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Based on scientific demonstration and experimental research, this thesis is
devoted to studying Development and Preliminary Application of
Immunochromatography Test Strips for the Detection of Double Residues of
Aflatoxin Bl and Zearalenone, to the establishment of colloidal gold
immunochromatographic test strip for the determination of aflatoxin B1 (AFBI)
and zearalenone (ZEN) dual residue, so as to provide technical support for the
rapid detection of AFB1 and ZEN dual residue in cereal food and feed and ensure
the safety of cereal food and feed.

Mycotoxins widely exist in the natural environment, mainly pollute all kinds
of grain food and feed, seriously threaten the safety of world food and feed, and do
harm to human health and animal husbandry development, which has aroused great
concern all over the world. Among the more than 400 mycotoxins reported so far,
AFBI1 and ZEN are the two most important mycotoxins with wide pollution and
great harm. Aflatoxins (AFs) are a toxic secondary metabolite produced by
Aspergillus, and produced under natural conditions mainly include AFB1, AFB2,
AFGI and AFG2.

Nowadays, the established immunoassay methods include gold
immunochromatographic assay (GICA), enzyme-linked immunosorbent assay
(ELISA), fluorescence immunoassay (FIA) and immunosensor (IS), etc. In contrast,
GICA technology has the advantages of fast, simple, on-site operation, multiple
detection and large amount of screening samples. It has become an important

research topic of AFB1 and ZEN dual residue detection, and shows a broad



development prospect, which is also the purpose of this study.

The preparation of monoclonal antibodies (mAbs) against AFB1 and ZEN
with high sensitivity and high specificity is the key to solve the problem of poor
quality and unstable source of antibodies. Because the molecular structures of
AFBI and its homologues AFB2, AFG1 and AFG?2 all contain dihydrofuran and
oxanaphthone, there are only slight differences in the structures of hexacyclic C7-
position lactone and pentacyclic C2-position lactone, and the other structures are
exactly the same, it is difficult to prepare a high specific antibody for single
recognition of AFBI. Similarly, since ZEN and its homologues have slight
differences in molecular structure only on the carbonyl or hydroxyl group at C6’-
position and the single bond or double bond at C1'-C2'-position of macrolide ring,
it is also very difficult to prepare a single highly specific antibody that recognizes
ZEN. The synthesis and screening of artificial immunogens are the basis for the
preparation of highly specific antibodies, but the specificity of antibodies not only
depends on the physical and chemical properties of the immunogen, but is also
closely related to immunization methods and antibody screening methods. This
study tries to use small dose (30 pg/mL), long immunization interval (4 weeks),
multiple sites on the back (4 to 6 points), and multiple frequency (5 times)
immunization methods. At the same time, try to use heterologous indirect non-
competitive ELISA (inELISA) and heterologous indirect competition ELISA
(icELISA) screen mAbs, and prepare the desired AFB1 mAbs and ZEN mAbs by
the above methods.

The establishment of colloidal gold immunochromatographic test strip
detection method is the path to solve the rapidity, simplicity, on-site detection and
multivariate detection of detection technology. AFBI mAbs and ZEN mAbs with
high-sensitivity and high-specificity are used as the labeling target, colloidal gold
is used as the labeling material, two mAbs are labeled with nano-gold and two
detection lines are set to realize the dual residue detection of AFB1 and ZEN. By
comparing and analyzing the sensitivity of gold labeled antigen competition mode

and gold labeled antibody competition mode, the gold labeled antibody
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competition mode is selected in this paper. In this study, colloidal gold is prepared
by trisodium citrate reduction method, gold labeled antibodies are prepared by
mey's series stabilization method, and the detection conditions of test strip are
optimized, including nitrocellulose membrane selection, gold labeled pad selection,
sample pad selection, optimal concentration combination of gold labeled antibody
and coated antigen, determination of methanol concentration in sample treatment
solution, etc. Finally, the AFBI and ZEN dual residue colloidal gold
immunochromatographic test strip detection method was established, its
performance is determined and preliminarily applied, and confirmed by HPLC-
MS/MS, so as to provide technical support for the detection of AFB1 and ZEN
dual residue in food and feed.

Research has established the method for the preparation and identification of
artificial immunogens and coating antigens to obtain high-specific antibodies
against AFB1 and ZEN. According to the molecular structure characteristics of
AFBI1, the carbonyl at C1, the active hydrogen at C2, the hydroxyl at C3, and the
C3-C4 bifuran ring are selected as the active sites or active groups, and 6 kinds of
artificial immunogen AFB1-BSA and coating antigen AFB1-OVA synthesis
methods, including oxime active ester method (OAE), methylation of ammonia
(MOA), mixed anhydride (MA), semi acetal (SA), epoxide (EP) and enol ether
derivation (EED), have been established. According to the molecular structure
characteristics of ZEN, the carbonyl at C6', the active hydrogen at C7', the
hydroxyl at C2, and the C5 at the benzene ring are selected as the active sites or
active groups, and 5 kinds of artificial immunogens ZEN1-BSA and coating
antigen ZEN-OV A synthesis methods, including oxime active ester method (OAE),
condensation mixed anhydride method (CMA), formaldehyde method (FA), 1,4-
butanediol diglycidyl ether method (BDE) and amino glutaraldehyde method
(AGA), have been established. The artificial immunogens are identified by UV,
SDS-PAGE and animal immune effect. OAE method is the best method to prepare
AFBI1 high specific antibody, and AGA method is the best method to prepare ZEN
high specific antibody.
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Research has established animal immunization method and screening method
for positive hybridoma cell lines. The factors affecting animal immune effect
include dosage, injection route, time interval, adjuvant use, immunization times
and individual differences, among which, immunization dose and time interval are
the key factors. After continuous attempts, we have reached the same conclusion as
some scholars that low-dose immunogen can induce the production of specific
antibodies, and a longer time interval can improve the affinity of antibodies.
Therefore, this study established a low-dose (30 pg/mL), long-term interval (4
weeks), multiple points on the back (4-6 points), and multiple frequency (5 times)
animal immunization methods. This study successfully established the screening
method for positive hybridoma cells, including 4 steps. The first is to use
homologous inELISA to determine the antibody titer to correctly evaluate the
immunogenic immunoreactivity; the second is to use heterologous inELISA to
determine the antibody titer to evaluate the recognition of antibodies; the third is to
use a heterologous icELISA to determine the IC50 value of the antibody to AFBI
to correctly evaluate the sensitivity of the antibody; the fourth is to use a cross-
reactivity test to determine the cross-reactivity between the antibody and hapten
analogs to correctly evaluate the antibody specificity. Using the above method, 3
positive hybridoma strains of AFBI mAb 2Al11, 2F6 and 3G2, and 2 positive
hybridoma strains of ZEN mAb 2B6 and 4D9 are screened. The mAbs are
prepared by inducing ascites in vivo, and the immunological characteristics of each
mAb are identified, including karyotype identification by colchicine blocking
method, the class and subclass determination by mouse mAb homotype kit, the
stability determination by hybridoma cell passage culture method, the affinity
constant (Ka) determination by batty saturation method, the sensitivity
determination by icELISA, and the specificity determination by cross-reaction test.

Research has established AFBI1 single residue (ZEN single-residue) and
AFBI1 and ZEN dual residue colloidal gold immunochromatographic test strip
detection methods and performance identification methods. The AFBI1 single

residue colloidal gold immunochromatographic test strip is constructed with nano-
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gold labeled AFB1 mAb, and the test strip parameters are optimized. Similarly,
ZEN single residue colloidal gold immunochromatographic test strip is assembled.
AFB1 mAb and ZEN mAb are labeled with nano-gold, and a certain proportion of
mixed gold labeled mAbs are configured according to the detection sensitivity of
single residual colloidal gold immunochromatographic test strip. The
corresponding immunogens AFB1-BSA (OAE) and ZEN-BSA (AGA) are used to
set up two detection lines on the nitrocellulose (NC) membrane, and the dual
residue colloidal gold immunochromatographic test strip of AFB1 and ZEN is
assembled and established. The performances of the prepared colloidal gold
immunochromatographic test strip are determined, including the visual detection
limit by visual method, the machine-readable detection limit and IC50 value by the
test strip reader scanning method (BioDot-TSR3000 strip reader), the stability
determination by intra batch and inter batch tests, and the wvalidity period
determination according to the test results.

The 6 immunogens of AFB1 were identified by UV and SDS-PAGE, and the
results showed that the 6 immunogens were synthesized successfully, and the
molecular binding ratios of AFB1 to BSA were 8.64:1 (OAE), 6.88:1 (MOA),
10.78:1 (MA), 4.46:1 (SA), 6.38:1 (EP) and 2.31:1 (EED), respectively. Balb/c
mice were immunized with 6 immunogens of AFB1. The results showed that
AFBI1-BSA (OAE) had the best effect among the 6 immunogens. The titer of
AFBI pAb reached 1:(1.6x10%), and the IC50 value was 10.14 ng/kg. AFB1 pAb
had the strongest specificity, could recognize AFB1 100%, and its CR values with
AFB2, AFG1 and AFG2 were 6.32%, 3.76% and less than 1.0%, respectively.
Similarly, the 5 immunogens of ZEN were identified by UV and SDS-PAGE, and
the results showed that the 5 immunogens were synthesized successfully, and the
molecular binding ratios of ZEN and BSA were 17.2:1 (OAE), 14.6:1 (CMA),
9.7:1 (FA), 8.3:1 (BDE) and 11.6:1 (AGA), respectively. Among the 5
immunogens of ZEN, ZEN-BSA (AGA) had the best immune effect. The titers of
ZEN pAb reached 1:(1.6x10%), and the IC50 value was 18.77 ng/kg. It had the
strongest specificity and could recognize ZEN 100%, and its CR values with a-
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ZAL, 0-ZAL, 0-ZOL, B-ZOL, ZON were 1.48%, 1.36%, 3.57%, 1.65% and 4.86%,
respectively. Therefore, this study screened out that the OAE method was the best
method for preparing AFBI1 highly specific antibodies, and the AGA method was
the best method for preparing ZEN highly specific antibodies.

The immunological characteristics of the selected AFBI mAb 2A11, 2F6
and 3G2 hybridoma cell lines were identified. The results showed that the best was
2A11, which belonged to the IgGl subtype with kappa light chain, and could
stably secrete antibodies after 5 passages. The titers of AFB1 mAb in cell culture
supernatant was 1: (6.4x10?) and in ascites was 1: (5.12x10°) by inELISA. Its Ka
was 1.05x10° L/moL, and its IC50 value for AFBI was 6.28 pg/kg. It could
recognize AFB1 100%, and its CR values with AFB2, AFG1 and AFG2 were
4.35%, 2.30% and less than 1.0%, respectively. Similarly, two positive hybridoma
cell lines of ZEN mAb 2B6 and 4D9 were identified, and the results showed that
the best of them was 2B6, which belonged to the IgG1 subtype with kappa light
chain, and could stably secrete antibodies after 5 passages. The titers of ZEN mAb
in cell culture supernatant was 1: (5.12x10?%) and in ascites was 1: (5.12x10°) by
inELISA. Its Ka was 7.69x10° L/moL, and its IC50 value for ZEN was 10.38
ng/kg. It could recognize ZEN 100%, and its CR values with a-ZAL, a-ZAL, a-
Z0L, B-ZOL, and ZON were 1.52%, 1.28%, 2.64%, 1.83%, and 4.27%,
respectively. Therefore, this study produced high-titer, high-sensitivity and high-
specificity AFB1 mAb and ZEN mAb, which could be used for immunoassays for
the detection of AFB1 and ZEN residues.

