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Development of a Dual-Probe Competitive Enzyme-Linked Immunosorbent Assay Based on

Magnetic Nanoparticles for the Detection of Fumonisin B

SUN Yu, MENG Xianmei, LIN Chao, LI Bing, ZHANG Liang*
(Grain College, Jilin Business and Technology College, Changchun 130507, China)

Abstract: In this study, a dual-probe competitive enzyme-linked immunosorbent assay (ELISA) based on magnetic
nanoparticles for the simultaneous detection of fumonisin B, (FB,), FB, and FB, in maize samples was established. A magnetic
capture probe (MNPs-FB,) was synthesized by the active ester method, and a monoclonal antibody-horseradish peroxidase
(McAb-HRP) probe was prepared by a modified sodium periodate method. The reaction conditions of the assay were
optimized. The linear ranges for FB, and the total amount of FB,, FB, and FB, (FBs) were 0.07-1.98 and 0.10-9.86 ng/mL,
respectively. The average recoveries of FBs from spiked maize samples ranged from 86.2% to 105.1%. The correlation
coefficient between the results of the developed assay and those of liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was 0.996 6. These results suggest that this assay is characterized by rapidity, high accuracy and good
repeatability and provides a new method for the detection of FBs in maize samples.

Keywords: magnetic nanoparticle-fumonisin B, probe; monoclonal antibody-horseradish peroxidase probe; fumonisin; dual-
probe assay
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MRS, EERRTE K. N Tk,
FHAT AL, S%E AL By CHIPIIR A R 5
%, HP R HEEB (fumonisins B, FBs) i54th N
. FRMERERY . 7 ERTG QS BL R, FBsFB,. FB,
FIFB, it 12:4: 19, FB 2R R h s RR. N
WL EE R, g KRR BN S R S
W, HATRE R AR E AR SIOoRY. ik, EbrE
FENLFKE AN 2B E R . 26 A i 2 W A FLR
FE A2 N R WA S il k) b s pR T B 21 B R Bk B B
0 N2 ~4 mg/kgf15~100 mg/kg™. L, 37 FBs
P, R AR RIS ORI .

HAf, *TFBsHATIN, AT % CA &R
AR AR B - BB 6T RS (liquid chromatography-
tandem mass spectrometry, LC-MS/MS) BtHZEM. &
R - 5 3 T P VA B 2 e RO L (R IR
B R HETIVELE, (B 25 A DL
B AT AL B AR o JE T PR PR S S 1 4 32 43
Wi, VEREROmE B AR O 2 T =72,
TR0 0 e e AU VSRR AR A BT T VR A
o, S b ik R mak. . s st
ER AR S, B S W S5 (enzyme linked
immunosorbent assay, ELISA) ", 545 4! R
2 A S g SV g FE T FBs AR

TG g K Sk (magnetic nanoparticles, MNPs) Hi
FHRSFHE Bt oE. EYHEtELy. SRR
AA] B T SRR SO Sk D2 R T AR
SR 2 A A0 . MINPs | 5 i 4 /47 J5 i i 3t
MBERAE —ifE . MR T B bUs/ATiEn, iy
MNPs b (HiiA s KB R RIS &, ERIIERT
AR 2 B SR % AR B T S
IR A, 4k T ARSI ), B T AR A R A

TEARSZIG A, R EAE M FIMNPs Il i v AL g vk s 1
B, HZ5WAEZEEMFB AT HELS SMNPs-FB #£
B (E1AY , R MR T U 1% A M cAb-HRPHE
Bfo RLFHBTE RPN EREE, 2L T PuE . REUEI &
KAHFBsIXREN R 7% (EI1B) o fERT@ L%
o, MNPs-FB #REHE AR REE, 5B IFBssE 4
455 McAb-HRPHE4F F [(IMcAb, JEMNPs-FB,-McAb-
HRP, it B, ki iE, HIMATMBE G5
W, RMZIEE, 75450 nmyE K EODIE. OD{A
G RAR FBsIKE 2 R . fER 3, BTAE
F TMNPs, i Ji (505 Buas e B2 g i 1a), - [F I HRP 5
McAbiEHE, WA FIN_PL, B4R T RBPR, W
A TR [R] o FELE T K A AT Bm o T AR 0 [l W S
¥ Sru 45 S5 LC-MS/MSZS kAT i o s VRA %

