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Abstract: [Objective] Zearalenone (ZEN), an estrogenic mycotoxin produced by Fusarium species, can
widely contaminate cereal crops such as Zea mays, Glycine max, and Triticum aestivum, and is commonly found
in cereal foods and feed. Due to its chronic, immunological, and reproductive effects, ZEN poses significant
health risks. It will be of great significance to establish a highly sensitive ZEN detection method for exposure

assessment and risk prevention and control. [Method] Based on the biotin-streptavidin amplification system, a
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highly sensitive enzyme-linked immunosorbent assay (MNPs-ELISA) for ZEN detection was developed by
preparing ZEN complete antigen-conjugated magnetic nanoparticles (MNPs) and biotin-labeled ZEN
monoclonal antibodies. [Result] The established MNPs-ELISA achieved a detection limit of 0.05 ng*mL™" for
ZEN (10% inhibitory concentration, IC,,), a quantitative detection range of 0.08—1.04 ng-mL™" (20%—80%
inhibitory concentration range, 1C,;—1Cg,) and 50% inhibitory concentration of 0.29 ng-mL™" (ICs,), and there
was almost no cross-reactivity with other common mycotoxins. Spike-recovery tests revealed high accuracy and
stability. The quantitative detection results of ZEN in natural contaminated samples demonstrated that this
method had good consistency with both commercial ELISA kits and liquid chromatography-tandem mass
spectrometry (LC-MS/MS). [Conclusion] The established MNPs-ELISA method can meet the requirements
for rapid quantitative detection of ZEN in cereal and feed samples, suitable for screening ZEN samples by
grassroots inspection institutions and agricultural product processing enterprises, with good application
prospects. [Ch, 7 fig. 4 tab. 26 ref.]

Key words: zearalenone; magnetic nanoparticles; biotin-streptavidin system; monoclonal antibody; quantitative

detection

TR IR N (zearalenone, ZEN) J2& B 8 Fusarium 7742 1 —28 A RMEBE RV A 7
WA= W, 1962 4E 5 IR EEAE T oK Zea mays H4r A5 8|2, RLEAG Y ., Se A5 %5 L Fh a1k
DI E0E . SR AMEZRAS, ZEN Ok E PR EF R AL (JARC) 5118 TT2RB0@EY° 4, fEhE, ZEN &
INFE Triticum aestivum F1FE K R ] A el W B AT R, s e 2REY i s iR e fh, 4
BB E S B N FAEFEL T, ST H5 iy iz e e E e, sy Pk v R A T
W, SCPL ZEN RERVEAG AR P45, KRR & R HAT SR S

HHT, ZEN A% FRG N5 12k 35 B AL SRR AT ik A e p A vk ™, o DAYROAH €633 - ER I T TS 16
HEAR (LC-MS/MS) SRR (A 5 M B T SEBURE A, (E BRI RE S an b Bl 5 5 (R 150 4 TN A
YA R el X D A BRI B A RO SR A vk T X R N A R M R AR, RS
X S8 W B2 (ELISA), RSS2 30, 44 i i R0 TR s e AR A1, I FL X S 56 45 SR vl 1A 7 8 1
BT, 7 BRI B AG I AT R A a2 IR

AR, PRI R, AR T A SOGRERFRE M OB A5 AE N B B bR 104 L R T b
KI. HAG S5 R B T A S RS 1 (5 S o R Gk V2 N gy e g sr o, R,
gk miek, PR/ B BB BIREYE, 7S50 RAUARE T BB, BN FRE bR i ATk i i 5% $4
AU R RS RS SR RS0 (biotin-avidin-system, BAS) ANAZ SN FREEIREE | FREHEE DL KBS TR
FREE I THE, AE4 ko SR A% i IR LA A e 020 R AR IR B, ARBFSE T T —Fpt
YK REER AN A ) R R R R R G000 R RO i, DL = i ZEN PR g B A 5 40T
1 MHE5F®
1.1 ##

