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TIPSR SLILE A, G5 (BRI SR AR LA 122 GORERFRIR TR EE A 0.56 mmol/L, 4351
DAL FN AL BEAE e R R T, SRFAUSAR 23 F ENS AT AL FE, AFB, 5 ZEN ARG HFR5M 3124 1.5 ng/mL
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ABSTRACT: Objective To establish a method for rapid determination of the aflatoxin B, (AFB;) and zearalenone
(ZEN) in Zea mays L. by molecularly imprinted-surface-enhanced Raman spectroscopy (SERS). Methods
Dual-template molecularly imprinted materials were prepared and used for the pretreatment and purification of Zea
mays L.. Ag nanoparticles were employed as the SERS-active substrate, and a label-free detection method was
developed based on the characteristic SERS peaks of AFB; and ZEN. The effects of molecularly imprinted materials
preparation conditions and SERS detection parameters (including substrate concentration and type of aggregating agent)
on the analytical performance were investigated. Results Under the optimized conditions, dual-template molecularly
imprinted materials pretreatment (template-to-monomer molar ratio of 1:2), Ag nanoparticles concentration of 0.56
mmol/L, and potassium bromide and magnesium chloride as aggregating agents for AFB; and ZEN, respectively. The
limits of detection were 1.5 ng/mL for AFB, and 5.0 ng/mL for ZEN. The linear ranges for both toxins were 10-1000 ng/mL,
with determination coefficients of 0.9268 for AFB, and 0.9611 for ZEN. The average recoveries ranged from 93.29% to
96.10%, and the relative standard deviations were all below 5%. Conclusion The established method is simple,
rapid, accurate, and suitable for on-site rapid screening of AFB, and ZEN in Zea mays L. powder.

KEY WORDS: surface-enhanced Raman spectroscopy technology; molecularly imprinted technology; Zea mays L.;

aflatoxin B; zearalenone
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HNHR FEHHERERRRED R4,
JZAFAEI T E TS YR SR, EREE AR, I
t, # iR Z B, (aflatoxin B,, AFB)) HAT @A E0E . 5
SRASRE 712 BB [ bR T B9F 5% MUK (International  Agency
for Research on Cancer, IARC)JH2EH 1 5B, £k
Al Bf K (zearalenone, ZEN) W REXT A5 R 45 . I A2 B Ak
SRR AR, DR R AFB, FI ZEN 7£
FOKAIR AT Y BE B AR B R g R Y Rk, X R
Kt AFB, Hil ZEN {54 RELAIEIIE 4. H AT, AFB,
5 ZEN B4 3= AR R A50RHE f 3 125 (high performance
liquid chromatography, HPLC) . I AH i - 51 it 1 (liquid
chromatography-mass spectrometry, LC-MS)), J& 4 % #6757
2 R SRR, HARER RS . A
AR 7 . MR AR AN RBREEAR, ML 2
PR T K . Bk, FFRFTEAR LI & G5 T AFB,
5 ZEN B Ko r I LEK,

4 FENil H A (molecularly imprinting technique, MIT)
ST — P BT B UM R A 5 AL & BOR G, AR 4T 5
R AR Z B R E AR IMA SRR G o FERYI5E K
&, YA FRBENLE T SRR, XA TR R R
B EEPC ZERIH SN TFEHLREY
(molecularly imprinted polymers, MIPs)Jfe = f&if# . AAE
6 AT A S A AR BT I SR TR S AT AL B R, MIPs
RS A SRR TR e, WA Binmaifk 5%
BEROCR, O 7E B R AR B T 0 ARG b,
2 EFRYIEEPE TR . A B DT ol LA ARAT I, R OR R A

WAy FENIE SR ms, kI H AR 0 45 K4 J ARV R ASEA i &
MIPs, AT LA 20K AS AR itk e o A I 225 SR 1 T L = A 1)
24T 0 Palmieri ZEU A T OE FH T 220 # i 25 75
B MIPs, AR REAHAE BU RHSHEE 24 B FEfh; Fan 25017
K AR e s i 46 T MIPs, FHT 5 AFB, Rl i
AbBE . HAETHY MIPs 24X R—TF R &1, —F MIPs
A LA TR] ) i Ak B P R Y 2 R BE R ISR A A