The performances of AFB1 (or ZEN) single residue test strip and AFB1 and
ZEN dual residue test strip were measured. The results showed that the visual LOD
of AFBI1 single residue test strip was 1.0 pg/L (5.0 ug/L for ZEN), the machine-
readable LOD was 0.24 ug/L (1.51 pg/L for ZEN), and the machine-readable IC50
value was 1.11 pg/L (4.97 ng/L for ZEN). There was no CR with other compounds.
The results of 6 batches of AFB1(or ZEN) single residue strip were measured and
showed good stability. The validity period was 6 months at 4 °C in refrigerators

and 25 °C room temperature. The visual LODs of AFBI and ZEN dual residue test
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strip were 1.0 ng/mL and 5.0 ng/mL for AFBI1 and 5.0 ng/mL respectively, and the
machine-readable LODs for AFB1 and ZEN were 0.23 pg/L and 1.53 pg/L
respectively, and the machine-readable IC50 value for AFB1 and ZEN were 1.15
ng/L and 4.91 png/L respectively. The test results of 6 batches of AFB1 and ZEN
dual residue test strip of different batches were completely consistent and showed
good stability. The validity period was the same as the single residue test strip. The
AFBI1 and ZEN dual residue test strip were used for preliminary application and
verified by HPLC-MS/MS. The 20 known positive samples including 12 AFB1
positive samples and 8 ZEN positive samples were tested. The results showed that
the positive coincidence rate was 100%. A total of 60 natural samples of corn, rice,
flour, and feed were tested. 39 positive samples were detected, including 22
positive samples for AFB1 and 17 positive samples for ZEN, which were
consistent with the HPLC-MS/MS detection results, with a coincidence rate of
100 %.

Thus, the results of this study focused on the synthesis of ideal immunogens,
which solved the problem of poor immunogenicity of AFB1 and ZEN; preparation
high-titer, high-sensitivity and high-specificity AFB1 mAbs and ZEN mAbs,
which solved problems of the unstable source of antibodies and unstable quality of
antibodies; the establishment of AFB1 (or ZEN) single residue and AFB1 and ZEN
dual residue detection test strip, which solved the problems of rapidity, simplicity,
multiple detection and on-site detection; preliminary application and verification
by HPLC-MS/MS of AFBI (or ZEN) single residue and AFB1 and ZEN dual
residue detection test strip, which solved the problems of practicability and
reliability. Finally, technical support was provided to realize the rapid detection of
AFB1 and ZEN dual residue and ensure the safety of food and feed.

We recommend using the materials of the dissertation work when studying
the courses " Veterinary microbiology", Veterinary sanitary examination" for
masters of the Faculty of Veterinary Medicine of Sumy NAU. And for the courses
"Veterinary microbiology “for masters of the Henan Institute of Science and

Technology (HIST).
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AHOTANISA

Anane Ban «Po3poOka Ta BIOPOBAJKEHHS IMyHOXpPOMATOrpadiuHUX TecT-
CMY>KOK JIJIsl BUSIBJICHHS TOABIMHUX 3aMUIIKIB adiaTokcuHy Bl Ta 3eapaneHOHY»
— KBamidikamiiina HaykoBa mpatls Ha rpaBax pykonwucy. Jucepraiis Ha 3400yTTS
HAyKOBOT'O CTymeHs AokTopa ¢imocodii 3a cremianbHicTiIO 211 «Berepunapna
meauimHay — CyMChbKUN HalllOHATBHUM arpapHuil yHiBepcuteT, M. Cymu, 2022.

MIKOTOKCHHU TIMPOKO TOMIMPEHI B MPHUPOJHOMY CEpPEIOBUIIl, TOJOBHUM
YUHOM KOHTaMIHYIOTH YC1 BUJM 3€pHOBUX MPOJYKTIB XapyyBaHHS Ta KOPMIB,
Cepilo3HO 3arpoXKyIOTh O€3Melli XapuoBUX MPOIYKTIB 1 KOPMIB y CBIT1 Ta 3aBIAIOTh
IIKOJMU 370POB’I0 JIIOAMHMU Ta PO3BUTKY TBAPUHHHIITBA, L0 BUKIUKAIO BEJIHUKY
CTypOOBaHICTh y BChOMY CBITi. 3a0e3MeueHHs TBApUH SIKICHUMH KOpMaMH —
roJIOBHA yMOBA MATPUMAHHS 370POB’Sl TIOTOMIB’ Sl Ta OTPUMAHHS MAaKCUMaJIbHOTO
piBHS 1XHBOI MPOJYKTHUBHOCTI. AJie 13 MIABUIIEHHSIM TEeMIIEpaTypyd y BECHSIHUU
nepioJl AKICTh KOPMIiB MOKE TMOTipiIyBaTucs. | B meprry depry Iie MmoB’si3aHO 13
AKTUBHHUM POCTOM MIKPOCKOTIYHUX Ipr0iB HA MOXUBHUX CyOCTpaTax (CUiIoci, CiHi,
bypaxHoMy 3epHi Ta iHIIX KopMax). Cepes MIKOTOKCHHIB, SIKi IETaTbHO BUBUYECHI
Ha ChOTOJIHIIIHIA JIeHb, € ABa HanOimbm 3HaunMi: AFB1 (admatokcun Bl) i ZEN
(3epaneroH). OcTaHH1 3a0pyAHIOIOTH HABKOJMIITHE CEPEIOBUINE Ta 3aBIAIOTh
Benukoi mKkoau. OIHUBIIM HEJOCTATHIO BHUBYCHICTh 3a3HAYCHWX THTAHb
BPaxOBYIOUM aKTYaJlbHICTh TUTAaHHS METOI0 JAHCEpTaliiiHOi poOoTH Oyio
CTBOPEHHSI Ta BIPOBAKEHHS IMYHOXpPOMATOTpadiyHOTO [IarHOCTUKYMY 3
BUKOPHUCTAHHSM MOHOKJIOHAJIBHUX aHTUTUI MIYeHUX KoaoinHuM 3070ToM (GICA;

Colloidal Gold Immunochromatograohic Assay) y BUIUISIAI TECT-CMYXOK JJisi
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OJHOYACHOTO BHSBJICHHA 3aiumKiB MikoTokcuHiB AFB1 Tta ZEN, mo0
3a0€3MeUnTH TEXHIYHY MIATPUMKY iX IIBUAKOTO BHSBICHHS W TapaHTyBaHHS
0€3MeYHOro CIOXUBAaHHS 3€PHOBUX XapUYOBUX MPOIYKTIB 1 KOPMIB.

binbuiicTe KpaiH CBITY BBEJM YITKI MOJIOKEHHS IIOAO0 MaKCHUMallbHO
nomyctumMux 3anuikiB peduoBuH (MRL) AFB1 B mpoaykTax xapuyBaHHS.

CrtBOopeHHs IMyHOXpOMaTOTrpadiyHOTO METOAY BUSIBJICHHS 3 3aCTOCYBaHHSIM
TECT-CMYKOK KOJIOITHOTO 30JI0Ta € HUIAXOM JO BHPIIICHHS MUTaHb IMIBUAKOCTI 1
rapaHTii Oe3neuHoi 3epHOBOiI Tponykiii. HaykoBa HOBH3HAa pe3ysbTaTiB
JOCTIIDKEHHSI TONIsAra€ B TOMY IO BIEpIIE TMOPIBHSIHO Ta TPOAHATI30BAHO
IMyHOpeakTuBHICTh ranteHHux OuikiB AFB1 ta ZEN, cunHTe3yBaHHS 3 HHUX
AHTUTEHIB 13 3aCTOCYBAHHSIM CY4YaCHUX METOMAIB 1 XIMIYHUX CIIOJNYK, BiiOpaHO
Halikpanii anturenu (6 BuaiB mryyHoro antureHy AFB1 ta 5 BuaiB mryuHux
antureniB ZEN) nns orpumanHsa Bucokocnenudiuaux antutin 10 AFB1 ta ZEN.
[TiniOpano HaiOUIBII e(pEeKTUBHUM METOJ] IMYHIi3alii TBapUH-IOHOPIB IS
OTPUMAaHHS BHCOKOCIEIM(IYHUX AHTHTUI 1 METOAU CKPUHIHTY OTPUMaHUX 13
3aCTOCYBAHHSM BIAMOBITHUX TEXHOJOT1H T1OPUIOMHUX KIITUHHHX JiHIA, a TAKOX
BUTOTOBJICHO BHCOKOYYTJMBI Ta BHCOKOCTIEIM(PIYHI MOHOKJIOHAJIBHI aHTHTLIA JI0
AFBI ta ZEN.

PesynpraT nmocHmipkeHb BIPOBAKYBAIOTHCS B MPAKTUKY MPOBIAHUX
JIep>KaB CBITY, a TEXHOJIOT1I0O OTPUMAaHHS JIIarHOCTUYHUX CMYXKOK PEKOMEH]I0BAaHO
710 yBaru Komepiiitaum ¢ipmam Kurtaro it iHImMX Kpaid 1715 po3poOKH BiIMTOBITHUX
TECT-CUCTEM.

B ekxcnepuMeHTaIbHUX JOCHTIIKEHHSX BHKOPHUCTAHA HE3HAYHA /032 IS
imynizanii (30 Mxr/cm3), TpuBaNIMiA IHTEPBAJI MIXK BBEJICHHSIMH aHTUTEHY (4 TIDKHI),
TBapUHAM-JOHOpPaM B JOUIAHII cOuHU (4—6 Micb) a TakoX Oararopa3oBa
imyHizamisg (5 pasiB). [ KOHTpoOJisE aKTHBHOCTI OTPUMAaHUX CHUPOBATOK OYIO
BUKOPHUCTAHO HENPSIMUNA KOHKYpeHTHUM iMyHodepMeHTHHI aHami3 (InELISA) 1
HEMpsMUIL ~ KOHKypeHTHUH  iMyHodepmenTHud  anHamiz  (icELISA) 3

MOHOKJIOHanbHUMHU aHTuTUIaMu 10 AFB1 1 ZEN.
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B excnepumenTi Oyno mocnimpkeHo 60 HaTypalbHUX 3pa3KiB KYKYpy.3H,
pucy, 6opornrHa, KopMiB. Sk pe3ynbTaT, Oyia0 BUABICHO 39 MO3UTUBHUX 3pa3KiB, Y
ToMy yuchai 22 no3utuBHUX 3pasku 3 AFB1 Tta 17 no3utuBHuX 3pa3kiB 3 ZEN.
KpiMm TOro, epexkTuBHICTH pO3pOOJEHOTO METOJY OJIHOYACHOIO BHUSBIICHHS
tokcuHiB AFB1 Ta ZEN 13 3acTOCYBaHHSIM IMYHOXpOMATOrpaigyHOT TECT-CMYKKH
3 MOHOKJIOHAJbHUMH aQHTUTUIAMM MIYCHHMMH KOJIOIMTHMM 30JI0TOM, Oyja
OiATBEp/KEHA TPAIULIMHUM METOAOM pIAUHHOI Xpomarorpadii 3 TaHJIEMHOIO
mac-criektpomeTpiero (100% 301ir pe3yabTatiB) i Yac BUSBICHHS IUX TOKCUHIB B
NPOJYKTaX XapuyBaHHS i KOpMax.

