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Abstract: To enable rapid and convenient detection of zearalenone (ZEN) and aflatoxins (AFB1) in coarse cereals, this
work developed an aptamer-based sensor integrated with image analysis software. The sensor utilized specific aptamers tar-
geting ZEN and AFBI1 as recognition elements, gold nanoparticles (AuNPs) as the colorimetric indicator, and NaCl as the
chromogenic agent. Images of samples captured by a smartphone were analyzed using ImageJ software through measuring
the integrated pixel density, allowing for specific and rapid detection of ZEN and AFBI in ten different types of coarse
cereals. Under optimal conditions, the aptasensor based on microplate reader absorbance measurement showed linear detec-
tion ranges of 0.05~3 ng/g for ZEN and 0.2~8 ng/g for AFB1, with calibration equations y=0.021x+0.3353 (R*=0.9983) and
y=0.0207x+0.3075 (R>=0.9986), and detection limits of 0.035 ng/g and 0.1 ng/g, respectively. When using smartphone
image acquisition combined with ImagelJ analysis as an alternative method, secondary calibration equations were derived:
y=—16.141x+189.88 (R*=0.991) for ZEN and y=—12.928x+247.08 (R*=0.9901) for AFB1, with LODs of 0.037 ng/g and
0.106 ng/g. Method validation confirmed good accuracy and precision, with spike recoveries ranging from 85.88%~
101.13% (RSD 1.56%~5.34%) for ZEN and 87.76%~109.30% (RSD 0.9%~5.07%) for AFB1. The aptasensor successfully
detected ZEN and AFBI in all ten tested coarse cereal samples. By integrating smartphone image analysis, this approach
achieves highly sensitive, rapid (15 min) and accurate detection of both mycotoxins in coarse cereals, making it an effec-
tive tool for on-site screening applications.

Key words: aptamer; gold nanoparticles; zearalenone; aflatoxins B1; color matching aptamer sensor; image analysis method
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PR RERA S SEMRPIERER, PisZn A2t
FEP, i th 55 25 2 (Aflatoxin, AFB1) i85 th 85 2%
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AR A o R, T IZAR AR A TR [R5 e
LAZ S 10 FPAS TR B i BOAGI, S B0 2L s
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=AY 250 mL BedfR v, X 88 S 4R (HAuCl,)
AR RGHAT IR T P B 0 o o] 90 s g VA TR
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Fig.1 Flowchart of digital image detection
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YEFHGIZETE AuNPs i, Kk, ZEN F1 AFB1 &l
A LIRS AuNPs %2252 NaCl 55 S AR 4 %ﬁ'ﬁ
ZEN 5 AFB1 i AR — BRSSPI 5 AE R 19 EC A
HAEEE, EmEARSTF AuNPs BILRPVE ?Jn/\néjﬁe
FH I 530 AuNPs 76 5 Ehi R T i R 4R, WS BN
o LT 5 AR R . BRI IE, BRI [F] ¥k B2 9
ZEN Fll AFB1 <37 L AR [FIFREE 1Y) AuNPs SR, %
W SGREE S5 #R ZEN Fll AFB1 BYHMREEAT ¢, i8
f Imagel FRAFESTHTAREAS 14 B 5 Uk BA38 3o P o B %
GOTLR G5 E, LIS BRI Rk, S0l
Xt ZEN F1 AFB1 [ AN AR,
2.2 ET AuNPs L BRI ERIFEHETAI L M
SEE SR

