 IR I8 10 pmol/L & R fA
W, TE-20°C kAR T A7 4

(4) AFB, FRUEW il 75

K AFB [F 48 2R T P 5 YRV APt T T s v R B 9
WM, ARG CE -20°CHEAE, Ja Sk Sigm R IR EE (Y AFB, 7%
T B TR TR R TR ) o
132 wfeFid ekt A B eMmE

58 F BB HL % (glassy carbon electrode, GCE, E 4% 3 mm)
VER TAE AR, SR AT BRAT BE AL 2 T8 e i 7 U0 Ha il 3
T2 AT B . BRI SRR O i B
A2 K FN/IN1.00,0.50 % 0.05 um)AFF%T GCE £ 1fi itk
AT CAL R, FHE 2K pp sk R R 2R T, B S ] 2l F iR 26
IR 3R, FHIK 3 mine JEESERUR, BRI
kT, FFE IR IERS Au@Z-MOF 5 %5 (0.01%) iR
B WAEMITE GCE KM, SR 544 5 BB i 19 1& L 14X (aptamer,
Apt)Fll 6-%ii3k-1-C B (6-mercapto-1-hexanol, MCHK YR
TREN AR AR Au-S B E 2A R E, MCH
HFHMZRH Au NPs {8, LI GCE/Au@Zr-MOF/
Apt/MCH b T fE L #, 11T 5K HL#k (saturated calomel
electrode, SCE) M= LM, Pt HLH AT HLAR, 0.1 mol/L KCl
1’5 mmol/L [Fe(CN)s]* /[Fe(CN)s]* TRA N FL AR . 1
2l CHI 660C Hi fb"% TAF ki (b I A HEA T 06 PR AR 22 1k
(cyclic voltammetry, CV)FTHLfk2&BHHTIE% (electrochemical
impedance spectroscopy, EIS)IIHR . &7k A d I R anE 1
7R o PEFMR R0 TAE SR ARE R -0.2~0.6 v, 1
A 100 mV/s; HLALZ BT TAE SR Shm
HUHE 0.19 V, R 5 mV, HLHEASRAER 10'~10° Hz,

"
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Fig.1

Construction process of electrochemical aptamer sensor
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B A [A) R B #(0.01, 0.10, 1.00 pg/mL, 0.01,
0.10. 1.00. 10.00. 20.00 ng/mL){¥) AFB, Jif 14 7 il % 1F
B LA 2, B E 90 min J5 FlB 4K 2248 vk, 2=
PRk S5iE RSsSB4 0 AFB,, SRJ5 1 EIS & BB AL
fl. MR EEEE, @y E S AFB, #EZ
LML R
1.3.4 #seyne

FORAE ST A RS AR R BT BRER 0.5 g FOKAR S
F 25 mL A, A 4.5 mLK-HEG3:7, V:v), WA
30 min, B3 BOK S0 (12000 r/min, 10 min)Z= B A B PE
B, il 0.45 um A HLIERBE L IE, HEWERAE. N
T b R A PR X O A IR, T L B ]
Tris-HC1 2% thyl # B8, $5cJe 3 FiAS [ o ot ¥ £ 19 AFB,
B TR 30 $ OB AR AR A AR i, BT 4°CUKAE
AR

1.4 BETHETE
S E1S 0075 0 S5 50 K5 FF A ] 2 F7 7% 6 S o s
FHUA, JELUNA AFB, Bl B M8 AR & IR /M7,
AR (AR (1):
AR=R,—R, (D
S Ry W2 0 BEZE I A5 B (8 /ohm; R, A AFB, B &
JE A5 B8 /ohm

1.5 HIFEAIE

ERHRIEPIARA Zview #A4FE4T, M Origin 2021
F1 Excel 2019 #F4 758 A0 35 VE B 497

2 EREHR

2.1 Zr-MOF 5 Au@Zr-MOF §J3R1E

I FH A1 R 0 AR 0 S H R OB X B
Zr-MOF 5 Au@Zr-MOF #173#£A4E, ME 3A~C FILIE H
Zr-MOF B S/NERIEER, RinotiE, FHRRZEY
4 578 nm, 7% Au NPs J5 NS ER Ze-MOF (¥ ik
B2, HHISMGTE Z-MOF N4h, “E¥RAZ 2R 600
nm(& 3D~F), XFEEANAT LIS Au@Zr-MOF /95
HLPE, T HARBRAE T 3 A IE RO RS A 0L

CPE
| |
11

Re

A

Ret w

1 Re 4 HLf# T HL B ; CPE M XUHLJZ HLZS; Zw
Warburg BHHT; Ret Ay B ff 55 £ FLBHL
B2 sk iR

Fig.2 Equivalent circuit diagram
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Fig.3 Characterization of Zr-MOF and Au@Zr-MOF materials
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2.2 EIRAYELERAE
22.1 H MR EAE