3anponoHyBaHO METOJIW CHHTE3yBaHHS IJCAJIbBHUX aHTHUIEHIB, IO
BUpIIIMIO TpoOiemy ranteHHux xapaktepuctuk AFB1 1 ZEN; npuroryBanHs
BUCOKOUYTJIMBUX 1 BHUCOKOCMEHU(IUHUX MOHOKJIOHAIbHUX aHTUTLT 10 AFBI 1
ZEN, sKi BUpIILIK MPoOJIEeMH HECTaOUTBHOTO JHKepesia aHTUTLT 1 HeCTaOLIbHOI 1X
SAKOCT1; CTBOpHWJIA TECT-CMYXXKH IJisi BHUsIBJIEHHS onHoro 3 3anumkie AFBI (abo
okpemo ZEN) 1 TecT-cMyXKku s BuUsiBIeHHs o0o0x 3amumkiB AFB1 1 ZEN
OJIHOYACHO, OCTAaHHE BUPIIIUIO MPOOIEMH MIBUIKOCTI, MPOCTOTH, OaraTopa3oBOro
BUSIBJICHHS Ta BUSIBJICHHS Ha Micili 0€3 BHUKOPUCTAHHS JOpPOTOro oOJaJHaHHS.
KonTtponbsHi gociipkeHHs po0 3epHOBHX MNMPOAYKTIB Ha HasBHICTH AFB1 a6o
ZEN y BapiaHTi TECT-CMYKOK 3 OJHHM 13 KOMIIOHEHTIB 1 3 JIBOMa OJHOYACHO
MOKa3alM TMOBHHM 30ir 3 pe3yibTaTaMH PIAUHHOI Xpomartorpadii 3 TaHIEMHOIO
Mac-CIEeKTPOMETPI€r0, MOKa3aau CBOIO MPAKTUYHICT 1 HAMIHHICT. BripoBamkeHHS
METOAy ojHOYacHOTo BusABICHHS 3amumkiB AFB1 1 ZEN TecT-cMyxkamu nae
MiACTaBY 7Sl PO3POOKU JIarHOCTUKYMIB 3 METOIO BUSIBJIICHHS MOIOHUX MPOTYKTIB,
KpIM TOTO, 3aCTOCYBaHHSI IIbOTO METOAY TapaHTye Oe3MeKy 3epHOBHX XapyOBUX
MpUmnaciB 1 KOPMIB TiJ Yac CHOXXKHUBAHHS KIHIIEBOTO MPOAYKTY JIOABMHU a0o
TBapUHAMU.

AFB1 mAbs 1 ZEN mAbs 3 BHCOKOI YYTIMBICTIO Ta BHCOKOIO
cretu(IYHICTIO BUKOPUCTOBYBAIIU SIK MIILIEHb JJISI MApPKyBaHHSI, KOJIOIHE 30JI0TO

K Matepial Jjisi MiueHHs, 1B1 mAb Oyiau MiueH1 HaHO30JI0TOM, OYJI0 BCTAHOBJIEHO
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JIB1 JIiHIT BUSIBJICHHS JUIsl peanizailii mojBiiiHoro Bu3HaueHHs 3anuiikiB AFBI 1
ZEN.

[IInsxoM TOpIBHSHHSA Ta aHami3y YYTIMBOCTI PEXUMY KOHKYpEHIIi
AHTUTE€HY, MIYEHOTO 30JI0TOM, 1 peKUMY KOHKYPEHLIi aHTUTUI, MIYEHUX 30JI0TOM
OyJ10 BUOPAHO PEKUM KOHKYPEHIIIT aHTUTLI, MIYEHUX 30JI0TOM.

KonoinHe 3070TO roTyBaJii METOAOM BIJHOBJIEHHS TPUHATPIALUTPATOM,
MI4E€H1 30JI0TOM aHTUTUIA TOTYyBajlu METOJoM craburizauii cepii Mesd. YmoBu
BUSIBJICHHST ~ TECT-CMYXKKM  OyJ0  ONTHMI30BaHO,  BKJIIOYAOUd  BUOIP
HITPOLEIOI03HOT MEMOpaHU, BUOIP MIYEHOI 30J10TOM IUIACTUHH, BUOIp IIACTUHU
JUIS 3pa3ka, BUOIp ONTHUMAaIbHOI KOMOIHAIi KOHIIEHTpAIli MIYEHOTO 30J0TOM
AQHTUTIIA Ta AHTUTCHY 3 TOKPHUTTSIM, BHU3HAYCHHS KOHIICHTpAIlil METAaHOJIY B
po3unHi 1711 00poOKM 3pa3ka Tomo. byno BcTaHOBIEHO IMyHOXpoMaTorpadiyHu
METOJl BUSBIICHHS 3 BUKOpHUCTaHHAIM TecT-cMy*)oK AFB1 ta ZEN 13 moasiiiHuM
3aJIMIIKOM KOJIOiIHOTO 30i5i0Ta. byrna Bu3HaHa Ta momepeaHbO JOBEIEHA HOTO
e(heKTUBHICTH, a TakoXK miaTBepxeHa HPLC-MS/MS, mo06 3a6e3neuntu TeXHIUYHY
NIATPUMKY 711 BHsIBIeHHS mojnBiiiHux 3aymmkiB AFB1 ta ZEN B mpomykrax
XapuyBaHHS Ta KOpMax.

JlocmikeHHsT OOTpYHTYBajdd METOJ TPUTOTYBaHHS Ta iAeHTU(IKaI]
MITYYHUX IMYHOTCHIB 1 aHTUTCHIB MMOKPUTTS JJIsI OTPUMAHHS BUCOKOCIICIIH(IIHUX
aututin npotu AFB1 1 ZEN. BiamoBigHO 10 XapakTEPUCTHK MOJICKYISIPHOT
ctpykrypu AFBI1, xap6onin y Cl, aktuBnuii BogeHb y C2, rigpokcun y C3 Tta
0ipypanoBe kinbiie C3-C4 BuOupanucs sk aKTUBHI IEHTpU a00 aKTHBHI TPYIIH,
KpIM TOTO BiOupanu 6 BuAiB ITy4HOTO iMmyHOreHy AFBI-.

B pe3ynbTaTi excriepuMeHTaIbHUX JOCTIKeHDb OYyIM BCTAHOBJICHI METOIU
cunre3y BSA Ta anturen nmokputtsi AFB1-OVA, BkiIo4aroun METOJ aKTHBHOTO
edipy okcumy (OAE), metunroBanns amiaky (MOA), 3mimanuii anrigpua (MA),
HamiBamneTanb (SA), enokcus (EP) ta moxinae enonsHoro edipy (EED).

BianoBigHO 10 XapakTEpUCTUK MOJEKYIsIpHOiI cTpykTypu ZEN, kapOoHLT y
C6', aktuBHuii Bojienb y C7', rigpokcun y C2 ta C5 y OeH301bHOMY KUIBII OyJin

BUIIOpaHN SIK aKTUBHI LIEHTPU a00 AaKTHUBHI IPYNH, a TAKOXK S5 BUIIB IITYYHHX
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imyHoreHiB. JlocnimkeHHssMu Oyino BcTaHOBieHI meroau cuHresy ZEN1-BSA ta
anTureny nokputts ZEN-OVA, BkIIOYalOuyd METOJ aKTUBHOTO e(ipy OKCUMY
(OAE), meton konnaeHcaii 3mimanoro anriapuny (CMA), metoa ¢popMmaibaeriay
(FA), wmerox 1,4-6yrannmion murmnuawioBoro edipy (BDE) Ta wMeron
amiHornytapanpaeriny (AGA). lltyyni imyHorenu inentudikysamu 3a YO, SDS-
PAGE Ta iMyHHuM edekroM TBapuH. byno BuzHaueHo, mo wmeton OAE e
HaWKpaIyM METOJOM ]Il OTpUMaHHs Bucokocnerudiunux antutini AFBI, a
metonl AGA € Halikpamum meToaoM st orpumanHs ZEN BucokocnenugpiaHux
AQHTUTLIL.

JlocnipkeHHsl BCTaHOBUIM €(QEKTUBHICTh METOAY IMyHi3alii TBapuH 1
METOJy CKPHUHIHTY TMO3WTUBHUX KIITUHHMX JiHIA TiOpuaomu. Dakrtopu, 10
BIUTMBAIOTh Ha IMyHHUI €(eKT TBapHUH, BKJIIOUAIOTh JA03Y, HUISX 1H €Ki, IHTepBaj
4yacy, BUKOPUCTAHHS aJ IOBAHTIB, yac IMYHI3allii Ta 1HAWBIAyalbHI BIIMIHHOCTI,
cepel SIKUX J103a IMyHI3aIii Ta 1HTepBaa Yacy € KiIodoBUMH (akTopamu. I[licis
IPOBEACHHS TMOPIBHSUIBHUX JIOCTIAIB JIOBEJICHO, IO HHU3bKI J03U IMYHOTCHY
MOXYTh 1HAYKYBaTHU BUPOOJICHHS CHEeNU(pIYHUX AHTHUTUI, a JOBIIUM TPOMIDKOK
Jacy MOXKe MOKpAIMUTH adiHHICTh aHTUTUI. JIOCHIIPKEHHSIMH BCTAHOBJIEHO HU3bKY
no3y (30 Mkr/mun), TpuBanui iHTepBan (4 THXHI), 0AaraTOTOYKOBY IMYHI3aIlil0 B
TUISTHKY CITUHM (4-6 TOUOK) 1 6araTopa3oBy (5 pasiB) iMyHI3aIlil0 TBapHH.

Ile mocaimKeHHS YCIIIIHO 3almpoBaJAWIO METOJ CKPUHIHTY TO3UTHBHUX
riOpUIOMHHX KIIITHH, IO BKJIIOYAE 4 eTammu.

[lepmmit eranm momsrae y BUKOpUCTaHHI ToMmosorigdHoro inELISA mns
BU3HAYCHHS  TUTPY  AHTUTUI IS TPaBWIBHOI  OIIHKA  IMYHOT€HHOT
IMyHOPEAaKTUBHOCTI; APYTUHA TOJIATAE Y BUKOPUCTaHHI rereposorignoro inELISA
JUTSI BU3HAYCHHS TUTPY AHTUTLI 3 METOIO OI[IHKHA PO3II3HABAHHS aHTHUTLI; TPETIH
— BHUKOpHUCTaHHA TreTeposoriunoro icELISA nns BusHaueHHsa 3HadeHHs [C50
antutina 10 AFBI, mo0 BipHO OIIHUTH YYTJHUBICTh AHTUTLIA, YETBEPTHH —
BUKOPHUCTAHHS TECTYy Ha MEPEXPECHY PEaKTUBHICTH NI BU3HAUCHHS MEPEXPECHOT
PEaKTUBHOCTI MIXXK aQHTUTUIOM 1 aHaJloraMU TanTeHy, o0 BIPHO OIIHUTHU

crieni19HICTh aHTHUTLIA.