THERIMERATE, B N FOK T FBs IR BRI 7 & 52 8T 1 e
WHA

A
Q DCC, NHS o NH,
coo%mmomm Og@\ 20, Tk Q .
\y° COOH
B PR &NH, FB,
°
Dl )
RN & oﬁcMNPS.FBI}%Jr
= HRP
:|l
;ﬁﬁ Y McAb
A MBI A "4 McAb-HRP#Z 4t
-
Soe ool Ce SCR

1 MNPs-FBREFTH (A) BMPEHGIN T ik (B) m &R
Fig. 1  Schematic diagrams of the synthesis of MNPs-FB, probe (A) and
the principle of dual-probe assay (B)
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FB,. FB,. FB;. EXKF&HGN. T-28 %K. BEH
MEHER. AT EHERI)EKE . TMBIRZIE R
% [ESigma-AldrichA#; 4 MiEEE (bovine
v N,N-Z W Wl i (N,N-
dimethylformamide, DMF) . ¥k 3 fk — %
(dicyclohexylcarbodiimide, DCC) . N-#2JEBEIML IV
¢ (nhydroxysuccinimide, NHS) . B &1L Wik
(horse radish peroxidase, HRP) BT R T A4k
B AR AR 96 fLEFFRAR S [E Costar A 7] ;
MNPs ($14£200 nm) L HBY KB AR
Nl PFBsHTTREGTA (McAb) il sl &™), ek
FACNgK (182 MQeem) 5 AR A /344l
12 {5

EnSpireZ e MR 3£ E PerkinElmerA &
Zetasizer Nano ZS90%) & HU 1¢ (dynamic light
scatterer, DLS) B [FMalvern/A 7] ; NanoDrop 200074
e EEThermoAF]; Maxi MR 1R B /)
HPEss  MEEIKAA T H-7650i% 5 Hi%% (transmission
electron microscope, TEM) H ZAHitachi’A & ; API
4000 QTRAP" LC-MS/MS£#4:  FEAB SCIEX/A 7 .
13 Jjik
1.3.1  MNPs-FB 56 % %58

MNPs-FB 841 1 & 7 ik an ENAFR o B2 mL
JFEWE N10 mg/mLMNPs, 5% FE T 2 B 1) R 34,

serum albumin, BSA)
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FIHBE 1B SR W 5, HEET 1 mL DMFEH
i, BN mg DCCHIl mg NHS, 28 TR &N
30 min, JHILMNPs FREE, TERSGRERVE R A b
WRIEHR A IIN2 mgIFB,, 4 CIRGITR: KNG,
FIHBYEY RS, 552 BIEW, BRZEZRIFB,;: 2 mLy
0.05% iR 20 R Eh 22 v (PBST, pH 7.4) W43 X
J&, MIANT mL 10% BSAVE, =ik M6 h, HT
B HIMNPs (1 AR 45 G 1AL 05 s B PR M SERUE, 2 mL
PBST¥EH3 ¥, KMNPs-FB 4t # & T 1 mL# MR £ 2%
M (phosphate buffered saline, PBS) (10 mmol/L,
pH7.4) 1, 4 CHRAFE, %H.

X FI TEM J2 DLS % MNPs-FB #R £} (1] &5 16 0 347 4
s K 3EFELISAV X MNPs-FB #REH 1 F8 E E E 470
SE, I FH 8564 r O DA 18] F) 285 57 S5 35 1k
1.3.2  McAb-HRPIRE A& i % 52

ZESCHR[241 7715, R o R IR AR A M cAb-
HRPIREF, & BT EFEEIE . HERIFRES mg HRPYE T
1 mLEET/Kd, MA0.2 mL 0.1 mol/LIR S i ft i il
FRENVATI, =3 R B HEFE30 min; JIAN0.5 mLZ
AW, T EEEE 30 ming B REMTE] mmol/L
LR ER M IEW (pH 4.4) FiEMr . b A B
3~4 % FINT mL 5 mg/mL4EAY 5 (IMcAb, {EBRIR
ERZMIEI (pH9.5) HIENTE K. BN HRE, M
(R N N0.2 mL 5 mg/mLEE AL ANA R, TRA G4 C
FrE2 h; RABABRREE T4 2ifb )G I EREr
SEARBUNNH M, BAESEE, —20 CHRAE, &H.