FHEIS 43 BI%H 4 GCE . Zr-MOF/GCE Fl Au@Zr-MOF/GCE
PEATHL AR AT, A RS S BB A 5 1) Nyquist B
Hno WK 4A s, ML Nyquist B2 AW 4052
FE R o R A T O P2 o e e el = S R a1
FWE T H, - B TR R P R HBEL, T AER AR 1 £k
Ay 5 ECEE S HL AR AT oA O, BRI PT LA A
Nyquist [ )24 5 B AG B e 4A nT I, #
GCE [BH#iH 127.4 ohm, Zr-MOF/GCE R BH$1 5 # GCE
FHEG, 30 48.4 ohm, Ui Zr-MOF W SHLPERZE. T
Au@Zr-MOF/GCE HJFH#T A 50.4 ohm, A% F#E GCE FI
Zr-MOF/GCE, Au@Zr-MOF/GCE HJFHHT i E HA%, i
%% Au NPs /) Zr-MOF 7] LIAT RUH2 R AR TR L T35 7%
R, B AL B 1 R
222 MERBM ARG A EAE

F CV il EIS X B Ak 2 AL I i 45 il R I B — 2 A
ALK 4B~D), HiE 4B AL H, HHFE Ks[Fe(CN)Gl/
K4[Fe(CN),] HL A U H 5 20 1 B 7R () S b 0 it g o) T4
GCE il S fbig5i0 52 [ AL 2E(AE) R 0.166 V,
ALV IE LR ()N 0.116 pA. Tl Au@Zr-MOF J&,

GCE/Au@Zr-MOF 1) AE [0 0.119 'V, T 1, B4 HER
(0.117 pA), ¥ Au@Zr-MOF ¥k Au NPs 5| AL
AT LA I B A 11 5 B B A ML, T ELI 3
ML= R FRBER . SIAEREKZE,
GCE/Au@Zr-MOF/Apt/MCH HEA B KM AE (0.262 V)FIH
JNEY I, (0.058 pA), Sz FH IS FL AR BERT 7 B foF Y R
P 15 B 8 PP B4R [Fe(CN)] ¥ 2 a7 75 B B s HE R A
FHNTIBHAR T 4% . MG RRS AFB, GG, AE 34
K#] 0354V, I /N E] 0.051 pA, XM TGk S AFB,
SEA R TR F R T I T 8 K1 25 ) 437 B

H & 4C~D W LUF H, # GCE. GCE/Au@Zr-MOF .
GCE/Au@Zr-MOF/Apt/MCH F! GCE/Au@Zr-MOF/Apt/MCH/
AFB, I FHALAE 4359 127.4 .50.4 ,4050.3 F15971.1 ohm, J
FHALI AR fLZE S B) CV S R —8. TESE T s fb 2Lk
R R 45 B HRE AFB BOAGIN A T A4
23 ZWEHFMK
2.3.1 EERAARRE G

RN BRI E N 4, 6, 8, 10, 12 pmol/L KJ
TAERM, 430400 5 uL 0.1 ng/mL i AFB,, M % 90 min
J&, Phas AR AT EE, DX AR, A SA WD

A B —
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150 . R
o . 0.05 |-
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Fig.4 Electrochemical characterization of the sensor construction process
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PIRIK, GF BET EBA ISR A VIHESL A AL TS RO AL ARSI oK T B 25 5 R B,

WE , FAES R IR, AR 258 A ERRER
o, EBCARHE M 4 pmol/L | 8 pmol/L, AR ¥4/l T 758 ohm,
TS AL EE A 8 pmol/L 3] 12 pmol/L, AR {1 83 ohm,,
D DR 2 B 25 3 T A AR A, T A AT 2 TR A3 TR
K2, WBEEIIRE 21 AFB,, 51 AR 3.
R 3 PO B ) ilE— 2B B R, AR BB R AR B I, 136
SRR Au@Zr-MOF g5 & ks, Eit, 4
S0 e A () B A B A 8 pmol/Lo

2.3.2 AFB, % F 8 694540

S S ]SS M R 8 AR T ] Sk A S e R 3 2 — 1,
FEHL 0.1 ng/mL i AFB, &2 TAERMEIR, 43395 30,
60. 90, 120. 150 min, BEF#HATHAL=DIG . A 5B AT LA
FHBEEEE AL AR JeHE T e, SORE bE
BifR ) AFB, H945 & HE B T A IR S . & AT
M 30 min £1] 90 min, AR ¥4I T 782 ohm, & IFE HHA]AE—
K, AR BTG, WIIFE 90 min J5, EAMAS
AFB, JUERN 584, BTl AFB, FIFRAEAIEE IHA] 2 90 min.,