B EARMES . N, N/-T 3 & B — W % (DCC).  1-(3- H1 & FE TR )-3- 2 T — 0 e $h iR b
(EDC). N-¥2ELBEFIHEW i (NHS), —H 3 EEIE (DMF), & 558 2 Eh R (CMO) I i Sigma 2
Al AYIRRICIA & (21435). Zeba™ M AR AT FIER B A& 19 94 K 14 ¥k M270 (15305D) I [ Thermo 23
Al AR IMLYE A (BSA) A BSA Z s BEHUIA A Bl T BR o S AW bric 1Y 55 %5 5% K (HRP-
SA) IlJ 1 Anaspec Al 3,37, 5, 5'-V0 B ELBK R (TMB) I [ 28 K AE DRI A BRA 7 E K IR0 B
BT REHTIA (mAb) FUSHUR 1 AL WY BR 10 K 2R B4 R 50 5 BEDTAR (mAD-HRP) S 3280 % [ il HABI
Ry F FEEZY ;. SYEEAR T A KA R BRI B it
1.2 EXRFEFIMTEHE (BSA-ZEN) &K

FRHX 2 mg ZEN ArfEdh . 4 mg CMO % F 2.0 mL MERE, 37 °C #R% (100 Ik -min™") )L 6 h; Frfg /=4
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ZENERE 2 KA TR IS IR T 8.0 mL ZE4 /K 398 pH & 8.0;5 i A4 3 YR (2.0 mL- YK ") X 7=yl 2 LA
EBRARRNIA ZEN; WSRO, 8 pH 2 3.0, HIAEDIE; 4 20.0 mL 4R ZHRS> 4 K (5.0 mL- 1K)
HHRUTTE s P78 & T 5 B ZEN 5164 (ZENO); ZENO ¥ T 0.8 mL JG /K PU 40 Wk i 5 F-43 0 m A
12.0 mg DCC 1 6.0 mg NHS, & ¥4 4 F &% [ (100 K -min ") 2 hJ5, #iE&M4 T &0 (2 500 g)
45 min FULHE; FIELES THEHET 4.0 mL H S B ; PRI 40 mg 4175 A& FAHE T 4.0 mL
0.13 mol- L™ fIREh 22 1k (pH 7.4), JFF ZENO W Z T 2 Hrp, W IRZE2IR SISO 2 h 5 B0 51
WE; FIE220.01 mol- L' pH 7.4 BEFRERZE vhi (PBS) 4 °C B HT 48 h J5 i = Wy Hil -k 58 441 ). BSA-ZEN,
ELISA % E 58 T-20 °C UK/ HARAF

1.3 WAKHEIER-EXFRBERTEIRE &Y (MNPs-BSA-ZEN) HIH1 &

KWL L B, Hils AORBEER-PUAR S 5% (MNPs-Anti-BSA). X 30 g+ L BAERAH A7
200 pL # T eppendorf 4 (EP &) 1, Wity )5 5 A, (1] 25 mmol- L™ pH 2y 5.0 i 5 AR IR 1
G PR R R R 3 UUR R RERR s A 200 pL Fil¥2 Y% 10 mg EDC Hl 12 mg NHS IR GV (BE/R I
1:2), HRIRG TG 45 min J5 ok A LR TR 7 i BB 0 3 IR3F LT A 0.6 g- L' BSA Z siEHiiR
(Anti-BSA) % ¥ 200 pL, H IR AL 2 hy PR 3 G MA 50 mmol- L™ 2% #p ¥ (Tris, pH 7.4) 100
uL, AR RO 15 min, VWICORBN IR AL VEBRICAEREPR, 4200 uL pH &y 7.4 1Y PBS, H &, 4
CIRfER .