14

BuxopucTtoByroun BHINIEBKAa3aHUN METOJ, CKPUHIHTYBaJd 3 TO3WTUBHI
riopunomui mramu AFB1 mAb 2A11, 2F6 1 3G2 1 2 no3uTuBHI TiOpUIOMHI
mtamu ZEN mAb 2B6 1 4D9. mAb roryBaiv nuisixom 1HAYKYBaHHS acUUTy in
Vivo, TakoX 11eHTU(IKyBaIM IMYHOJOTIYHI XapaKTEPUCTUKH KOXHOro mAb,
BKJIIOYAIOUM 1IGHTU]IKAIII0O KaplOTUIY 3a JIOMOMOTOI METOJy OJOKYBaHHS
KOJXIIMHY, BU3HAYEHHS KJacy Ta MNIAKIAcCy 3a JOMOMOIOI HabOpy TOMOTHUILY
MUIIa40oro mAb, BH3HAY€HHS CTaOLIBHOCTI 3a JIOMOMOTOI METOAY TMacaxy
riOpuOMHMX KJIITHH, BU3HAU€HHA KoHcTaHTH adinHocTi (Ka) 3a momomororo
METOJly HACHUYCHHS, BHW3HAYCHHS YYTIWUBOCTI 3a jgomomororo icELISA Ta
BU3HAYEHHS CTEIM(IYHOCTI 32 JOMOMOT0I0 TECTY EPEXPECHOT peaKirii.

JocimkeHHsT JoBeH ¢)EeKTUBHICT, METOy BU3HAYCHHS OJIHOTO 3aJIMIIKY
AFB1 (ognozamumkoBuit ZEN) 1 AFB1 1 moaBiiiHOro 3aiMIIKy KOJIOiIZHOTO
30J10Ta 3a JIOTIOMOTOK IMYHOXpoMaTorpaiuHuX TECT-CMYXKOK 1 METOIy
inenTudikamii epexruBHOCTI. IMyHOXpOMaTorpadgiyHU TECTOBUHN Marip 3 OJHUM
3aJuIIKoM KoJioigHoro 3onota AFB1 cknamaerbcs 3 mAb AFBI, momiueHOro
HAHO30JI0OTOM Ta OINTHUMI30BaHUX HaMH IapaMeTpiB TeCT-CMYXKiB. [lomgioHUM
YUHOM 30HupaeThcs IMyHOXpoMatorpadiunuii TecroBui mamip ZEN 3 ogHuM
3aJUIIKOM KonoimHoro 3ojota. AFB1 mAb 1 ZEN mAb mideHi HaHO30JI0TOM, a
IIeBHA YacTKa 3MilIaHuX MAD, MIYEHUX 30J0TOM, KOH(PITYpYETHCS BIIMOBIIHO 0
YyTIMBOCTI BUSBJICHHSA OJIHIE] IMyHOXpoMaTorpadgigyHoi TECT-CMYXKH 13
3aJIMIITKOBUM KOJIOiTHUM 30510ToM. BimmoBinHi imyHorenu AFBI1-BSA (OAE) i
ZEN-BSA (AGA) Oynu BUKOpUCTaHI Il CTBOPEHHS JIBOX JIiHIM BUSBJICHHS Ha
HiTpouemntono3nii (NC) memOpani, a Takox Oymno 3i0paHO Ta BCTaHOBIICHO
iMyHOXpOMaTorpadigHy TECT-CMYKKY 3 MOABIHHUM 3aJIUIITKOM KOJIOITHOTO 30J10Ta
AFBI1 i ZEN.

byno  mpoBemeHo — BH3HAYCHHS ~— XapaKTEPUCTHKKA  MATOTOBIICHOI
IMYHOXpOMATOrpaiyHOT TECT-CMY>KKHU 3 KOJIOITHUM 30JI0TOM, BKJIIOUAIOYU MEKY
BI3yaJlbHOTO BWSBJICHHS BI3yaJIbHAM METOJIOM, MAIIWHO3YUTYBaHY MEXKY
BUABIICHHA Ta 3HaueHHd [C50 3a [IOMOMOrorw CKaHyK4Yoro NPUCTPOKO IS

3UATYBaHHS  TeCT-cMY>KOK  (ctpim-pimep  BioDot-TSR3000), Bu3zHaueHHs
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CTaOUIBHOCTI 32 TOMOMOI'OI0 BHYTPIIIHBOCEPINHI Ta MIXKCEPiitHI BUIPOOYBaHHS Ta
BHU3HAYEHHS TEPMIHY IPHUIATHOCTI 32 PE3yJIbTaTAMH BUIIPOOYBaHb.

Hamu Oyno igentudikoBano 6 imyHoreHiB AFBI 3a pomomorow YO ta
SDS-PAGE, 1 pe3ynbTatl moka3aiu, 0 6 IMyHOreHiB OyJii YCHIIIHO CUHTE30BaHl,
a koedimienTn MmoisekyisipHoro 3B’s3yBaHHs AFB1 3 BSA cranoBunm 8,64:1
(OAE), 6,88:1 (MOA), 10,78:1 (MA), 4,46:1 (SA), 6,38:1 (EP) i 2,31:1 (EED)
BiJITTOB1JTHO.

Mumeit Balb/c imynizyBanu 6 imyHorenamu AFBI1. Pesynbratu mokasanu,
mo cepea 6 imyHoreHiB Haivikpamnuii epekt maB AFB1-BSA (OAE). Tutp AFBI1
pAb nocsras 1:(1,6x103), a 3nauenns IC50 cranoBuiio 10,14 mxr/kr. AFB1 pAb
MaB HalcuibHINTY crnenudiyHicTh, Mir posmnizHaBatu AFB1 na 100%, a iioro
3HaueHHs CR mis AFB2, AFG1 1 AFG2 cranosuiu 6,32%, 3,76% 1 menme 1,0%
BianoBinHo. [loniOnum uwmHOM, 5 imyHoreHiB ZEN Oynu imeHTudikoBaHi 3a
noniomororo Y@ Ta SDS-PAGE. Pesynapraté mochimkeHb IMOKa3ad, IO 5
IMyHOTE€HIB OyJu YCIIIIHO CHHTE30BaHI, a MOJICKYJSIPHI CITIBBIIHOIICHHS
3B’si3yBaHHsA ZEN 1 BSA cranoswmm 17,2:1 (OAE), 14,6:1 (CMA). ), 9,7:1 (FA),
8,3:1 (BDE) 1 11,6:1 (AGA) BignoBigno. Cepen 5 imyHoreHiB ZEN Haiikpammii
imyaauit epext maB ZEN-BSA (AGA). Tutpu ZEN pAb nocsaranu 1:(1,6x103), a
3naueHHsa [C50 cranoBuiio 18,77 mkr/kr. Bin MaB HalicuibHIITy cielu@IigHICTD 1
mir po3nizHaBatu ZEN Ha 100%, a tioro 3nauenns CR mis a-ZAL, a-ZAL, a-ZOL,
B-ZOL, ZON cranosuau 1,48%, 1,36%, 3,57%, 1,65% i 4,86%, BinmoBimaHO.

Taxum auHOM, TI€ TOCIIKEHHS MoKa3aio, mo MeTol OAE OyB e)eKTHBHUM
METOZIOM JUUII OTpuMaHHs Bucokocnenudiaaunx antutin AFBI1, a meton AGA 0yB
e(eKTHBHUM METOJIOM JUIsl OTpUMaHHs BUcOKocterupiaanx antuTin ZEN.

bynu imenTtHdikoBaHi IMYHOJOTIYHI XapaKTEPUCTUKH BiTiOpaHWX JiHIN
riopugomanx mituH AFB1 mAb 2A11, 2F6 i 3G2. Pe3ynpratu mokaszaiu, II0
HalikpamuMm OyB 2Al11, skuit HanexaB go migruny [gGl 3 nerkum kanma-
JAHIIOTOM 1 MIT CTa0UTbHO CEKpeTyBaTH aHTUTLIa micis 5 nmacaxiB. Tutpu AFBI1
mADb y cynepHaTaHTi KIITUHHOI KyJIbTypu cTaHOBUIU 1: (6,4 x 102), a B acuuTi —

1: (5,12 x 105) 3a momomororo ELISA. Moro Ka cranosus 1,05x109 n/Moib, a
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3HaueHHs [C50 mana AFBI cranoBwio 6,28 mkr/kr. Meroa posmizHae AFB1 Ha
100%, a moro 3nauends CR mns AFB2, AFG1 1 AFG2 cranosmnu 4,35%, 2,30% 1
menme 1,0% BianmoBinHO. AHanoriyHo Oyso 1IEHTH(IKOBAHO Bl MO3UTHUBHI
riopunoMui xiituHH1 JiHIT ZEN mAb 2B6 1 4D9. PesynpraTté nmociigxkeHb
MOKa3ajiv, M0 Halkpaniow 3 Hux Oyna 2B6, ska nHanexana o migruny I1gGl 3
JIETKUM Kamma-JIaHI[IorTOM 1 Morja CTaOUIbHO CEKpPEeTyBaTH aHTHUTLIA TICIS 5
nacaxiB. Tutpu ZEN mAb y cynepHaTtanTti KJIITUHHOI KyJbTYpH CTaHOBUIMU 1:
(5,12 x 102), a B acruri — 1: (5,12 x 105) 3a metogom ELISA. Moro Ka cranoBus
7,69x109 n/moab, a 3HaueHHs 1C50 pna ZEN cranoBuio 10,38 Mkr/kr. Meton
posmnizHae ZEN na 100%, a itioro 3nauenns CR mna o-ZAL, a-ZAL, a-ZOL, B-
ZOL 1 ZON cranoBunu 1,52%, 1,28%, 2,64%, 1,83% 1 4,27% BignoBigHo. Takum
YUHOM, Y IIbOMY JociikeHH1 Oynu otpuMani mAb AFB1 1 ZEN mAb 3 Bucokum
TUTPOM, BHCOKOIO YYTJHMBICTIO Ta BHUCOKOI CHEIU(IYHICTIO, SIKI MOXHa OyIo
BUKOPHUCTOBYBATH ISl IMyHOJIOTTYHUX aHATI31B Jisg BUsABIEeHHS 3anuimkie AFBI 1
ZEN.

Busnauanu edexktuBHicTh TecT-cMykku AFB1 (abo ZEN) 3 omaum
saymmkoM 1 TecT-cMy)ku AFB1 1 ZEN 3 moasiiiHuMm 3amuimkoM. PesymbraTn
nokasand, mo BizyanbHui LOD TecT-cMyxku 3 ogauM 3anumkoM AFB1 ctanoBuB
1,0 mxr/a (5,0 mxr/n nns ZEN), uaranuii 3 npunaaie LOD cranous 0,24 mMkr/n
(1,51 mxr/n g ZEN), a 3untyBane 3HauenHs [C50 cranoswio 1,11 mkr/n (4,97
Mmkr/n gt ZEN). He peectpyBanmu CR 3 iHmmMMEU cnioiykamu. bymo BHU3Ha4YeHO
pesynbratu 6 aptiiit AFB1 (a6o ZEN) omniel 3anuImkoBoi cMy»KKH, sSKa TToKa3ana
BHCOKY cTabinbHicTh. Tepmin mnpugatHocTi cknaB 6 wicanis mpu 4° C B
XONOAWILHMKAX Ta KiMHaTHIKA Temmeparypi go 25° C. Bisyansni LOD Tect-
cmyxku 3 noapiitauM 3amumikoM AFB1 1 ZEN cranoswam 1,0 ar/mou 1 5,0 Hr/Ma
s AFBI 1 5,0 ar/mit BignoBigHo, a 3umrtadi 3 npunanis LOD mis AFBI i ZEN
cranoBuiy 0,23 Mkr/m 1 1,53 MKr/i1. BIAMOBIIHO, a 34MTaH1 3 MPUIaAiB 3HAYCHHS
IC50 nna AFB1 1 ZEN cranoBuin 1,15 Mkr/n 14,91 MKr/1 BiZIIOB1gHO.