KR ANy 66 B VLN BLEZELISA 1 % 5 McAb-HRP
TREF LIV
133 SUREHRIN 77 v 1) s 500 3R

RERE R FE BB AR, HARERE BB T
Wit AR B A FL NN 200 UL 1% BSAVEW, 4 Cid#, M T
BRGSO RS )G, 7 EBSAW, i H
PBSTZz M MHEs:3 Ik, &Ja— X T84T il
SIS0 uL MNPs-FB #5841 #1150 uL McAb-HRP£],
IS0 pL FB bRt e 50 pLAF AL i, 37 C
W% N, PBSTEANZT AN M EHR )G, KRR
BTW5EE, Wi E1 min, 3% BIEW, {FHPBST
Va4 IR BEARARAEFLH D100 pL IR ) () TMBJE 4%
W, 37 CHEALIRYG OB G, RFFLE IS0 pL xR Z 1k
s 450 nm K40 2 ODE
134 XUREHRII 7RI
1.34.1  HI&MNPs-FB #R4t Hl S IMcAb-HRPIRET Fi R
FEE e

MNPs-FB £ {# FHPBSA % H1200 pg/mLAfS B 7 FE
£6.25 pg/mL, £EFL50 pLgh A0 Cdsf 7145 &AL 5 i
FRBR R, McAb-HRPHRE{ H PBSH: B i £ 7371 10,

100, 200. 400. 1000 %12 000 %, £:fL50 pLA (A b
NBEFRA A, HAB A E.3.3%, A AL AR I
ODE L fb MNPs-FB #4157 2 i £ AIMcAb-HRPIR % #
PR
1342 Feid 54 B [R]

R34 e 2 RO 1, 7837 CH&AET, 5%
S 2 NI 1] 43 591 ¥ B 220 ~60 min, AR BH /B 1 L AE
(PINTE) € S fE S BEFTA]
1.3.43  SI& AR F ) e

fEERMEMMEZEHET, BOrESHEEN
4~14 min, R4EP/IN{EFE Fo A A NE BT 1]
1.3.5  SSUREHRTIN 7 v b vk il 2 2 <7

Y4 FB bR e 7 FH40 ng/mLFfS 5 7B 2520 pg/mL,
L3 AR I 26 AR EAT DU 2, DAFB i SR 0 0h
REARRR, IR ALAR, N Origin 9.08 R H U Z
HLogstic B £k AT AR IE T 26 4L &
1.3.6  Jrikmse A

FFB,. FB,. FBy. R AKNFEHE . T-28K. BH
BER WG ER. ORISR T T A B bR O
G, AENRE LR B ST 1 SR A A6 I 5 vk 3k AT
W, exhlbrEmse, THEEEIHEIREE (IC,) , #%F
TR A YRV #

?:Xfiﬁj%/%zilclc”' B X100

50, HAhEER

RIS BEGE R, #FB,. FB,. FB %[5 8Kk Z
Eb12:4: 1R H] KT mg/LIIFBsIR A AR TR LR A T
Fh 7 140 ng/mLEfS R 220 pg/mL, PLFBs)i &K 5 X}
FONREAAAR, R bR, ST hRiE 2k
1.3.7  NMHWR
1.3.7.1 ks EICSEE:

FIPEE KM, M E60 CMF it &,
M H % MFB,. FB,. FB,MFBsIE & bkt A W
(FB,:FB,:FB;=12:4:1) , & nkss 45 M0,
1. 5 pg/kgfl10 pgrkg. 43 HIFRBUINAR G FIREMT g, n
NS5 mLARF 3 ENT0% ) BB BEvE W, R 2R3 min,
4 000X gB 0010 min, H EWEWAH0.45 pmiE 28l €
J5, WIS png/kg 10 png/kg i 32 B F % W A
0.01 mol/L PBS/3 Il iEAT5 (5 #ks, FHUA-HREGAS50 Lt
A7 RN 2R 5
1.3.7.2  FIESAESLE