Br— RV AR FEHEE ) ZEN 1 AFB1 1R & FR
VEWIN A 04 = B S i, AR S i ZEN 24k
4B 0.0.05.0.1. 02,05, 1,.1.5.2,.3,.4,6,
8. 10 ng/g. X /H QuEChERS J7 EEXHAE S EFT AL 31,
ekl TAERRZRANIE 2a s, BEE ZEN MY
4N, AuNPs EHAE Ags nm ZEIISGREEEZET T T}
{H2Y ZEN ¥ BB 3 ng/g J5, WOGREIEFE T T .
HFEPAE T, 76 oK AR B ER (ZEN) (4 A6 3o F v,
FHE ZEN 23 5iE Bk se o0 ah 6 915 | &k HA 5 AR
1k, T3S ECAAR M AuNPs F2 1 B 55, S ECLXT AuNPs
PR E S, SRS [ AuNPs REDIRES K A48
1k, S EWSEEE TR, A& 2b ras, ZEN 78
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Fig.2 Linear relationship between different concentrations

A650 nm

of ZEN and A, ,,,, in mixed standards

¥ a RRIRFREI T 0~10 ng/g ZEN HIFRINE 5000 il
2k; b FR 0.05~3 ng/g ZEN FIGS I 5 W' B B A v il 2% .
0.05~3 ng/g WL, Ags nm TG EEH S ZEN
W B R AP 2P S6 &R, Ll R S y=0.021x+
0.3353, & R EC N R>=0.9983, £k VLU Fl 5 0.05~
3.0 ng/g. TEZS AWML S5, & 00 BR A
0.035 ng/g(S/N=3), &>} 0.05 ng/g(S/N=10)
23 ET AuNPs thBERNEMES R Bl %M
SE RN PR

TEPRAL T 250 2514 T, B — R INAS TR BE 1
ZEN Fl1 AFB1 V& -G F5 HE I 788 1) 155 S A5E o
H, AR S R ZEN YU 451k 0. 0.05. 0.1,
02, 0.5, 1, 1.5, 2. 3, 4, 6. 8, 10 ng/g.
QuEChERS JiXasa i, 225 T Fithek. 4l 3a
7R, AuNPs EHTE Agsg om AEFIRSCEE(ERE AFBI
e BE G N TG T, {EXE AFB1 W EFIHE ZE 8 ng/g 1Y
FESS, WCEE R B R RS . ISRl T2
AFB1 R i BE ], i it AFB1 23 538 Bk 45
G, 51 RHM G AL IS AuNPs R, X PR 1E
B2 & 3T AuNPs BIR S WA 3b Fr
7, AFB1 7E 0.2~8 ng/g WREEVE RN, Agsy om MG
FEMHS AFB1 M S RAFIILRIESC R, Lt il y=
0.0207x+0.3075, YL E BN R*=0.9986, £k M 78 [F
b 0.2~8 ng/g, TE45 AR LR 58T, R BR Ay
0.1 ng/g(S/N=3), =¥ H R} 0.2 ng/g(S/N=10),
2.4 BEEFHEURS

F)FH LR A3 BT X ZEN 4G I 435 SR an %] 4
FIE S Fias, MIBPRIEH P ZEN A9 E H 0.05 ng/g
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1 a FRIBFRIAM T 0~10 ng/g AFB1 BYF IR 5 W8GR 1
H£k; b £ R 0.2~8.0 ng/g AFB1 A in it 15 W 5% B A A v
HHES

¥EIME] 3 ng/g B, WK EMR IS OTLE G & BEAE R T
[, ZEHRIE M 0.05~3 ng/g BUTEFE PN EMRAG ICLi &%
JF 5 ZEN WE 5 RAFrILRPEC R, it y=
—16.141x+189.88(R*=0.991), IR 0.037 ng/
o, K2k S S5 AR T4t SR — 2k, R AL IS
FHTEZ ZEN

190.0
183.8
177.5
1713
165.0
158.8
152.5
146.3
140.0

K4 FEMSOCLEAHIES ZEN WRELHY 3D KR
Fig.4 3D calibration plot of image pixel integrated density
and ZEN concentration

TE: 1 IE AR ZEN W R g
FIFHEUS BT X AFB1 AR 25 S an & 6
FIE 7 Fi7s, “JIRARE W AFB1 fUMRELH 0.2 ng/g
HAIMZE 8 ng/g B, MR IKIMGRIG UL & % AL R,
TEURBE Dy 0.2~8 ng/g B Bl N KRR ILLR & %
5 AFB1 ¥ 82 RUF LM G R, Ltk rf2h y=

y=—16.141x+189.88
R*=0.991

140 .