PesynbTaTi BUnpoOyBanb 6 mapTiil TECT-CMYXKOK 13 MOABIMHUM 3aJTUIIKOM

AFB1 1 ZEN pi3Hux maptiii OyJid MOBHICTIO BIJNOBIAHUMHU Ta MOKA3ajud BUCOKY
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cTabuIbHICTh. TepMiH NPUIATHOCTI OYB TAKUM XK€, K 1 ISl TECT-CMYXKKHU 3 OJHUM
3anuumkoM. TecT-cmyxku AFB1 1 ZEN 3 noaBiiiHUM 3aJIMIIKOM BUKOPHUCTOBYBAJIU
JUISl TIONEPEHbOTO0 HAHECEHHS Ta mepeBipsui 3a gonomororo BEPX-MC/MC.
byno mnporecroBano 20 BiIOMHUX NO3UTUBHHUX 3pa3kiB, y ToOMy uyHcai 12
no3utuBHUX 3pa3kiB AFBI1 ta 8 no3utuBHux 3paskiB ZEN. Pe3ynbraTtu nokaszanm,
o no3utuBHUi 30ir ckinaB 100%. Beworo Oyno mocnimxeno 60 HaTypalbHHUX
3pa3KiB KyKypya3H, pucy, OopoiHa, xkopMmiB. byno BusiBneHo 39 mo3uTHBHHX
3pa3kiB, y ToMy uucii 22 mo3uTuBHUX 3pasku st AFB1 Ta 17 mo3utuBHUX
3paskiB i ZEN, siki y3romkyBanucs 3 pedyiabratamu BusiieHHs BEPX-MC/MC
13 piBHeM 36iry 100 %.

TakuM 4YWHOM, pe3ynbTaTH HaIIOi poOOTH OYJIM 30CEpeKEeHI Ha CHUHTE31
1IealIbHUX IMYHOT€HIB, 110 BUPIMIMIO TpoOiemMy HU3bkoi imyHoreHHOCTI AFBI 1
ZEN; mpurotyBaHHS BHCOKOTHUTPOBHMX, BHCOKOYYTJIUBHUX 1 BHUCOKOCHEIU(DIUHUX
mAb AFB1 1 ZEN mAb, ski momnepeauian BUHUKHEHHsSI HECTaOUIBLHOTO JpKepelia
AQHTUTLI 1 HeCTaOUIbHOT SKOCTI aHTUTLI. CTBOPEHHS TECT-CMYXKKH JJIsI BUSIBJICHHS
onHoro 3anuiky AFB1 (a6o ZEN) 1 TecT-CMyXKH ISl BUSBIICHHS TOJBIHHUX
saymmkiB AFB1 1 ZEN namo 3mory mBHAKO, TPOCTO, OaraTopa3oBO BUSBUTHU
3IMIIKK MIKOTOKCHHI. [lomepeaHe 3acTocyBaHHS Ta TEpeBipKa 3a JOMOMOTOIO
BEPX-MC/MC TecT-cMy>KKH AJi BusiBlieHHs ogHoro 3anuimky AFBI1 (abo ZEN) i
TECT-CMYXKH i1 BHSBIGHHS mojBiiiHoro 3amumky AFB1 1 ZEN nogeno
MPAKTUYHICTh Ta HAIMHICTh IIBOTO METOAY. TakuM YMHOM, OTprMaHa e(peKTUBHA
TEeXHIYHA MIATPUMKA JUIS peajizarlii IIBUIKOTO BHUSBJICHHS IMOABIMHUX 3aJIUIIKIB
AFBI i1 ZEN 1 3abe3nedeHHs1 6€3MeKn Xap4oBUX MPOJYKTIB 1 KopMiB. Marepianu
JUCEPTAIfHOT pOOOTH BUKOPUCTOBYIOTHCS MPHU BHUKJIAJIaHHI KypciB «BetepunapHa
MikpoOiomorisy,  «BeTepuHapHO-caHiTapHa  €KCHEpTHU3a»  JJII  MAaricTpiB
dakynpTeTy BeTepunapHoi Meauimau Cymcekoro HAY Ta kypcy «BertepunapHa

MIKpOO10J0Tish» 7151 MaricTpiB [HCTUTYTY Hayku XeHanb 1 TexHodorii (HIST).
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INTRODUCTION

Actuality of theme. Mycotoxins are a class toxic secondary metabolites
produced by fungi such as Aspergillus and Fusarium, and mainly pollute plant-
derived agricultural products, food and feed, including corn, wheat, barley, rice,
and oats, etc., and the contamination can occur in all aspects of crop production,
harvesting, storage, processing, among others, which seriously threatens to human
health and the development of animal husbandry. Therefore, mycotoxins have
attracted widespread attention worldwide [1, 2]. Aflatoxin Bl (AFBI1) and
zearalenone (ZEN) are the two most common mycotoxins. On account of their
acute poisoning, chronic poisoning, carcinogenicity, mutagenicity, teratogenicity,
neurotoxicity, immunotoxicity, reproductive toxicity and other toxic effects on the
body’s health, so far, most countries and regions in the world now have strict limits
on AFB1 and ZEN maximum residue limits (MRLs) in food and feed. However,
with the growing concern of deepening and research on food safety issues, people
found that AFB1 and ZEN in contaminated food and feed often coexist and have
synergistic and additive effects, single detection of AFB1 or ZEN cannot meet the
needs of the food and feed industry. Thus, the establishment of AFB1 and ZEN
dual residue detection has become a development trend [3, 4]. Currently, the
established AFB1 and ZEN dual residue detection methods mainly include
physico-chemical analysis methods and immunoassays. Owing to the defects of
physico-chemical analysis mtheods, such as labor-consuming and time-consuming,
lengthy, requires complicated sample preparation procedures, expensive
instruments, and skilled technicians, they are not suitable for rapid and on-site
operation. Conversely, immunoassays based on antigen-antibody specificity and
sensitivity reaction have been rapidly developed and widely used[5, 6]. Among
them, colloidal gold immunochromatography assay (GICA), as one of the
immunoassay methods, compared with other immunoassays, has become a hot

topic in AFBI1 and ZEN dual residue detection research due to its strong selectivity,
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high sensitivity, speedability and simplicity, large sample screening, on-site
operation [7, 8], which is also the purpose of this thesis.

Connection of work with scientific programs, plans, topics. The materials
of the dissertation work are part of comprehensive scientific research of the
Department of Veterinary Expertise, Microbiology, Zoohygiene and Safety and
Quality of Livestock Products of the Sumy National Agrarian University according
to the following thematic plans of research works: "System of monitoring methods
of control and veterinary and sanitary measures, regarding the quality and safety of
livestock products in diseases of infectious etiology" (state registration No.
01140005551, 2014-2019); "Forecasting the risks of cross-border introduction and
spread of particularly dangerous animal diseases and the development of
scientifically based disinfection systems based on innovative import-substitutable
highly effective means" (state registration No. 01150001342, 2018-2023).

And this dissertation is part of the "12th Five-Year" National Science and
Technology Support Program "Research and Demonstration of Rapid Detection
Technology for Livestock and Poultry Products" (No.2014BAD13B05), the “13th
Five-Year” National Key Research and Development Plan Program “Food Safety
Technology Research and Development” (No.2019YFC1605705) and the Program
for Innovative Research Team (in Science and Technology) at the University of
Henan Province (20IRTSTHNO25).

The aim and objectives of the study. The aim of this study is to establish a
colloidal gold immunochromatographic test strip detection method for AFB1 and
ZEN dual residue, so as to provide rapid detection technical support for ensuring
the safety of cereal food and feed.

For the purpose were assigned the following tasks:

1. According to the characteristics of the molecular structure of AFB1 and
ZEN, develop different methods of immunogen synthesis. Through the
identification of UV, SDS-PAGE and immune effect of animals, choose the best

methods of immunogen synthesis to obtain AFB1 and ZEN specific antibodies,
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respectively, to solve the problems of low immunogenicity and low antibody
specificity of AFB1 and ZEN low molecular weight compounds.

2. Through the selection of animal immunization methods, cell fusion and
positive hybridoma cell line screening technologies, to prepare mAb AFB1 and
mAb ZEN with high sensitivity and high specificity, respectively, and identify
their immunological characteristics to solve the problems of poor quality and
unstable antibody source.

3. Through the preparation and identification of colloidal gold, prepare and
identify gold-labeled monoclonal antibodies, optimize the detection conditions of
the test strips, compose and determine the efficiency of the test strips, develop the
detection methods of the double-residue AFB1 and ZEN test strips to solve the
problems of low speed, poor simplicity, inability to detect in situ, and inability to
multiplex detection in current detection technology.

4. To evaluate through preliminary practical application and HPLC-MS/MS
verification, the practicability and reliability of the AFB1 and ZEN dual residue
test strip detection methods.

Object of study. Development and preliminary application of dual residue
immunochromatographic test strip for AFB1 and ZEN in food and feed.

Subject of study. Synthesis and identification of artificial immunogens and
coating antigens of AFB1 and ZEN, screening of immunogen synthesis methods
for the preparation of high specific antibodies against AFB1 and ZEN; Selection of
immunization methods for Balb/c mice, screening of positive hybridoma cell lines
and identification of immunological characteristics; Preparation and identification
of colloidal gold, preparation and identification of gold labeled-AFB1 mAbs and
gold labeled-ZEN mAbs, optimization of test strip detection conditions,
establishment of detection method and performance determination of AFB1 and
ZEN dual residue test strip; Preliminary practical application and HPLC-MS/MS
verification of AFB1 and ZEN dual residue test strip.

Research methods. Mycological (AFB1 and ZEN detection), clinical (history

taking, clinical examination), microbiological (microscopic, biological),
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cytobiological (cells detection), toxicological (degree of toxicity and
harmlessness), immunological (changes in gene and protein levels of inflammatory
factors) and statistical (processing of research results).

Scientific novelty of the obtained results. For the first time, the
immunoreactivity and antibody characteristics of immunogens synthesized by
different methods of AFB1 and ZEN are compared and analyzed, and the best
immunogens for preparing high specific antibodies and class broad-spectrum
specific antibodies of AFB1 and ZEN are selected; The animal immunization
method for the preparation of highly specific antibodies and the screening method
of positive hybridoma cell lines are established, and the highly sensitive and highly
specific mAbs against AFB1 and ZEN are prepared; The detection method of
AFB1 and ZEN dual residue test strip was established, and its practicability and
compliance were verified.

The practical significance of the obtained results. The preparation methods
of high-specific antibodies and broad-spectrum specific antibodies to AFB1 and
ZEN provide a reference for the preparation of high-quality antibodies to other
small molecule hapten compounds; The establishment of AFB1 and ZEN dual
residue test strip detection method not only provides ideas for the research and
development of similar detection products, but also provides technical support for
ensuring the safety of cereal food and feed.

The main provisions of the dissertation were included in the Methodological
Recommendations of Implementation of modern methods of Aflatoxin B1 and
Zearalenone detection, for laboratory, practical classes and independent work for
master’s students of veterinary department from disciplines "Veterinary
Microbiology"and “Veterinary Zoohygiene”, specialties: 211 "Veterinary
Medicine", 212 "Veterinary Hygiene, Sanitation and Expertise". (approved by the
Scientific Council of SNAU, protocol No. 5, dated December 29, 2021).