%52, ¥ BSA-ZEN 5 MNPs-Anti-BSA 75, % MNPs-BSA-ZEN, Ht 75 pL b iR 45 (1) MNPs-
Anti-BSA % F EP &, B> )5 f#iF 10 mmol- L'PBS (pH 7.4) ¥E#% 3 ¥X; fiLA 3 pg-mL ™' BSA-ZEN
500 uL, 37 C 4R E 45 min, # AR J7 75 PER 3 G A 10 mmol- L™ PBS (pH 7.4) 200 L &,
ELISA %5E )5, 4 °CRAE% .
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mg fith FEBE 31 Bk 3 e -6-(“E ) %) R (Sulfo-NHS-LC-Biotin) ¥ T 700 uL #E4li/K , M & W E N 5.0
g L WMAEMREBW . bRichh, YR WEERBNCABUARR 20 5254 . 205, W 145 L ERAw R
WINASFARICHY 1 mL B S0 REPTR mAb H (BT BE 2.0 g L), b R EIEI 784018 50 5 IR & R
2 h; FRCFEYIZ Zeba™ MiEhAE 1000 g B0 1 min, BHE 3K, UEBREKRT R GEWEST, K
F 4- B FA AR -2-R11R (HABA) :P1 Fll ELISA %58 5 4 °C 175 M.
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85 ZEN 3541454 mAb-Bio, 5 HRP-SA B8
FERNZ AW, ALY W5 38 0 7= Yot
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uL T 96 fLA, & 3 AFATSL, 250 pL BEEEFR R
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Ja, MARRFL, 150 pL-fL™", 37 °C KRS 7843 :
FBi; TR, EAEIVESER, VeSS b E
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mmol- L™ fJ PBS (PBST), 200 pL-fL~'; 4 fLnmA KT A EFRR I TR
D VI ] S S P T
150 L B 2 046 4 BRI 9 0.5 pg-mL'HRP- & (zEN) Y AR
u Hg (mAb-Bio)
SA, 37 C/KFIR [N 45 min; 5 B[R] 5 1k & o g‘gﬂﬁ%ﬁﬂfc é ﬁgﬁﬂﬁﬁg%*ﬁﬁ
. B 7t U(BSA-ZEN EE RO = (HRP-SA
SARRER . A TMB, 1004L-7L", 37 C e PN

s . ¥l ZEN J& 72 [
(50 HL ' }L ) ’ EJ:BX 450 nm ﬁ E@ uﬁj{ﬁﬁ [D(450)] © Figure 1  Schematic diagram of MNPs-ELISA for the detection of ZEN
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TEZ SN AT MNPs-BSA-ZEN i i 2538 N B g, 2GR BUEFEK, mAb-Bio H] & [F]
ESS A IR . SR AL AL 7 B P2 % MNPs-BSA-ZEN 1 mAb-Bio 1EH# BAEBOHATI0AL, 73535

RGN SR AU (1) [T R AR S 0 AR . MINPs-BSA-ZEN Fis BABUK KN 1:10, 1:20, 1:40 1 1:80; mAb-
Bio # B EU YN 1:1 000, 1:2000, 1:4000, 1:8000 Fl 1:16 000, % D(450) 7E 1.0 Z& 4 HIHT IR BT
LN iR R Ry TR T

T R VAR R, SE A [A] S s  d AR I ROR . B E A S R ECE AN TE A, RS AR TN R
£, B S AR AR . i B S ] R 15, 30, 45, 60, 75 min, FEAH RGBS AT St
JRAAET, TR, B SRR . A SEE A AR R AT 3 Wl BT A
53T o

FEIERRAM T, RO BE ZEN AR GRUG TRV E N 8 ng-mL™", MRWKIEAT 2 5FRE, 3t 10 M
BEY, BEARRRAGEL 3 AN TAT, R E B X BE RN A Pk B 9 el A s v A R R 5 R 0 B
4 0.05% R 8 W5 k3 i PBST S8R BUR AW, 25 X BE A mAb-Bio bR & i B S R BUR G . LU
ZEN JU i Uk B 0RO RS A s, RIS A b, AT ERMERLG A0 0, TR TR (109% 04 5T i vk
JE, 1Cy0). KX ] (209%~80% M i fa v &, 1C,0~ICgq) FIEETIM I TS B (ICso), PN IZAG I 7 v
R
1.6 MNPs-ELISA #&iliE4 RS

3% ZEN, B E#R B, (AFB)). #ME#R A (OTA), KDE %R (FB)). Mik# %X (DON), 14
HRHER (CIT) MREHEER PAT) ME NS RPUIR, 81 e ] pibf B o i ik B A An e s v, VB R se 4
U, 2 hlbR A 23015 1Cso, MR N INARIHR A RN, B iz kR s i, 2k
ﬁ_‘?%:(AZEN)/(A%M%)XIOO%o Hr Azen j ZEN K] ICsp, Axmmﬁﬂ%’@ﬂl%ﬂ’ﬂ ICs00
1.7 ERFImAYE R