2 T Y SR FL 2 )% % (surface-enhanced Raman
spectroscopy, SERS)J&—Fft i 52 85 (4 6% 3 i AR 121,
A SEEGHR S A R . TCi S & R s, ST
RN LA PRtk e BRI 2 4[] SERS HiAR
TE EL B 7 R AT 12, U Guo Z5 53R a8 i
B A AR A KSR SR AETE I e, X AR AR RN S 2R i
H AFB, (54T T JGhRICAIN; Zhu 2612458 i 1 45 /i AT
ARG K BRAE N SERS JEE, FE45AM BRI MUk
BAL, TCARICKIN T B K Y ZEN, 4R, SERS 7E5E PR
B S ASIN  RE p 5) % R AR R T, AR AR R A v
PEAS LS [ ST o MIT VR R A B AR AR AT AR
SERS Wik#Etk, M n] it IR 4238 I s 4 B A or 7ok
Hti 52 AL

HilE R KT SERS HE AR ik, 21K
ARG A W UG R UGS B . PR sk — B AR
B JoARIC R, X T E Kk AFB, 5 ZEN XIRGT5 YR
RN BErE . JEpmic i oandr, Jhmim &R, ik,
ARG AR A AR ST N AR B S AERR . SERS KA
SELHAHTIRNS, SR MIPs 10 s 468 /1 5 SERS
) RAERTN, THBRIET TR S FHE ISR S A2 m, KT
AFB, 5 ZEN [y HusiG et —Fhme . i npnsts.
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1.1 #MR5RH

FoRB: R AL ZAEETYS, T 12 6.

AFB, bR [4h 5 (99.4+0.6)%] . ZEN i &[4 fF
(99.4+0.6)%, ROMER EPrH Z (AL m0) A BRA F]]; iR
(Grdral, AT AL LA E); AR (A
99%, dtatfrifFHECA R H); FALBI(NaCl) . SAL B
(KC), TeKBREREE(MgS0,) . LKA HREREE(ZnSO, *7TH,0) .,
ANKABABEMECL, » 6H,0)(SMral, [ 2548 Ak 221K 7
ABRAED; AL e, PP RN R il ko)A BR 2
F]; HIENIERR (LI 99.5%, methacrylic acid, MAA). 4
i | FH B0 R 4l ) (55 [ FR R R R BHEE 28wl AR pk(ali
95%, TEETF%E/R LGC tfERIRAF]D);, iR, 57-—H&
FA 5 2(5,7-dimethoxycoumarin, 5,7-DMC)(ZLJE 97%, H[E
R L BRAR]), LS ZFENIRIRTR(ZLE 98%,
ethylene dimethacrylate, EGDMA) . & 5 T E[41E 98%,
2,2’-azobis(2-methylpropionitrile), AIBN]( F 37 v bk 4= 1k R}
AR, P 6G (Rhodamine 6G, R6G)[4HE 95%, B
BALER AR A PR,
1.2 UFE5E%

ME203E/02 HLF R[5 0.1 mg, HERERE-FTH 21X
e EME) A PR 1], MS-H280-Pro 14 J1 i+ 2[R IE 2461 52
XA AL OB 2> H]]; ENVISION £ W BEBHR L [3A4: 1%
IRERAL A (A BR A F] ], 3-30K & 20 R B O L (7
Sigma B.OHLABRAF]); ZWY-1102C HIRE IR 2L
T B 4 BT AL T 3 A BR 2 W] ); N-EVAP ZURAY (36
Organomation 72 #]); DXR 0GR AR S G [FEBR €
MR BHE (R ENYABR A Rl ]; ZNCL-TS 8% T B4 (- b
AL FR A PR/ F]); VORTEX-BED 783 HE VR 45 210 e
P 7 (11T ILAR DL ZRANZR i 35 47 FR A D); Xevo TQ-S ##
T AT AR i = S D R AR B BT 0 KO AL L Acquity
CORTECS UPLC Cg f4,#%41:(100 mmx2.1 mm, 1.6 pm)(3
Waters 23 ]); Quanta 650FEG #3754 H + B4
% . Tecnai G2 F30 37 & S5 5 i+ i U BE (35 |8 FEL 22 ),
Spectrum 400 {4 B A8 H 2T AME3EAY . EnVision £ 3 REMH
Y (GEE Perkin Elmer 23 7).
1.3 WHEE
131 SRS T o7& R 89 6l &