Research results are introduced to the "Veterinary microbiology" and

Veterinary sanitary examination" sections when creating educational and
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methodological complexes and are used in distance learning of students based on
the "Moodle" platform.

Personal contribution of the applicant.

Under the guidance and help of the supervisors, PhD student had consulted a
large amount of literature on the subject of the dissertation, summarized and
analyzed the latest progress of the subject research, the main problems solved by
the research, and the expected research goals. PhD student had systematically
designed research plans and technical routes, selected appropriate technical
methods, and carried out relevant experimental research, and performed statistics
and analysis on the test data, discussed and summarized the test results, and drew
the correct research results and conclusions of the subject.

Approbation of dissertation results.

The main provisions and results of the research were reported and received
general scientific approval at the annual scientific reports and conferences of
faculty and graduate students of Sumy National Agrarian University, Faculty of
Veterinary Medicine (2018-2021); Fifth Annual Regional Scientific Symposium
One Health Concept, Kyiv (2019). Food Quality and Safety, Health and Nutrition
Congress. Ohrid, Macedonia (2019). journal of Sumy National Agrarian University
(2018, 2019).

Publications. For the materials of the dissertation, 15 scientific works were
published, including: in scientific and professional publications of Ukraine - 3,
Scopus publication 5, publications in Chines journal — 2, in conference materials—
4, and 1 methodical recommendation.

The structure and scope of the dissertation. The dissertation is presented on
218 pages of computer text, illustrated with 33 tables and 60 figures and consists of
annotation, introduction, review of literature, materials and methods, results of
own research, generalization, analysis and discussion of research results,
conclusions, proposals, list used sources, applications. The list of used sources of

literature includes 295 names.
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CHAPTER 1.

LITERATURE REVIEW ON THE TOPIC AND CHOICE OF
RESEARCH DIRECTIONS

1.1 Definition of mycotoxins

Mycotoxins, a term derived from Greek "mykes" and Latin "toxicum", are a
class of small molecular weight secondary metabolites produced by some fungi
during the growth and process, which can lead to toxic effects on vertebrates at low
concentrations. Molds are a part of fungi, which are mainly related to the pollution
of plant-derived food and feed. Thus, in the fields of food hygiene and feed

hygiene, mycotoxins are usually known as mold toxins [9, 10].

1.2Kinds and sources

Mycotoxins widely exist in the natural environment and mainly pollute
various plant-derived foods and feeds. So far, about 400 kinds of mycotoxins have
been reported, the more common and harmful mycotoxins are aflatoxins (AFs),
ZEN, ochratoxin A (OTA), deoxynivalenol, (DON), T-2 toxin, Fumonisin (FB),
citrinin (CTN), patulin (PAT), etc. [11, 12]. Different toxins derived from different
kinds of fungi, AFs and OTA are produced by Aspergillus, mainly including
A.flavus and A.parasiticus, etc.[13, 14]. ZEN, DON, FB, T-2 toxin are produced by
Fusarium, mainly including F.poae, F.culmorum, F.porotrichioides, F.culmorum,
F.equiseti, F.graminearum, F.moniliforme, F.proliferatum and F.verticillioides,
etc.[15, 16]. CTN and PAT are produced by Penicillium, mainly including

P.griseofulvum and P. expansum, etc. [17, 18].
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1.3 Pollution status

With the rapid development of global agriculture and animal husbandry,
food and feed are seriously contaminated by mycotoxins, and reports of
mycotoxins contamination are increasing all over the world. Contamination of
mycotoxins can occur in all aspects of crop production, harvest, storage and
processing. The degree of damage is extremely huge and the coverage area is wide,
which critically threatens the safety of food and feed in the world. The pollution
caused by mycotoxins is not only related to the storage temperature and humidity
of food and agricultural products, but also related to the weather conditions during
the cultivation of agricultural products. Therefore, it is very difficult to prevent and
control the pollution caused by fungi, which is a worldwide problem [19]. On the
basis of the United Nations Food and Agriculture Organization (FAO), about 25%
of crops are contaminated by fungi and their toxins every year, and about 2% of
crops lose their nutritional and economic value due to serious pollution, resulting
in the direct and indirect losses of tens of billions of dollars. Meanwhile, the
contamination of food, feed, dairy products, fruits, nuts and medicinal plants by
mycotoxins can bring about mildew, resulting in a mass of agricultural products
being reduced or discarded, give rise to huge economic losses [20, 21]. As the
largest grain production and consumption country, grain mycotoxin pollution is
serious and widespread in China. Cheng et al. investigated the contamination of 5
Sfusarium toxins and 4 AFs in threshed wheat in 4 provinces of China in 2018. The
results showed that the threshed wheat in the 4 provinces was contaminated by 5
kinds of Fusarium toxins more seriously and had a significant correlation [22].
Additionally, Li et al. studied the statistics of mycotoxin contamination in China’s
grains from 2009 to 2019. The results showed that rice affected by mycotoxin
contamination lighter; Wheat was mainly contaminated by fusarium toxins,
especially DON and ZEN; Maize was susceptible to various mycotoxins, such as
AFs, ZEN, DON and so on. Barley, oats, millet and sorghum were also polluted to
varying degrees [23].


file:///D:/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
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1.4 Toxic effects

Mycotoxins are extremely harmful to humans and animals, result in great
concern in many countries around the world, mainly include AFs, ZEN, DON,
OTA, T-2 toxin, FB, PAT, etc. [24]. Mycotoxins can be transmitted into the human
food chain through contaminated food, animals ingested infested feed, etc., causing
serious harm to humans and animals. The main manifestations are liver toxicity,
renal toxicity, hematopoietic toxicity, immune toxicity, and reproductive toxicity.
etc. [25, 26]. The most harmful is that mycotoxins are carcinogenic and teratogenic
toxicity. On account of the degree of risk, the International Agency for Research
on Cancer (IARC) classifies mycotoxins into class I carcinogens (AF), class II
carcinogens (OTA, FB1, FB2), and class III carcinogens (PAT), etc. [27, 28]. The
Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) have carried out risk analysis on AFs, OTA, FB and
other mycotoxins. Furthermore, the weekly maximum tolerated intake and the
daily maximum tolerated intake have been tentatively stipulate, and most countries

around the world have also formulated limit standards for mycotoxins.

1.5Research Progress on pollution status, toxic effect, residue limit and

detection technology of AFB1

1.5.1 Pollution status. Discovery of AFB1

As early as the 1960s, about 100,000 turkeys died of poisoning in the South
and East of England. The wide coverage, the high mortality rate, and the large
economic loss had become a sensational event, which had attracted widespread
attention from the British government and society. Originally, because the cause of
the disease could not be found, it was called Turkey-X disease. After careful
investigation by the researchers, it was confirmed that the death of the turkey was
related to the peanut meal that was fed, which was imported from Brazil

Researchers took samples of feed from sick-dead turkey farms and imported
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peanut meal raw materials for analysis and testing, and found a type of fluorescent
substance, and then confirmed that this type of substance lead to the poisoning and
death of turkeys. Thereafter, the researchers conducted in-depth and meticulous
research work for more than 2 years. Through cultivation, screening, extraction,
concentration, and identification, they found that this type of substance was AFB1

produced by A4.flavus in peanut meal [29, 30].

1.5.2 Source of AFB1

AFs are a class toxic secondary metabolites produced by the genus
Aspergillus, which mainly include A.flavus and A.parasiticus. A.flavus mainly
produces B-group AFs, including AFB1 and AFB2, and AFB2a is a metabolite of
AFB1; A.parasiticus mainly produces B-group and G-group AFs, including AFB1,
AFB2, AFG1, AFG2, etc., and AFG2a is a metabolite of AFG1 [31]; The
metabolites of animals after ingesting AFBI1 are aflatoxin M1 (AFM1) and M2
(AFM2), which can be present in animal milk and dairy products [32]. Others,
A.fumigatus can also produce a small amount of AFs, mainly AFB1 [33]. Up to
now, 20 kinds of AFs have been found, and the chemical molecular structures of
18 kinds among them have been identified. In addition to 4 kinds AFs produced
under natural conditions, which mainly include AFB1, AFB2, AFG1, and AFG2,
AFs are oxidized in the body by enzymes such as CYP450 in the cell to form toxic
metabolites, including M1, M2, P1, and Q1, H1, GM, B2a, G2a and RO, etc. [34].
According to the different fluorescent colors of ultraviolet radiation, AFs are
divided into two categories: B-group (AFB) and G-group G (AFG), in which AFB
exhibits blue fluorescence and AFG exhibits green fluorescence [35].

1.5.3 Physico-chemical property of AFs

AFs mainly include AFB1, AFB2, AFG1, AFG2. The molecular structures of
the four major AFs all contain dihydrofuran and oxadione, of which dihydrofuran
is the basic toxin structure, and oxadione is the main structure that give rise to

cancer and is related to toxicity [36]. AFs are all crystalline substances, colorless,
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odorless, and tasteless, hardly soluble in water, and easily soluble in moderately
polar solvents such as chloroform, methanol and dimethyl sulfoxide. The
physicochemical parameters of 4 common AFs, AFB1, AFB2, AFGI, and AFG2,
are shown in Table 1.1 AFBI is slightly soluble in water with a saturation
concentration of 10 to 20 mg/L. It is easily soluble in polar organic solvents such
as methanol and dimethylformamide, but hardly soluble in non-polar organic
solvents such as hexane and ether. AFBI can emit blue fluorescence under
ultraviolet light, and it has three ultraviolet absorption peaks, 223 nm, 265 nm and

362 nm, respectively [37, 38].

Figure 1.1 Morphological characteristics of Aspergillus under electron

microscope.(a) A.parasiticus. (b) A.flavus.

(@) (b)

o~ O OCH3 o~ © OCH;
(©) (d)

Figure 1.2 The structure of several major aflatoxins. (a) AFBI1. (b)

AFB2. (¢) AFGI. (d) AFG2.
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Table 1.1
The physicochemical characteristics of AFB1, AFB2, AFG1, and AFG2

toxin | structural formula Molecular | molecula | melting | solubility | UV IR peak
type formula r weight | point peak (em™)
(nm
)
AFB; Ci7Hi2O¢ | 312 268-269 | Solublein | 223 1760,1684,
organic 265 1632,1598,
solvents, 362 1562
slightly
soluble in
water
AFB, Ci7H14s06 | 314 286-289 | Solublein | 222 1760,1685,
organic 265 1625,1600
solvents, 362
slightly
soluble in
water
AFG Ci7H12O7 | 328 244-246 | Solublein | 243 1760,1695,
organic 257 1630,1595
solvents, 362
slightly
soluble in
water
AFG; Ci7H1407 | 330 237-240 | Solublein | 245 1760,1694,
organic 265 1627,1597
solvents, 365
slightly
soluble in
water

1.5.4 Pollution status of AFB1

Globally, 3/4 of the population is directly or indirectly related to AFs
pollution, especially in tropical and subtropical regions, due to the high

temperature and high humidity environment, it is conducive to the growth of
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A.flavus and the contamination is more serious [39, 40]. In case of China, the
pollution and overall distribution of AFs are serious in the south, followed by the
central region, lighter in the north, and less pollution in the cold regions of the
northeast and northwest [41]. A4.flavus grows rapidly under suitable temperature
and humidity conditions, is vigorous and easy to survive, thus the pollution is also
prone to occur. It mainly pollutes crops such as wheat, corn, rice, grains, etc., and
oil crops such as peanuts and soybeans, etc. Among them, the most serious
contamination is peanuts and corn, which bring great harm to agriculture, animal
husbandry, and edible oil processing industry.