J% FHLC-MS/M S X it 2 37 (1) LR A8 I 7 2 F v Ay
SEHEATERAIE o S FHLC-MS/MS FTSUER & K W 77 325 [ 1] %of
1.3.7.179 B B BsodtAT il g, 43 ) DASUER &1 Aar I 77
IEFILC-MS/MS Frilll ik B i Ak b, B H Origin 9.0%K
EA0E RA TR, VBRI 25 SR A OG R A
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1.4 Bt 207 — MNPs
FIFASPSS 22.0% Hudii 47 551127, FI A Origin 9.0 40 | MNPsFB,

HE . P SR TATIES K, AR EsEoR.
2 HR5aH

2.1 UUREHRSIN v R 3

WEI1Br~, MNPs-FB REHEARRRE, HT
FUAS JUAE & R I FB, 52 4+ 45 &-McAb.  HHTMNPs[# 4 B
FEPE AR, 5140 R 42 56 - ELISA 1 Bk il
PrIEAHEL, MNPs-FB #REF 0] B3% T N E W, 4658
T 5McAbM BB, HEMNPs-FB,-McAb 2 b ¥
7, W48 40 0 IR DA 5 4 S B I 1R) P30, 7R A T v
(EI1B) , MHFBfEEN, MNPs-FB K% FIFB, 3% 4+
ZELMcAb-HRPIRAT FIMCcAb, Y Migs i G, AR
MNPs-FB,-McAb-HRP w3l i i P 73 25 10 7 15 e S oy
FF, 4iE#Y)E, MNPs-FB-McAb-HRP X nJ # &% T
IR, " A ERHRPIE AL L TMB 5 H,0, /7]
PR B, RFRE— 554 OB T PSS SOl
2, ULt — B4k 7R (), $E ARSI
22 MNPs-FB#54t % &

2 B 1 1 1k 490 K SR S DCCRINHS [ 3, T
TEALER A, S5FB, LRI N, il % HMNPs-FB £
Ef o BT E IR EE R TEMBEAT I3 £ 4E, MW EI2AT
LB H, MNPsHERTE, “FHRifE 8200 nm. 4FB, i)
R FIMNPsEH 5, “FHRAE #1200 nm3Eg i1 £]220 nm
(E2B) . MTEMA[LLEH (E2B) , fEMNPsFEI I
BRI, BEFB R ER: BIMNPs K. [F]E R
FDLS & MNPsFIMNPs-FB #REF (1)K ALK A%, 13 Fr
7~, MNPsHIMNPs-FB % [1)°F 358045 73 51 29200 nm Al
220 nm, S5TEMPATAR ke —38, #F— P IE B MNPs-
FB R e % 2 . #$MNPs-FB #REHE Rl E, R
Fic-ELISAJy yxf Ho A e e it 47 Mk, w4 pmR, 7E
4 CHE LA, MNPs-FB 54 IODAE AL ES N H A
INTF0.15, BRI R, ES ANMHWN, FODME [T
ZERREM (P>0.05) , UWHATH % FIMNPs-FB R4 7£
4 CrFaE RAFAEFHS o

2 MNPs (A) FIMNPs-FB, (B) TEMI#
Fig.2 TEM images of MNPs (A) and MNPs-FB, (B)

T T T 1
120 160 200 240 280
Hif%/mm
{13 MNPsRIMNPs-FB K{bhif &l
Fig.3  Hydration diameters of MNPs and MNPs-FB,
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s, 1%2FEKF, 0.01<P<0.05; = 5%5%
KT, P<0.05; NS.ERFZ%ER, P>0.05.
€14 MNPs-FB, 5 5HEae vk
Fig.4  Stability of MNPs-FB, probe

2.3 McAb-HRP#F4 %58

KK A5 6 B VA R BB ELIS AL X BT & B
McAb-HRPHREF AT 78 . WHEISAFTZR, McAbTMR I 4
#£280 nm, HRP P IR S IE 53 51 9275 nm 1403 nm,
McAb-HRPHEEF RIS U6 9290 nm. McAb-HRPHEE] 1K) i
KB SMcAbATHRPANE, R HIMcAb-HRPEREN &
BRI,