Sy B B FH i 2k AFB, il ZEN VE AR, At
T L2 5,7-DMC FIHEEERRAE R i AT .
t, 5,7-DMC M SR BHA AL AFB, 148 FA4 7Y,
ARV MR PR L Y R A 55 05 B IR A5 44, T4 ZEN AAEU2E
L) F ¥ e S R B A PO A LA R A A
BANR: o, KT 5,7-DMC (16.5 mg)FIfEEE

(24.7 mg)L[FVAEMT 2 mL 259, 2202 AThRg ik
MAA (26 pL)&, #A 5 min EFHE TERTRS 1 h,
AR 5 AR T A o IR E 856, R A .
ZJa, MEHRAERZTIA EGDMA ZBF(362 uL)Fl
AIBN 3 &5 (4.1 mg), #7H 5 min HISRG . BHESY
AR 10 min DIIRBREMAE, FEHE E 60 CEENE
R 24 h, TEMGIEREG . BRETHRE, RHARKHE
Bk, AREE-ZBR(9:1, V-V RUEBiEsR, XS R & wtt
B SR 48 h, WK KBRBOMR 4>, BIARAS WA AR
MIPs. AE %t BRI R B3 2R 45 4 (non-imprinted polymers,
NIPs)BR A AAE IR 5374k, Hoarialinl . it A ik
BRI 5 MIPs fRFF—3.
132 ZRHHBATARE

AR ITT G RIE T 12 47 EABFE G, IR 2 ¢
FRBFEG T 50 mL Z.08 ., 1A 20 mL B 2 (80%)
R (0.1%) A B R BUBR RIE R, & FHEIERG &,
L1 2000 r/min $73% #2810 min, {#i AFB, Fil ZEN 2015 H o
BiJ5, 7E 6000 r/min F T .0 10 min, 73 B IFIE Bk
W, FREIRE 0 R SE PRI, SR FH VRO €635 - 5 0
J& ¥ (liquid chromatography-tandem mass spectrometry,
LC-MS/MS)ll £ H:H AFB, fil ZEN HJF & (LC-MS/MS &
TS BT A an 22 1 3R 2 Fim), RIS H
W2 FhEER MRS R s (R, L F R SR s
5o DIas (R IR ORI R0, @A 3 R =,
Sy HIECHIAS 5] AFB, 55 ZEN W # R R R 10, 100
J 1000 ng/mL (Y RSNRGIFREK, % 1 mL. ¥ FRyE
WAEE WA F IS TR, RBRIEEMER . A,
K H 10%H BE- KA 1 mL X TR Rt 2%, 31
WHEE T 28 1R E 2 min, B{R5ESIEMIHIR A5,
JITASVA W R Ay J 52 552 36 e 198 7o 0 A
1.3.3  SERS MR A A4 & Fedb il 77 ok 32 52

K F AT B R AN R R A 40Ok R B (Ag
nanoparticles, AgNPs): # 19 mg iR MF T 100 mL 2
Bk, W R A ERE . BEE, % 2 mL 1%F7
TG TR M Vs R PR A AR Wl I VR R, AR R O
FREEHEFE 30 min, SV 25 UG 1R AR, FERFLLBEFE T B
RS H B, i IKER @RIl AgNPs SERS SEJIE,
T 4 cCHAMIRIFAR . KB, B0kl & 1) AgNPs &
W AR TR B —A5 . WS, 7E 200 uL 5.0 F 433k
R4 BU10 pL BB S i AgNPs 518, 15 10 pL 4k
PRVESW(9:1, V-1)IR G 1 AFB) ARSI BSE ARG T3
I 10 pL [EHERFE R G B9 AgNPs, 5 10 uL ZFAbEEE TR
9:1, V:V)IRA W ZEN bR iAW SF R BUR G . IRA W]
SR E R AR, EWET BA TR, &5, #
JH DXR O 3 86 HELAE 780 nm UL I .20 mW
WOCTIZ T AT, SRS OGS R 2 s, A
MEERE 3R,
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#1 LC-MS/MS &%t
Table1 Chromatographic conditions of LC-MS/MS
S BOEME
Waters Acquity CORTECS UPLC Cis