Foods contaminated by AFs are often diverse, and the detection found that
several toxins can exist simultaneously. On the basis of the survey conducted by
FAO, the average occurrence ratio of AFB1 and AFB2 is about 4:1, and the
average occurrence ratio of the total amount of AFs and AFBlis about 1:0.8 on
average [42]. The survey results by Gao et al. [43] in 2011 showed that the AFs
content in 197 peanut samples collected from 6 provinces including Jilin were
determined by high performance liquid chromatography (HPLC), 115 were
positive, and the average concentration was 91.74 ug/kg. Among the 4 AFs, AFB1
had the highest positive rate and the highest average content, 58.38% and 77.77
ug/kg, respectively. The positive rates and average content of the remaining three
toxins AFB2, AFG1, and AFG2 decreased sequentially. It is concluded that AFs
contamination of peanuts in China is relatively common, 4 kinds of AFs exist and
AFB1 contamination is the main one. Cheng et al. [44] investigated and reported
the distribution of AFs in feed ingredients in China in 2013. A total of 2423
samples were tested, and the detection was carried out by two methods: the
preliminary screening by enzyme-linked immunosorbent assay (ELISA) kit and the
verification of the liquid-mass spectrometer (LC/MS). It was found that AFs
pollution mainly existed in cottonseed meal, peanut meal, corn and corn alcohol
grains. From a regional perspective, AFs pollution was the most serious in South
China. The 4 AFs, AFBI, AFB2, AFGl and AFG2, were present in varying
degrees, and AFBI1 had the highest positive rate and the highest content. Gao et al.
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[45] further studied the relationship between the 4 AFs, and the consequence
showed that AFB1 and AFB2 pollution were closely related, and AFB2 was
accompanied by AFBI1, and the pollution rate and concentration of the two are
positively changed. When the concentrations of AFB1 was high, it inhibited AFG1
and AFG2. In accordance with the total aflatoxins (TAFs) was twice that of AFBI,
when the TAFs limit in maize was above 4 ug/kg, the simultaneous formulation of
the AFB1 and TAFs limits is of great significance compared with only the AFBI

limits.

1.6 Toxic effects of AFB1

1.6.1 Toxicity of AFB1

AFBI1 is a highly toxic substance and its toxicity is 10 times that of potassium
cyanide, 68 times that of arsenic, and 416 times that of melamine. AFBI1 has liver
toxicity, reproductive toxicity, neurotoxicity, etc. [34, 46, 47]. Maximum toxicity
of AFB1 is carcinogenicity, which can give rise to primary liver cancer in the body.
Liver is the main target organ. Furthermore, AFB1 can also result in gastric cancer,

bowel cancer, kidney cancer, breast cancer, ovarian cancer, etc.[48, 49].

1.6.2 Organ toxicity of AFB1

Humans and animals infected with AFB1 mainly injure the organs, and the
main target organ after being ingested is the liver, which initially causes hepatitis
and hepatic necrosis and other diseases, and eventually leads to liver cancer [50].
Common clinical symptoms are hepatalgia, nausea and vomiting, etc. In severe
cases, hyposarca, coma, convulsions, and even death from acute poisoning may
occur; Other organs such as lungs, stomach, kidneys, spleen, rectum, etc. can also
have degenerative diseases [51].

Carcinogenic toxicity of AFB1 AFBI1 is also the strongest carcinogen

found so far. IARC (International Agency for Research on Cancer, IARC) listed
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AFBI as a possible human carcinogen in 1987, and reclassified AFB1 as a class |
carcinogen in 1993, and was identified as the strongest carcinogenic toxins by far
[52]. Regarding the carcinogenic toxicity mechanism of AFBI1, some scholars
believe that AFBI can interfere with the synthesis of DNA by preventing the
synthesis of some enzymes, such as superoxide dismutase, catalase, and
glutathione sulfur transferase. Eventually, cells cannot synthesize proteins, leading
to disorder in the life cycle of organisms [53]. Some scholars have also pointed out
that AFBI1 not only affects the synthesis of DNA, but also inhibits the synthesis of
RNA in organisms. The most important one is the synthesis of 45SRNA.
Furthermore, AFB1 can combine with tRNA to form a complex AFBI1-tRNA,
which can inhibit the activity of tRNA and some amino acids, such as leucine,
arginine, etc., and block protein synthesis [54].

Immunotoxicity of AFB1 AFB1 can be combined with DNA or RNA to
restrain the synthesis of proteins, enzymes, etc. in the body, leading to dysfunction
and decline of the body's organs, thereby result in immunosuppression and
affecting the body's immune function. As AFB1 infects the body, it will interfere
with the synthesis of DNA and RNA, and then inhibit the absorption and
utilization of some essential amino acids, which not only cause
immunosuppression, but also emaciate the body and malnutrition. Additionally, on
account of the liver damage caused by AFB1 poisoning, it will also inhibit the
production of complement, thus affect the body's immune function [55].

On the basis of the toxicology study of AFs, the toxicity of AFBI1, AFB2,
AFG1 and AFG2 4AFs is in the order of AFB1 > AFG1 > AFB2 >AFG2. In terms
of animal sensitivity, the toxic effects of different species, ages, and sexes are
different, and the order is chicken> duckling> rabbit> cat> sheep> cattle> pig [56,

57].

1.7 AFBI residue limit standard
Due to the high toxicity and harmful effects of AFBI, most countries all over

the world have stipulated strict maximum residue limit (MRL) standards. China
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strictly restricts the MRL of AFBI, but does not impose restrictions on TAFs
(AFB1+AFB2+AFG1+AFG2). Since AFB1 1is closely related to other AFs
contamination, AFB2 pollution is accompanied by AFB1, and high concentrations
of AFBI have an inhibitory effect on AFG1 and AFG2. Therefore, there are two
methods for the immune detection and evaluation of food AFs contamination. One
method is to adopt the AFB1 limit standard in some countries including China.
However, there are some deficiencies in solving the simultaneous existence of
multiple toxins and having toxic additive effects and detection standard. Another
method is to employ the TAFs total limit standard in some countries. The national

limit standard of AFB1 in Chinese food is shown in Table 1.2

Table 1.2
Maximum levels of AFB; in foodstuffs in China
Food category Food name Limited standard
(pg/kg)
Cereals and their Corn, corn flour (dregs, flakes) and corn 20
products Rice, brown rice, rice 10
Wheat, barley, other grains 5.0
Wheat flour, oatmeal, other hulled cereals 5.0
Beans and their Fermented soy products 5.0
products
Nuts and seeds Peanut and its products 2.0
Other cooked nuts and seeds 5.0
Grease and its Vegetable oils (except peanut oil and corn oil) 10
products Peanut oil, corn oil 20
condiments Soy sauce, vinegar, brewed sauce 5.0
Special dietary Infant formula (based on powdered products) 0.5
food Older infants and young children formula 0.5
Infant formulas for special medical purposes 0.5
Cereal supplements for infants and young 0.5
children
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1.8 The maximum residue limits of AFB1 and TAFs in some foods of
various countries
Among various AFs, AFB1 is the most toxic and widely polluted
(accounting for more than 50%), so most countries in the world have made clear
provisions on the maximum residue limits (MRL) of AFB1 in food /58/. However,
with people's increasing attention to food safety issues, the deepening of toxicity
research on TAFs and the continuous progress of detection technology, in order to
solve the simultaneous existence of multiple toxin pollution with toxic
superposition effect and the corresponding lack of detection standards, it has
become a development trend to formulate TAFs (AFB1 + AFB2 + AFG1 + AFG2)
limit standards and corresponding detection methods /59/. In response to this new
limit requirement and its role in international food trade, many countries in the
world have launched study on TAFs standards and testing methods. By 2013, 91
countries have adopted the TAFs limit standard [60]. Table 1.3 shows the
comparative analysis of AFs residue limits in some foods of different countries.
Table 1.3

Comparative analysis of AFs maximum residue limits in some foods of

different countries

varieties of food | MRLs of AFs (ug/kg)
China? America® Japan® EU(European Union)?
AFBI TAFs TAFs AFB1 AFB1 TAFs
Cereals and 20 20 10 ND*© 2 4
Products
Peanuts and 20 20 10 ND 2 4
Products
milk and dairy 0.5 (M1) 0.5 (M1) 10 (M1) ND ND 4
products
Nuts and 20 20 10 ND 2 4
Products

Note: 2.GB 2761-2005. °. FDA compliance policy guidelines. ©. Positive List

System. 4. (Eu)No 165/2010. ©. Not Detected.
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1.9 Research progress of AFB1 residue detection technology

The detection methods of AFB1 in food and feed mainly include
physicochemical analysis (PCA) and immunoassay (IA). PCA has the advantages
of sensitivity, specificity, accuracy, etc., but it has disadvantages such as expensive
equipment, high technical requirements, high cost, long cycle, and inability to
operate on-site. Therefore, it is difficult to promote and apply [61]. While IA has
become the development trend of AFB1 detection technology in the future because
of its advantages such as specificity, sensitivity, rapidity, simplicity, large sample
screening and on-site operation [62], It plays an important role in the rapid

detection of AFBI1.

1.9.1 Physicochemical analysis

Currently, thin layer chromatography (TLC), high performance liquid
chromatography (HPLC), high performance liquid chromatography tandem mass
spectrometry (LC-MS/MS) and other PCA methods are mainly used in various
countries.

TLC The basic principle of TLC is that after extraction, concentration and
thin-layer separation, the sample is excited to develop color at 365 nm, in which
AFBI1 produces blue-violet fluorescence, so as to determine the content of AFBI,
which is a semi-quantitative analysis method [63]. This method was established by
Broadbent et al. [64] in 1963. After continuous development, it is divided into one-
way expansion method and two-way expansion method according to its expansion
method, and the latter has better sensitivity. In 1990, this method was listed as the
standard method for the detection of AFB1 by the Association of official analytical
chemists (AOAC). The Chinese national testing standards stipulate that this
method should be used to detect AFBI1, such as the determination of AFB1 in food
(GB/T 5009.22-2003) and in feed (GB/T8381.2008/ISO 6651-2001) [65, 66]. TCL

has the advantages of simple instruments and equipment, simple operation, and
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easy popularization, and is a classic method for AFB1 detection. Its disadvantages
are complicated sample preparation, cumbersome operation, time-consuming and
labor-intensive, many interference factors, and poor accuracy of determination
results [67]. Robb et al. [68] used this method to detect the content of AFBI1 in
food samples, and the LOD for AFB1 reached 0.5 ug/kg. Otta et al. [69] reported
in 2000 that over pressured-layer Chromatography (OPLC) was established, and its
LOD for AFBI reached 1.0 ug/kg, which met the EU MRL standard of AFBI in
food.