0 05 10 15 20 25 30 35

ZENH % (ng/g)
K5 ZE%EYS ZEN WERZLIERRIK

Fig.5 Linear relationship diagram between integrated density

and ZEN concentration
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Fig.6 3D calibration plot of image pixel integrated density
and AFBI concentration
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Fig.7 Linear relationship diagram between integrated density

and AFB1 concentration

—12.928x+247.08( R?>=0.9901) . i1 2 #& i PR K
0.106 ng/g, KMk SRS EARM U HTas R—2, 2 i%
1R G T B AFBI .

W E 4~E 7 AN, it BRSBTS 4% ZEN
1 AFB1 PUREMNZE SRR 745 F M BEYE BN (ZEN:
0.05~3 ng/g; AFB1: 0.2~8 ng/g) , ¥& W & 1% T4
A B Bt R R BE R R R, HO R R Ayt
F:Z (ZEN: y=—16.141x+189.88, R>=0.991; AFB1: y=
—12.928x+247.08, R*=0.9901) , #& I BR 43 H A
0.037 ng/g F1 0.106 ng/g. WIFPFEEEAIRIMNZE 5
B AR AU RIT 485 S — 24, TEIHIZ A% A 3E FT ZEN Al
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AFB1 WELZAIN . 5 BETFHLEMR S MR Ry P i
AT H, DARET S0 2= R TR | B B3 R T R
AR BT S A BT A, AR e A W i
PR %
2.5 fNFRENLEELE

TR P AS [ BRE S A T s [R50t .
ZE R W oR (2 1), ZEN bR IR A 85.88%~
101.13% 2z [a], #H XF #5 #E i 22 (RSD) & 1.56%~
5.34%; AFBI1 0 AR UL ZEAE 87.76%~109.3% 2
[A], RSD “A 0.9%~5.07%. 5, ik HA R
I HETR AN E M, S H T E 2P ZEN 5
AFB1 1 sl o
2.6 SEFRAERASI

BE—2EXF 10 FPARRERES T ZEN 5 AFBI
B A TR . S5 IR (3 2) %P, ZEN S ETEF N
0.99~2.83 ng/g, RSD 4 2.09%~8.13%; AFB1 & &7l
M 0.99~3.94 ng/g, RSD N 1.4%~5.68%. A ¥
&5 TR T [ bR vE GB 2761-2017CE T L
HEERREYMEN AFB1 FRE(5 ng/kg), BLAATT
VEAESZERRE S AN i HL2g Rl P S ATk