Bt (100 mmx2.1 mm, 1.6 um)
O FERE I /°C 40
WA A 1 mmol/L LB KW
sl B P
Uit 34/(mL/min) 0.45
Ff b2 i /°C 10
HERERFR/UL 5
B JEEVE I 4% 1 0~6 min, 95%, A; 6~7.5 min, 95%~20% A;

7.5~7.6 min, 20%~10% A; 7.6~9 min, 95% A

%2 LC-MS/MS B &4
Table 2 Mass spectrometry conditions of LC-MS/MS

2R BoE
25 FELIB% 2% Hi 25 5 (electrospray ionization, EST)
EEE e IEBF RIS A
W 22 v Wil (multiple reaction monitoring,
MRM)
B4 RV 3.5(ER T, 3.0 B TH#E0)
ZEAL AR/ °C 400
PSR 200
/(L/h)
BRI °C 150

1.4 EEALE

{#i | OMNIC for Dispersive Raman 3% {117 SERS Y
TH R R 4E; >R Origin 2021 Fl GraphPad Prism 10 #1744
gt SRR . BRENEATIE 3 K, iR
WEFOR . SRAZbE A bRl 2R, doe REGHH
TPEO AR DG o AR [ 8 TR X s U i 22 (relative
standard deviations, RSDs)FH T /7 vk AU ERT R ARG 2 1

2 FER5SH

2.1 & AX MIPs #1 SERS £ KRR IE

43 9 2R 3 B F B L 8% (scanning  electron
microscope, SEM) . i BLIH-AE 321 4P (fourier transform
infrared spectrometer, FTIR) . %8 4b - 0] WL W% Wi 5% 1%
(ultraviolet-visible spectrophotometer, UV-Vis)Fli& 5} H +
I 0 %5% (transmission electron microscope, TEM)Xt & i, #
MIPs 2 AgNPs #4717 RAE, LAMER MIPs BIfONLEH, Jf
BRI AgNPs FIOGIE RAR S A1 FUBURLE 57 . MIPs ) SEM
L 1A) R, BUS AR B3 (o FL 2 T 22 S0 S AR RS 22 AL
TS, FLARS AR, TR T 6 0 E 5 W R a5 %),
A AFB, FlI ZEN fmisl s SRER AL 1 45F LA FTIR 15 1£1(1% 1B)
PE—HRR T MIPs IARUGDL, 78 2957 om™' A3 3L
-CHy-Mh4a iR 3h v, IHF IRk MAA 53855 EGDMA
oI R 3R A 8 i stk AL 1730 em”! A SR IR i )
)& A EREE(C=0) i 4 3N, th MAA RIS EGDMA
g B [ JE B2 UV-Vis 3% (B 1C)Hh AgNPs T 404 nm
A R REAE IR RO TR S T H R s A P, TEM R AE(F 1D)
E— N, ZFPERMEIRIEH AgNPs 23KIE, ki
B SMRE, FBRSFZR 60 nm, TEEHHAN . K/h—
B HIEHA R TR RELER SERS“H L, JEHAE (1
SRELIEPO,

2.2 MIPs BTRILIEEEFHHMRK

AR 43 5 T B B 1Y BE IR LE X MIPs 45 H4TE i 2
SKHFEPY, AR R G AL T B 5 T3k 5,7-DMC
S5oiRe Rk MAA PR, Z5RUE 2 FiR: 285
5 MAA [WEEIRLEHT 1:1 B2 1:2 B, PO 3R A I B
[ 25 B FF HAE 1:2 AR B8, ARZ4R 5 B L 1) 55 1:4 5§
1:8, WER R R R HEMRTRERZ I T 1.2 BT MAA
SR, AR AR IR (AR AT, W A nen F

B 160
140} [ 12957 MIPs
!
_1204 |
N 1
¥ . !
%100 | 1730 :

1000 1500 2000 2500 3000 3500 4000
W /em™!