2.4 AFB, B9 gE 73 ¥

FERAESRAIE T, MR EE AL RS 1 g
PG W 6 BoR, 24 AFB, FOFRSREEZE 10 *~10" ng/mL
JEREI N, BHFT2ZEMEAR)S AFB, R X BUE 2 7]
A RAFILMEC R, LtETiEN AR=216.631gCars, +2859.38
(R*=0.998), 5 HHFRA 0.19 pg/mL (S/N=3), ABF5HEE R H,
b2 P AL ARSI AFB, 5 HAAGIN )7 A0 HLHA R
ST BEGR 1)e
ERENFREMEDNM
T VEAS A 2 3 AR AR B I R S v, AR
AFB,. AFG,. AFG, fil CIT #47 T8 . HpTHm
R E 4N 10 ng/mL, AFB, i BT &R E 4 0.1 ng/mL, ¥
TR IS AFB, BT A5 BT U 1) il R 1
MAEXTR B AR, W TA Fis, A THYI00 AR HH &
INFXH S AFB IRAFERAY AR, 280 B 45 038 Be PR e
T2 AT AFB, A AR R Bt
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Fig.5 Conditional optimized line graph (n=3)
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Fig.6 Detection performance analysis of sensors (n=3)
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F 1 AMRECIREM AFB, N5 AR D HTEREXT LR
Table 1 Analysis performance comparison results between this study and the reported AFB, detection methods
LioRIlIL7) LoRIWaR7N g AT Al EZ DTN
AFB, ELISA — 0~2 ng/mL 0.0716 ng/mL [8]
AFB, HPLC — 0.1~40 ng/mL 0.02 pg/kg [10]
AFB, b #ivalbS — 0.01~20 ng/mL 0.004 ng/mL [41]
AFB, AL — 0.05~100 ng/mL 0.046 ng/mL [42]
AFB, Lt e 4G 7 AuNPs 1~6 ng/mL 0.36 ng/mL [43]
AFB, R CR ORI AgNPs 0.2~6.0 ng/mL 0.09 ng/mL [44]
AFB, H A 2 A N 7 TRk (Fe) 0.1~100 ng/mL 38.8pg/mL [45]
AFB, LR ARy Rl RS erGO/P5FIn/Au 0.01~100 ng/mL 0.002 ng/mL [23]
AFB, LR A2y Rl RS Au@Zr-MOF 107~10" ng/mL 0.19 pg/mL BN
T — RN R SCHIC R
A 3000 — B 3000
2500 2500
g 2000 . 2000
<=
S s
5 1500 = 1500
1000 1000
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0 0
Q@“’ (8’\ Yge\ Q@‘ QQ'» QQ’\ & Q@‘ 1 2 3 4 5
N o o Lol o 2 H B G
Y QQ\ QC” &
® ¥ v
oalllk7]

T A WAE RN AFB,. AFG,. AFG,. CIT LK AFB, WA N XT e (n=3); B Ry f5Iddi 5 AT 0.1 ng/mL AFB, B
7 AR RS R S A B S A

Fig.7 Sensor specificity and reproducibility analysis

WML RES I RS, DU 0.1 ng/mL
#) AFB, A THAb2ADIEE . 328 5 WOFATIHETR 21 AR
{09 #8 X #7 UE J 22 (relative standard deviation, RSD)>N
1.9%(1# 7B). [k, ATLATS LA X AFB, AN H.
A RIFMEIM.

2.6 SCRRAEAS
BT G A S B AR S B S A, K H AT
FOKFER T AFB) ORI . #5218 1.3.4 A L Ab BRE A, JF
TERC ARSI 25 F R AT B Ak A . e 2 Fiow, B
Fz2 EARHERPH AFB, ML R(n=3)

Table 2 AFB; detection results in maize samples (N=3)

e IRINE/(ng/mL) AR /(ng/mL)  RSD/%  [EEE/%
0.01 0.0112 8.2 112

ESP N 0.10 0.106 4.9 106
1.00 0.96 5.4 96

RN FORBE S A B AFB, ARSI BLICR R 96%~112%,
RSDs N1l 8.2%, 162 1% I8 HAT 4 i 52 A
e

ARBFFEIET HA RAFSHER Au@Zr-MOF #EE H Y
LR P A A SRS B T oK R 9 AFB, BRI . 7 f;
PRSI 4 0F R, 1AL IR ER T AFB, 028 P A I 3 e N
107~10" ng/mL, HEAGHK Y 0.19 pg/mL. #idxf £
KBESR AT IAR RIS S 56, AFFIL R 96%~112%, Hi
IFRERZE A 5.4%~8.2% o ZALIBARA LRI & R L
TSRS R H, T HAT AFB, BRI HAT BL AT AR S
FEIM:, PTROYGE . R AR &S R AFB,
U (AR, ABFFERZAL RS S H B K6 i) A
AN, WP HHUBAR N R Bie . T HESE AT I
MR, AL G 22 MENRIE AR | 3D TENH AR S,
PRI . G LIRS, AN S 21 5.

3 4
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