£ LT, ASHIFIT EE ST ARSI Jy i BV TR | 2%
SRHEf, 7T PR ERES T ZEN 5 AFBI1 PG b
5 EEST.
3 it

AHFSE R A QUEChERS V5l 56 & 14 BT Ab B

Fk, i ZEN, AFB1 ifi Bl A F1 AuNPs 5T 2k
T BG5BT 11 B 23S TR AR AL SRR A IR & v i
ZEN Fll AFB1. @i WEEEIGIGOTLEG6% %5 ZEN
1 AFBI1 ¥ E 1 3D &K El, I 5 TR ECEY st
AT HUE, WS MR BT AR A0 5 BRSO CLs B B BE I AR
AEIRERFLAAELL, (F TS 2 Y BRSSO CLi &3 A E
e T SCER T Y, 53 BT R B AT BE A LA T S
e, Uil 45 i AuNPs Rift AR[E], SEAEERE T
NaCl Frifs 314 AuNPs JRAEFREARE], s S
SRISWASE], BT LALERHPA 5B BT i os R c4s
B AN . UK, SRR I ) 5T ) 22 5 3 i, AN
[F) ARSI ) o 55 38 B AAR 25 5 e T AR R S5 A0 IR 25
By, VEWTSENE T AuNPs FISRAE, TS B A B (s 55t
AT, Wl SO Cer GBI EN2ZE R . e, BT
NaCl iR — 2L BH & FAE S B AR 2551 AuNPs 1)
A, (HREMFRE AT REANH], R Bt A T2
5, Gk UGS AT A4 o3 i I, BT S oas il RS Ot 2
B AR ASTE o BEAS DT A H BR 5 E SRbR
GB 2761-2017 CE il L 75 3R B a ) R iy BR
{HIEA T HEAR: ZEN MR E: (AN FoK R 60 ng/kg) it
FATT IR R (0.037 ng/g=0.037 pg/kg); AFBI
A RR B (A R S ng/kg) Az i T AS 7 i ARG
HBR(0.106 ng/g=0.106 png/kg) . X KA T A
) 2R AF R 5 A i R R SRR o T L TR R 2R A0 O A 2
Ko [RIESE, AR5 A iSRRI TR M A5 T
JEPLH e, 38 T s A

F 1 SEPRREAL T ZEN R AFBI (ks i
Table 1  Spike recoveries of ZEN and AFBI1 in actual samples
e 4B ZENHS i AFBIER & ZEN AR [l AFB1Y bR i ZENAE AR o i 22 AFB U AR IR 22
m (ng/g) (ng/g) (%) (%) (%) (%)
100 100 87.4642.75 87.76+2.78 3.14 3.18
Ik 200 200 94.5242.38 95.4+4.83 252 5.07
300 400 100.58+1.84 102.05+1.21 1.83 1.18
100 100 89.05+4.76 92.59+2.79 5.34 3.01
INEE 200 200 93.73+3.64 97.02+3.68 3.87 3.80
300 400 97.94+1.59 101.25+1.84 1.62 1.83
100 100 85.88+2.38 89.37+3.94 3.2 441
s 200 200 98.49+2.75 92.99+1.97 2.80 2.12
300 400 101.13+5.8 109.3+1.00 1.56 0.90
F 2 SEBRRES R ZEN T AFBI BOKGIN25 R
Table 2 Detection results of ZEN and AFB1 in real samples
FER AR ZEN¥R ¥ (ng/g) AFBIJ¥ (ng/g) ZENAIXFRENR 22 (%) AFB U R IR 22 (%)
Kok 0.99:£0.05 1.75+0.1 4.80 5.68
#d 2.81£0.14 3.66+0.1 5.07 2.71
INEE 1.93+0.08 2.82+0.4 422 1.4
ES 2.83+0.08 0.99:£0.04 2.87 3.98
a15EH 1.34+0.05 1.39+0.06 4.05 432
SR L) 2.3240.09 1.43+0.08 3.74 5.53
i 2.39+0.08 2.17+0.06 3.61 2.78
et 1.52+0.06 3.94+0.14 4.08 3.61
sk 1.24+0.03 1.94+0.1 2.09 5.12
FREZ13) 2.61+0.02 3.16+0.07 8.13 2.16
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2026 4F 8 A

4 25t

A GE DAL T —Fp 3L T EMR 5 BT i Ee e
T ARG AR, FH TR ZEN Fl1 AFB1 (- pas i
ALK o ZAZ RS ZEN Fl AFB1 AR BR 53
S35 #] 0.037 ng/g 1l 0.106 ng/g, 2844I [ 43 591 R
0.05~3 ng/g Fl 0.2~8 ng/g. F&T AuNPs [ Bl (7, A%
1k, 454 Image] AT, 1Z T I IE CTEAG BANAS
P OL T SE B R M e S BT SEIGUER, %
TR | PR FLRAIR, Sy Bl P i g it
THMTH,
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