7E: A. MIPs (1) SEM [£]; B. MIPs (1) FTIR [&]; C. AgNPs [ 4h-1] W61 D. AgNPs i) TEM [£,
Bl 1 &L MIPs 5 AgNPs BEBHITEAR S 4540 % AE
Fig1 Morphological and structural characterization of the synthesized MIPs and AgNPs materials
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#: A. MIPs [) SEM Kl; B. MIPs [ FTIR [&]; C. AgNPs [t UV-Vis &; D. AgNPs [ TEM &,
Bl 1(8E) A HUW MIPs 5 AgNPs MBHATE S5 4510 R AE
Fig. 1 Morphological and structural characterization of the synthesized MIPs and AgNPs materials

PR B 2 B2 el B (= 14 SR 5 I 23l
ek, FLIEECE . SR GENXE 25 A B R, S 20T
LEERORIEAR TSR0 AR, 1:2 Wb E N5 2245 B MIPs
Bt o> 7 SRR MAA By HERE/R T

m—AFB
100 — _ e ZEN
-
80 -
o 60f
=
= 40}
20+
0
12 1:4 1:8
FEAR AT e B A BE /R L

2 B S TR REFRAR A BE AR LEXT MIPs
W B 4 A 5 (n=3)
Fig. 2 Effects of the molar ratio of template molecule to
functional monomer on the adsorption rate of MIPs (n=3)

TEX; MIPs A LI Tk )G, PR MIPs X+
AFB; 1 ZEN (5 B8 J1, L0 A 52 Bkt ot
HON FHARESEAT T I . Z55R N3 3 PR, FEIbREN
10~1000 ng/mL Bf, AFB, fl ZEN /Y3 B4 K
98.07%~102.80%, RSDs 7 0.57%~3.23%. HBFFE4s &M,
fr il £ 9 MIPs X+ AFB, Al ZEN IR AL bt &
RRETT, AR A oK A A A R AR T —Fh
HE L R FE T
2.3 AFB, # ZEN &Y SERS & & o %7

AFB, 5 ZEN [ SERS $#iFlé F HARah /@ W 3A 3B

iR, TR A A Y B B 22 B ) R AE
PRshid, 50 RECHR[17,33140W4 . Hirb, AFB, (05> 1
M LA R B S UK IR IR O FRAE, L SERS SIS AE
1266 cm ™' 4b LB E AR, %0608 N C-O-C fhaifRzh,
MRS TE AFB, 25 B & RE S, BL7Eprikss
MR ZR ARS8 ZEEB TN, 10 ZEN /R —F KR
RS MM R M, a7 P 5 A IR 5 P R 45 R A
SERS Yeil T 745 em™' ib 2 B W @ A BRAE 0 1Y, 3%
W JE b 95 B B C-H AN PR 3 P, i e
ZEN 44 vh A Q55 PE, HAE AFB, (9 SERS 33 & i #H
AV TG e, HLas RAF R S I, 1 8E AFB,
1) 1266 cm ' &5 ZEN (1 745 cm ' WEFE AT RS,
TR AL

#Fz 3 MIPs EEMEEIE

Table 3 Verification of MIPs enrichment efficiency

FRE R E  AFBFY AFB,  ZENEH zEN
/(ng/mL) [l %/% RSDs/% [a|fg#%/% RSDs/%

10 98.23 0.57 101.10 3.23

100 101.17 1.15 98.07 0.75

1000 102.80 1.52 99.00 1.43

2.4 SERS &N EEGRHK
2.4.1 SERS & FEMEGHA

Sy BAIE Rl —HHE 7k AgNPs SERS HLJiE #Y 25 [a) 4140 4, A<
WFFSTE LA AgNPs IR EREHLAT 10 mol/L R6G i
20 KRS, SGigSmEmE 4A iR, 1E 500~2000 cm™!
REBX W, 20 Xk mEES, THBMBESH, H
RSDs 4 4.28%, Z5RF W, AR IR NS JFA H 45 1Y
AgNPs Rif2 A zs | POk 85, LR RS %8 —
B, HIESLE R I T AT S A B AR
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3 8000 3
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% 6000 | %( 10000} 1451
g{ a0l i'g 745 906
50001
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%3 AgNPs H' AFB, (A)F ZEN (B)AY SERS J£i#%(1000 ng/mL)
Fig. 3 SERS spectrogram of AFB; (A) and ZEN (B) on AgNPs (1000 ng/mL)