_ A
20 = HRP
15 =N * McAb-HRP#£!
4 McAb
@ 1.0
a
S 05 __/\
0.0 _/\
T T T 1
250 300 350 400 450
#K/mm
100 B

/%

0
0.1 1 10 100 1000 10000
FB, it )%/ (ng/mL)

5  McAb-HRPEEEFESD-nl WG (A) RVERITRME (B) %55
Fig. 5  UV-visible absorption spectrum (A) and bioactivity evaluation (B) of
McAb-HRP probe
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[]I5} 5% P B FELISA J5 i % McAb-HR PR 4T 1 A= 3
PEHEATYEE, MIESBRTLLE H, BT & sEREr EIfIMcAb
XFFB R S G, DA AR R TR, B B
fIkMcAbXIFB, ()55 F 4 ATHRP AL BE 17
2.4 RUREFRIN T2

MNPs-FB 4 5 &K 5 5 McAb-HRPIREH R B 155 5
(AL 2 1 1) B2 35 P ELISA TR 7V, S FHAR Bk o He
P4k, MODMEAELOL AT, T bRt il 2k i 2k v 5%
AP, WEIATLUE H, 4MNPs-FB 4 ik 2
N12.5 pg/mL, McAb-HRPHREFRA% HUN400 £515, OD
851.024, JHLIFMNPs-FB 4551 FH 847>, McAb-HRPIE
EFRs RS E0E T, e RS 2 1

A1 MNPs-FBREHGUE K% 'S McAD-HRPER B REAT B0 05
Table 1  Determination of optimal concentration of MNPs-FB, probe
and optimal dilution factor of McAb-HRP probe

MNPs-FB, 4] & McAb-HRPHRA] Fis A3

WK/ (pg/ml) 10 100 200 400 1000 2000
200 3204 2781 2427 2034 1521 1158
100 2478 2224 1981 1527 1.145 0.948
50 1.756 1.572 1.494 1.368 0985 0.732
25 1437  1.214 1247 1.198 0.546 0.384
12.5 1320  1.194 1.150 1.024 0421 0.251
6.25 0.752  0.640 0.590 0.587 0355 0.213

L6~ A 0P ©BNE ——PINE

1.4F

1.2+

£1.0F

208}

a

S 0.6

04}

0.2F

OO 1 1 1

20 30 40 50 60

{5} 1] /min

14 B OP ©NH —— PINE 112

12F

1.0

208}

a

S 0.6}

0.4+

0.2F

0'0 1 1 1

4 6

8 10 12
i [ /min
Fle &l pilfil (A) RS IR (B) F§05E
Fig. 6  Optimization of the competitive immunoreaction time (A) and

the substrate reaction time (B)

R PANAE T 78 fot £ 55 4 o T (R FHEC 0 4 FH B T
M6 LA, 24358 4 e BB 18] 930 mink), P/N{E
B, W NIRRT G SO (R], [FEE, SRR AE F
[&] 98 min,

2.5 FaifEih g

TERAR LI T, LH R P AL bR, FB &
WX B AL AR, K F DU 2 $dogstic il 26 3E47 b #E il
WA WIETHIR, BT8R ARSI 7 VA8 3

(IC,s~1Cg) }0.07~1.98 ng/mL, & HFE (IC,,) FIICs,
43 150.04 ng/mLA10.29 ng/mL. Ak 75 ¥ Ad FIMNPs-
FB PREHE AR RS, B T RS, al i s s
Poik 2 [ e I N, IR HRPIE S EMcAb |, T
IR — 80, Wb 7TsRin b PR, P
¥ 7 S SR TE), b AR SR R v aT R 2y B S
iRz, FrEsciksill i S 2R R SCIRAE B, R R
SRR R .