RS0 Bsf BRI 9 B X A W IS REAR B AR, S AR WILIA R A B I L 2 2 3R S5 X R 235 SR 11 5
M), ) sl S AR R AR AT o A ARSI R, Z25 STk [24] X A8 B 9 B R R A B AT A o
1.8  FEARZERFNMARIK I

S 3CHk [25] HEATREARZEBORINAR . 20 FRRFEAR TS AFES i 0, B 3 g B F 50 mL 2.0,
BN 15 mLARFREE S 7:3 B PR E  KIEI, IR%AHX (150 YK -min™") 15 min, ##& 10 min 5 4 000 g &.0>
20 min, B R AL g, KD ET TS A AR AR R, bR . ZEN BIYEREARHE TS AR L 0, A
ZEN FRUESIEBOT IR MIRS),, BUCE SRR . AR BB RIS 3 AT, R 3K, okl
B IR AN AR S R B
1.9 MNPs-ELISA #7555 @ il F &F LC-MS/MS EL &R e

539K Fl MNPs-ELISA kil . 3 s AL il 370 & A1 LC-MS/MSS “FAT Rl K48 ZEN BHEEREA, IF:
S ARSI 45 A — Bk
2 RGN
2.1 ZEN Z£HREMETE

fift I BRAR 1 S AL W BR C A ZEN PR 58 BT B 2 75 11 4% 1Y) BSA-ZEN #£47T ELISA %5 . Z5 %40
[ 2 iR : BSA-ZEN [ D(450) 5 BSA Xt REZH FUAEIE KT 2.1, RH B R EDURGH, 5Eedi)i
BRI, T R SR G A 2R ik A oK
2.2 MNPs-BSA-ZEN 4 E

IAF R AUOKBEER (MNPs), 4K 2R -BSA Z i BEPLIA R &4 (MNPs-Anti-BSA) FIZK 4 2K-ZEN 58
PR E A Y (MNPs-BSA-ZEN), i B AR 2 401k ¥ Bl B 12 19 ZEN 558 B $T /K (mAb-HRP) if 17
ELISA %5 . 454K 3 fifzn . MNPs-BSA-ZEN ) D(450) 545 % FEZH HE 0 KT 2.1, KHE S
B, e ST A g N B A FH T U Tk R T
2.3 mAb-Bio W4T

5392k Hl HABA 7 F11 ELISA X AP RbRiCHi R T 52 . 4 HABA VAT B sl BEHUIRPRICECR
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ZEIR R . mAb 5 Bio FIEE/R LN 4.5:1.0, HIE0 TR EREPUR L A8RICH 4.5 0 FIIAEY R, WIAIE
AR IC AL .

3.0 2.5 -
= T
24 + 20 -
= 18 s 15+
bal al
< T
Q12+ Q1.0 -
0.6 0.5
0 —3 0 | — —
BSA-ZEN BSA MNPs- MNPs- MNPs
Bt BSA-ZEN Anti-BSA
. MR &
B 2 BSA-ZEN #j ELISA %% " .
W 2
Figure 2 Identification of the ZEN conjugates by ELISA using specific Q 3 MNPs-BSA-ZEN #9 ELISA %€

monoclonal antibody Figure 3 Identification of the ZEN conjugates coated magnetic

nanoparticles

¥ mAb-Bio FlIAFRIC PSR (mAb) 15 AL 25 - _

PR, TR A B AL AR IC Y B R R IR (HRP- 2o |

SA) #E 17 ELISA % %€ , 45 R & 4 Fr7x . mAb-

Bio [ D(450) 5 ARARICHT AL LA KT 2.1, % s 15t

WCRRIC AR, AT - R R G 5 3 10l

BRI BEE SR

2.4 MNPs-ELISA & AN EFIREMES R S E 05 T

KOREE . —
IR 1S TR, BLET IR D450) ZE RN 1 mAb-Bio mAb

N . itk
7R o MNPs-BSA-ZEN F1 mAb-Bio 5 BAEES . " .
A 4 mAb-Bio #) ELISA %%

S 1:40 Al 1:4 000 HzE i RILLETR (K5) o - : .