N ARG EEILIK AgNPs ) SERS 75 4E, L 107° mol/L
R6G M= {5 S B AT PGSR MRS 0 F, REHELE
T AgNPs LI EEX}T SERS MESRACK AN . W& 4B i
7R, B FVE I (1.12 mmol/L)I, R6G i & FHE I
(1309, 1360, 1507 cm ' Z5) L BUHIS (55, FeWIad & Hik:
W B R AR, PR T LR R B R
B 0.56 mmol/L I, R6G JIF 1 5 AIE W 3k B 2 25 444 9%,
VLS A R AgNPs it /i, TR 2571
KRB, HL G B I KAl . AR R SRS 2
0.28 mmol/L B 0.19 mmol/L, W5k E S okh =0, K
FAG RAAITURL 55 B [AIK, SERS M i R AIG . 25582 e R A
S EMME, LRI 0.56 mmol/L F R 5 2:s0m 4%
4, DA ARHR it H AR H 4% ficfE SERS M
242 BENGLE

FHEERANIE A3 AgNPs R IR AR,
REDNY R b= AR BEHAS, HI55 T SERS ;0 AGE S %k
RS AT ORI LA, A RORE AT F R AR, BT ANOK ] B,
W AR S 4 T S s AL IR, 3 T S I T R O
AWFFE RS T MgCl, . MgSO,. KBr,NaCl,KCl, ZnSO,

A
0
¥
\(b?. ]1
1
|1 1
oﬁ’ 13
s 8
T

1

500 750 1000 1200 1500 1750 2000
hrgfifg/om!

6 FhEERFIXT AgNPs IR{AK SERS iGtERYREM, Z55RunE 5
iR o 5t AFB, 1M 75, KBr USSR 80 W00 T A 5 Fhh;
MXEF ZEN, MgCly M Z B f TR AN o 0 AL 1
FIREAET, bl B AT 30 S O R 42 4 A e 3 1
Lo, TS F (Br) HA SR A AR R R AT, BRAE IR BT
AgNPs FHIH 55 HIEERE, WNMEREZL SERS“H
B, ATRORER AFB, 1915 MR T (M) HEE ()
FE ZENAFAE MR R P, o] B aod 5 A S 1 AR AR F %
RERERE, H MRl fgE 5 ZEN 27 H iy A5
KA EIARBAE L, AR F% 5 75 AgNPs R & 5
555008 &% B KBr 5 MgCl, 43 3I4F 4 AFB, fil ZEN
FBER A, LA Je R AR R ST
2.5 HT SERS %t AFB, 1 ZEN HEE D
SN AFB, 5 ZEN RYMERGE R, ASOFSEECH T
10~1000 ng/mL FFbREER . & 6 R, PiFhsERAERL
X BT H AT AR, ik AFB, 265 1266 cm™!
(M C-O-C HifiRah), ZEN 34 745 em™ Ch C-H WM ik
), W P T SR () T I o AN X

B
. A A L12 mmol/L
=
<
@ .56 mmol/L
e
st
1= \ aA A 0.28 mmol/L
0.19 mmol/L
500 1000 1200 2000
hr2 i/ em™

TE: A, 10° mol/L R6G ) 20 4 SERS Jti&[l; B. AN FIZEIGH B XS 1Y SERS 141 .
B 4 AgNPs IR FaE P25 4 S R BEXT SERS 1 1 A 5% 1w
Fig. 4 Investigation of the stability of the AgNPs substrate and the effect of its concentration on SERS activity
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A B
30000 | i
_ 1266 | mgc, 30000}
250000 —
i MgSO, 25000 ﬁJ
g 20000 - 5200000 o, ‘ \ \
M é \ j
2 15000 = 15000 t Vi
- o g UM T
& 10000 F 2 L A g
I\[I(ag]l 2= 10000 T
5000 5000 L J NaCl
ZnSO, KCI
0F 0 ZnSO,
600 900 1200 1500 1800 600 900 1200 1500 1800
i/ cm™ P2 i /em?
Bl 5 REIEEEFIXT AFB, (A)F ZEN (B) SERS {55 B30
Fig. 5 Effects of different aggregating agents on the SERS signals of AFB, (A) and ZEN (B)
A B 12000
— 100 . /L ¥=8.299X+1201
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