100

1.98 T/;,_L_E—I
80

60

40

i) 2/ %

20

0 Lo bl 1l Ll
0.01 0.1 1 10 100
FB, iU 4<%/ (ng/mL)

PA7  OBCBEERRI iy ik b i i 2
Fig.7 Standard curve of the dual-probe assay

42 FB KTy ik e

Table2  Comparison of different detection methods for FB,
o I3 O %

T T8 2 W B 3 B0 0.1~25.0 0.071 [28]
AL G s JE AT 200~5 000 120 [29]
T IR G 28 W B2 1.563~50 1.638 [30]
HRAG S RO GRS T 200~1 400 91.3 [31]
RN 3.125~25 12.5 [32]
[} #%ELISA{Z: 1.25~250 1.15 [33]

LR Ao 0.07~1.98 0.04 AT VE

2.6 JTEREM

FB,. FB,. FB,. T ARFGEMI. T2 %K. BHE
. BEER. BEAT R EGEES My LEHER
a2 IR RS L Rl RE AR E =t (O € & Bk e 5 I < VAL 9 o
775 5FB,. FB,. FB.AX X RN ERE, 5EKFEME
i, T2H%. BEHR. MoER. MEASHEEIIWE
BEAZ SR L HRAK T 1% o K FBsIR A bR A 40 ng/mL
Th BEMBE 2220 pg/mL, #STARAEMIZE (EI8) , A lliE
(IC,5s~ICqgs) 40.10~9.86 ng/mL, IC,,40.78 ng/mL.
P25 R0, T S A SR AT AR I 7 vk mT R A A
b R FBs B

A3 RUPREPARN i 1K 5 Rl A Y 28 SR

Table3  Cross-reactivity of the dual-probe assay with other mycotoxins
HERR ICsy/ (pg/mL) EXIRIE
FB, 290 100
FB, 170 169
FB; 410 70
B i | >10° <1
T2H % >10* <1
HEE >10* <1
s EE >10* <1
BT B ) P >10" <1
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100 -
9.86

80
60 |-
40+
201 0.10

FHI R 1%

O Lo [ L1 Lol
0.01 0.1 1 10 100
FBs/li &%/ (ng/mL)

8 FBsi{rinifbrfilh £k

Fig.8 Standard curve of mixed solution of FBs

27 FEEME

SR R AAR N AS 23 (coefficient of variation,
CV) S RUREF hr I J7 V2 OAS % HE dE AT 7E . K FBsIR &
FRUEVAWE (FB,:FB,:FB,=12:4:1) HiFt 4 4 S0k JE 4y
WI2H500, 1000, 1500 pg/mL. AFANEE AR RINES VK,
M E3 do WR4AFTR, WRIEICVAIRACVIET3%,
2 B P 2 ST PR SR B A U 7 92 PR R 5 P A e

A4 BGREHRN T 15 AR PR

Table 4  Precision of the dual-probe assay
- 4 [
SRR WE e TOE WEE
(pg/mL)  (pg/mL) (pg/mL)  (pg/mL)
500 503 10.45 2.08 507 891 1.76
1000 1024 15.24 1.49 1037 17.82 172
1 500 1487 20.31 1.37 1521 19.87 1.31

2.8 SUURETRTIN 7 v 1) R

) S P £ KKy o 2 B INFB, . FB,. FB FIFBsi A
PRI, AEILLIRINE A1, 5. 10 pg/kg, 45K
M AT EFLC-MS/MSYE AT R I, T 80FE 5 s U
K, WRSHIR, A VEFLC-MS/MSE AR U 2 i
B3 51 H86.2% ~105.1%F1190.0%~107.8%, #5&kE kN
bR ER, KT JTE E R R R
FER

5 EORAESTIRIFBs IR

Table 5  Recoveries of FBs from spiked maize samples
FBs byl Y2 /%
(ng/ke) R K 7 125 LC-MS/MSi:

1 95.3+£0.8 106.8£4.2
FB, 5 86.2+1.2 103.242.0
10 98.6%£0.8 95.6+1.3
1 105.1£2.1 90.6£3.2
FB, 5 88.8+1.0 95.7£2.9
10 97.7£1.8 107.8£5.1
1 93.6+1.3 103.8+2.7
FB, 5 104.6£0.9 103.1£0.8
10 99.7+4.6 90.5+2.2
. 1 103.7+1.5 103.4+4.6
ﬁ{é’%ﬁi 97.6+1.7 90.0+2.9
10 98.6%£2.0 106.3+0.6

e B et

N5 BRI S ST O VE IR, SR AR 7 iR
LC-MS/MS % [l B % IIARFE S & BCRGE AT I 2 o« Wi E9 Al
TR AOSUERAT A I 77 725 14 W 52 4B R R Ak bR, LC-MS/MS
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