. X A igure 4 Identification of biotinylated monoclonal antibody against
AT ZRA R s ) A0 BT, % 5 4 s vz B[R] A ZEN (mAb-Bio) by ELISA
FE A 45 min,

Fx1 WAUKTEENEESYNEDERIENEASREHEELZER
Table 1 Chessboard titration of MNPs-BSA-ZEN and the mAb-Bio
RIRmAb-BioFi B HUI 3 1 i1 D(450)

MNPs-BSA-ZENH B 54K Bt R
1:1 000 1:2 000 1:4 000 1:8 000 1:16 000
1:10 27872 2.6209 1.9577 17295 0.879 3 0.063 5
1:20 24386 22602 1.5049 0.869 1 0397 1 0.053 9
1:40 1.8293 1.629 3 1.1392 0.5218 0.267 5 0.043 8
1:80 1.6145 1.447 6 0.809 2 05175 0.250 1 0.041 7

25 ETHAEIHRMEME-HEFZNEZRZERIN ZEN F7i% (MNPs-ELISA) i3 R

TE 2.4 R E N RAERM T, % 1.5 mETARL YR, R MNPs-ELISA X} ZEN #1740 . LLse 4t
JiL ZEN BRE fi i e X R AR A, LA R A AL bR, il GraphPad Prism 7 #4426 P50
Br (E 6). AR¥EFTAF LT, S0P E, KRB (IC,0) A1 21503 il % (1Cs0) 43711 i 0.05 F1 0.29
ng-mL™", JERAMERE (1C,0~1Cgp) 4 0.08~1.04 ng-mL ",
2.6 MNPs-ELISA ¥l ZEN $5 2453 1

K F & 57 () MNPs-ELISA 2 8 1.6 1 Bt iR X 4 UL B0 T8 3 22 AR I, 9 20 Jit) 4 il s o 410 o ot 4
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IS 1 @22 #wzen Lo 1=0.544 6x+0.790 9
ARIRINZEN : 08 | R=0.9903
= M 06
) =
Q £ 04 b
0.2 ~
0 1 1 1 )
-1.5 -1.0 -0.5 0 0.5
i} ] /min ZEN b7 HE it 57 o 4K B
B 5 RSt 4 B R B A 4 MNPs-ELISA 4 ] B 6 MNPs-ELISA #: i ZEN 3% 447 ) % 2 1+
HOR G Fv ST
Figure 5 Determination of suitable incubation time by MNPs-ELISA Figure 6 Linear analysis of the rate of inhibition against ZEN with
with ZEN or without ZEN addition different concentration in MNPs-ELISA
(B 7), 2 SURPNRITREIR W 2, RIIZ TPt 1.00
A7 it A L LB R B A TOAS SR, R 075
PEfR o .
27 ERFMEHER £ 050
TREREAK . /INEFIKT Glycine max WIVER: o 025
A, HRRE 1.8 TR A AL WU, R I R T B A
JBT SN o 3 3k 22 A [ A3 8 2 BB 1 2 o 7 o 0
[fﬁﬂéj% #ﬁ*AYﬁﬁﬂﬁﬂﬁéﬁﬁ/4X¢th Qt%ﬁg T+ -2.0-1.5-1.0-05 0 05 1.0 1.5 2.0 25
2, T AT o TN : LB T R TR0 8
S iz 3 2 73 ~F R R
ﬁﬁﬁim@%ﬁgmﬁﬁﬁ?ﬁ* RN . g VINPS-ELISA %t R Bl AL 1 & % 45 4 )
ARIEBR . TSGR, AR L AlK 4 57 Hy 2%,
Fm BIAT TR, faj A pedde Figure 7 Competitive inhibition rates of different mycotoxins in
2.8 MNPs-ELISA %f ZEN HIAREEZS #46 U VINPSELISA

3 MNPs-ELISA )5 S AT R, 1% & nbr

J R A BUMC I R 1.25., 2,50, 5.00 1 10.00 pg-kg™, ®2 MNPsELISA TR REEHHER

Table 2 Results of cross reactivity rate calculation for MNPs-ELISA

AN =) y S = A - ) N — .
Oy K L N LR BAEA (LC-MS/MS 5 Ik s Gy BHRE | Co &R
ZEN BAtE) SEAT ARk, & RRAa%ikE 3 M " (ng-mL) BI%/% | (ng'mL™") %%
ITHEZME 3. 58 R, RFRE W ZEN 029 100 DON  >500  <0.058
MNPs-ELISA ﬁﬂﬁ [a] q&%jy 83.2%~110.5%, Hg"&j\j AFB, >500 <0.058 | CIT >500 <<0.058
g B RBN 6.3%~10.5%, 3 3), OTA =300 <0058} PAT =300 <0.058
2.9 MNPs-ELISA 5% &t 7l &% Lc-msms B ~500 <0058

Wi REXED

435935 1] MNPs-ELISA . B it AL &l LC-MS/MS X ZEN 75 Y i B PR RE AR BEAT 8 AN, 45 5%
W 4 FrR. MMM 7R . MNPs-ELISA Kl 25 5 5 55 5 A6 1050 & LC-MS/MSS [i] — S 4841 (Fz
IR IE B0 1M 0.9647 F110.927 7), W] MNPs-ELISA J5 i A il /2 X4 SEBREEAS i ZEN 75 YL 1 ek
FERIIITT R
3 #ih5itit

AW A B ZEN TR, s EYORMER R, H & YUK -ZEN B2 bR 2 &Y
(MNPs-BSA-ZEN) 15 S fig e i dA s [RIB R AW R 451 ZEN HriEHTIA (mAb-Bio), W44k kA
HEWR-BEREMBE RGNS, S T = R B S e K% (MNPs-ELISA), 5T AHFSTA R
HFL ci-ELISA AHEE (Kzll FBRA 0.12 ng-mL™), FEASKG RS I 8] A9 LAtk |, 600 R FRIK 0.05 ng-mL™,
REUEER B FRTT, SCERRERA R A 1.00 pg-kg™, 54T R AW KRR ZEN BY R FR RS
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VeI N B R )2 B bR BOR , Bl S 45 ®3 EARMAREI RN E TR R
*ﬂﬁ%ﬁ‘f&“% %ﬂ ﬁ{%'m%%ﬁﬂ%‘ H éljﬂ }Kﬁfjf)’k E\ *j[ Table 3 Recovery and co-efficient of variances of samples spiked with

ﬁé /J\ {B E‘ i’% ﬁfﬁ , ﬁE éﬁ % Qii ngﬁ )EQTE ﬁg , ?,—\Eé ﬂ‘ different levels of ZEN by MNPs-ELISA

R, TR R T I A GIE b —REED e s
BT RS A, RIS S S AR s il

B S REBR MRS A SRR SV ) > e
EHUHHRAMEMGEARE VPR, R ok o ses o
AT, BT AR B AR R 4R 3t 000 oy ot e
WE A, TSI SO, TG R R, BT

W, AT R ARG R ) 25 A R RS ;i ;; Sﬁii g
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Table 4 Quantitative detection of ZEN in natural samples by the MNPs-ELISA, commercial ELISA kit and LC-MS/MS

Bk ZEN/(ug-kg ") Bk ZEN/(ug-kg ")

i MNPs-ELISA AR LC-MS/MS i MNPs-ELISA AR LC-MS/MS
1 6.21+0.75 5.98+0.62 8.35+0.69 9 24.59+1.62 23.17+2.06 27.16+1.35
2 17.39+1.53 18.05+1.71 21.47+1.82 10 8.16+0.65 7.93£0.61 10.86+0.57
3 7.13+0.61 6.95+0.52 9.31+0.29 11 17.68+1.39 18.03+1.67 15.71+1.35
4 9.07+0.82 10.35+0.97 12.91+1.14 12 11.3240.83 10.65+0.83 13.74+1.03
5 14.25+1.46 13.81%1.15 16.07+1.45 13 20.71%1.63 21.29+1.95 23.51£2.17
6 3.93+0.68 5.07+0.43 4.3240.29 14 19.34+2.05 20.17+1.63 18.05+1.39
7 15.23+1.37 16.15+1.45 18.68+0.87 15 11.17+0.56 15.61+1.25 13.9240.61
8 14.38+1.21 17.59+1.62 16.03+1.18 16 17.67+1.45 16.28+1.46 14.15+1.26
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