HPLC The principle of HPLC is that after the sample is purified, AFB1 is
separated by reversed-phase C;s chromatographic column under suitable mobile
phase, and the qualitative and quantitative detection of AFB1 is realized under the
action of fluorescence detector according to the fluorescence characteristics of
AFB1. The method was established by Rao et al. [70] in 1973 and can also be used
to detect AFB2, AFG1 and AFG2 with a LOD of 1.0 ug/kg. Subsequently, with the
continuous development of HPLC, normal phase HPLC (NP-HPLC) and reversed
phase HPLC (RP-HPLC) were derived. Among them, RP-HPLC has better
sensitivity and stability, and RP-HPLC is more favored by users, but RP-HPLC has
selectivity for TAFs molecules, i.e., it has high sensitivity for AFB2 andAFG2, the
fluorescence intensity of AFB1 and AFGI is easy to quench in aqueous solvent,
resulting in low sensitivity or even undetectable. Pre-column or post column
derivatization is needed to enhance their fluorescence [71, 72]. Generally, the
derivatization methods are divided into pre-column derivatization and post-column
derivatization. Trifluoroacetic acid is usually used for pre-column derivatization,
which can enhance the fluorescence intensity of AFBI, thereby improving the
detection sensitivity of AFBI1 [73, 74]. Whereas, post-column derivatization
mainly includes electrochemical derivatization and photochemical derivatization to
increase the fluorescence intensity of AFBI, thereby solving the fluorescence
quenching phenomenon of AFBI in aqueous solution and improving the detection
sensitivity [75].

HPLC has the advantages of high resolution, reliable results, high sensitivity,
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automatic operation, suitable for qualitative, quantitative and multivariate analysis
of large quantities of samples. It is regarded as the most authoritative and easily
accepted method in the current quantitative detection of AFB1 at home and abroad.
Its disadvantage is that the instruments and equipment are expensive, the technical
level is high, and the samples need to be pretreated, which is not suitable for rapid
and on-site detection [76]. Asghar et al. [77] reported that HPLC method was
established by post-column derivation to detect AFB1, AFB2, AFG1 and AFG2,
and the results displayed that the limit of quantification (LOQ) of AFBI1, AFB2,
AFGI1 and AFG2 were 0.080, 0.073, 0.062 and 0.066 ng/g, respectively. Because
HPLC has accurate quantification and high sensitivity, can analyze a variety of
substances at the same time, and is not limited by the boiling point, thermal
stability and molecular weight of the sample. Therefore, HPLC has been widely
used all over the world and has been recognized as an official detection method by
Association of Official Analytical Chemists (AOAC).

HPLC-MS/MS The basic principle of HPLC-MS/MS is to use appropriate
interface technology to connect HPLC with tandem mass spectrometry. The
sample is separated in a liquid chromatograph. After ionization, the ion fragments
are separated by mass by a mass spectrometer and obtained by the detector. Mass
spectrogram analysis, it combines the two advantages of HPLC's high-efficiency
separation ability and MS's high sensitivity to realize the qualitative and
quantitative analysis of a variety of compounds. The advantages of LC-MS/MS are
fast, efficient, high resolution, micro-injection and automation. Compared with
HPLC, there is no need for pre-column or post-column derivatization. The
operation is relatively simple and convenient, and it has great advantages, and is
more and more widely used. Its disadvantages are that the instruments and
equipment are expensive and the level of professional technicians is high [78, 79].
Since LC-MS/MS has the advantages of wide detection range, reliable qualitative
analysis results, multiple detection, fast analysis time, high detection sensitivity,
and high degree of automation, it has become the most reliable detection method

and is mainly used for laboratory confirmation analysis [80, 81].
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Mccullum et al. [82] used HPLC-MS/MS to detect food AFs, and the results
showed that the detection range was 0.006 pg/kg t03.0 ng/kg, and the detection
limits for AFB1, B2, G1, and G2 were 0.0012 pg/kg, 0.0012 pg/kg, 0.0012 pg/kg
and 0.0031 pg/kg, the spiked recovery rate was 97.0% to108.0%. Deng et al [83]
used HPLC-MS/MS to detect AFB1, T-2 toxin, OTA, and DON in grains, and the
results showed that the limit of detection (LOD) and limit of quantification (LOQ)
were 0.1 to 2.0 pg/kg and 0.3 to 5.0 pg/kg, respectively. The method showed that
the recovery rate, coefficient of variation (CV) and relative standard deviation
(RSDs) were between 72.2% to 98.4%, 2.8% to 10.6%, and 5.5% to 15.4%,
respectively, through the recovery test of standard addition. This method was used
to analyze 40 kinds of food samples, and the results showed that DON was not
detected, and the proportions of AFB1, T-2 and OTA were 30.8%, 17.5% and
33.3%, and the content concentrations were 0.58 to 0.89 nug/kg, 0.55 to 1.34 pg/kg,
and 0.36 to 1.51 ng/kg, respectively.

1.9.2 Immunoassay analysis

Currently, the established AFB1 immunoassay methods include enzyme
linked immunosorbent assay (ELISA), Colloidal Gold Immunochromatograohic
Assay (GICA), fluorescence immunoassay (FIA) and immunosensor (IS), etc.

ELISA The basic principle of ELISA to detect small molecule haptens is to
coat the antigen (or antibody) on the microplate, and add the antibody and the test
hapten (or enzyme-labeled hapten and the test hapten), the antigen and the test
hapten (or the enzyme-labeled hapten and the hapten to be tested) jointly compete
for the antigen binding site of the antibody. After washing the plate, only the
antigen-antibody complex of the antigen and antibody (or the enzyme-labeled
hapten and antibody) is left on the reaction and bound. The amount of the complex
1s negatively correlated with the amount of the hapten to be tested. The color is
developed by the enzyme substrate, and the hapten to be tested is qualitatively and
quantitatively detected according to the shade of the color [84, 85]. ELISA analysis
methods include indirect competitive ELISA (icELISA) and direct competitive
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ELISA (dcELISA) two technical modes, which have the advantages of fast and
convenient, simple operation, low cost, and large amount of screening samples.
There are three main disadvantages of ELISA. First, antibodies and enzymes are
both biologically active substances that need to be stored at low temperatures,
which are easily affected by the environment and reaction conditions, and have
poor stability; Second, there are non-specific reactions, and false positives are
prone to detection results; Third, the complicated sample pretreatment operations
require degreasing, desalination, pH adjustment, etc. [86, 87]. Li et al. [88]
established icELISA for detecting AFB1 with mAb secreted by the screened 10 C9
cell line, and the detection range was 2.1 to 3.2 pg/kg, the recovery was 87.5% to
102.0%. Kim et al [89] established an icELISA method for detecting AFB1 and the
total amount of and TAFs with the mAb secreted by the screened 8H10 cell line,
with the detection range of 0.2 to 25 ug/kg, the recovery was 79.18% to 91.27%.
Kolosova et al. [90] established a dcELISA for detection of AFBI, and the
detection range was 0.1 to 10.0 pg/kg, 50% inhibition concentration (IC50) was
0.62 pg/kg, the recovery was 94% to 113%, respectively.

At present, many domestic and foreign companies have developed
commercialized and standardized AFBI1 detection ELISA kits, which have good
performance in sensitivity, specificity, accuracy, stability, applicability, etc., and
have become an important method for AFB1 detection. Zheng et al [91] used
Singapore Biomin's AFB1 ELISA kit to detect samples such as corn, sorghum,
wheat, rice, soybean, peanut and cottonseed. The LOD was 4.0 pg/kg, the
detection range was 4.0 to 40.0 ug/kg, the ELISA kit was valid for one year, and
its sensitivity was comparable to that of HPLC. Igbal et al. [92] employed the
AFB1 ELISA kit of Romer Labs Technology Company to detect 120 brown rice
samples and verified them with TLC, HPLC and LC/MS-MS physical and
chemical detection methods. The results exhibited that the LOD of the ELISA kit
was 1.0 pg/kg, the detection range was 1.0 to 40.0 pg/kg, the spiked recovery rate
was 83.2% to 90.4%, 88 positives were actually detected, and the AFBI1 value of
the sample was 1.24 to11.68 pg/kg. The detection results are completely consistent



50

with those of TLC, HPLC and LC/MS-MS. The detection sensitivity of ELISA kit
is better than TLC, but slightly lower than that of HPLC and LC/MS-MS.
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Figure 1.3 The operation procedure of icELISA and dcELISA. (a) The
operation procedure of icELISA. (b) The operation procedure of dcELISA.

GICA The basic principle of GICA to detect small molecule hapten is that
when the sample contains no small molecule hapten, the free gold-labeled antibody
binds to the hapten immobilized on the membrane to form a red band, and the test
result is negative; when the sa gold immunochromatographic assay mple contains small
molecule hapten, it binds to the free gold-labeled antibody, inhibiting the binding
of gold-labeled antibody to the hapten immobilized on the membrane, and not to
form a red band, and the test result is positive. The content of small molecule
hapten in the sample determines the depth or presence of the red band on the
membrane. The advantages of GICA are rapid, simple, strong specificity, good
stability, on-site detection, and large sample for screening. Its disadvantages are
that it can only be detected qualitatively or semi-quantitatively, and cannot be
accurately quantified; the detection sensitivity is not as good as ELISA, HPLC and
LC/MS-MS [93, 94]. Sojinrin et al. [95] developed AFBI1 detection test strip, the
LOD was 0.3 pg/kg, and the detection result was in full agreement with HPLC. Ji
et al [96] developed AFB1 immunochromatographic detection test strip. The LOD
was 0.5 pg/mL, the detection range for AFB1 was 0.5 to 25 pg/mL, and the 1C50
was 4.17 pg/mL.
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GICA effectively combines the excellent separation ability of
chromatographic analysis with the high specificity of immunoassay, and its
portability. It provides an ideal platform for on-site detection that needs to achieve
specificity, sensitivity and rapidity, and has realized commercialization and large-
scale application. However, the detection limit, sensitivity, quantitative
determination and high-throughput detection still need to be improved. With the
research and application of new antibody preparation technologies such as single
chain antibody and single domain antibody, as well as new nano labeling materials
such as carbon nanoparticles, selenium nanoparticles, silicon nanoparticles,
magnetic nanoparticles and luminescent quantum dot particles, GICA technology
will continue to be developed and improved, and will be more widely used in

clinical diagnosis, food safety and environmental monitoring[97, 98].
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Figure 1.4 Schematic diagram of GICA principle and test results. (a)
GICA principle. (b) Test results.

FIA Nowadays, established FIA for AFBI1 detection mainly includes
Fluorescence polarization immunoassay (FPIA) and time-resolved fluorescence

immunoassay (TRFIA).
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(1) Fluorescence polarization immunoassay
The basic principle of FPIA to detect small molecule hapten is to label
antigen or antibody with fluorescent material. After antigen-antibody specific
binding reaction, according to the difference of fluorescence polarization degree of
antigen-antibody conjugate, the content of small molecule compound in test
sample is measured by competitive method. The FPIA includes three technical
modes: single-reagent FPIA, stopped-flow FPIA, and organic medium FPIA. The
advantages of FPIA are high throughput, fast speed, easy operation, low detection
cost, quantitative detection and rapid screening of samples in large quantities,
which play an important role in mycotoxin detection. Its shortcomings include
three points. One is that there are false positives due to the matrix effect, the other
is the high cost of the instrument due to the need for special fluorescence
polarization equipment, and the third is that the use of cup-type detection devices
leads to large reagents and low detection efficiency [99, 100]. Sheng et al [101]
used a broad-spectrum AFB1 mAb to establish FPLA, and its IC50 value for AFB1
was 23.33 ug/kg, LOD was 13.12 ug/kg, and CR for AFBI, AFB2, AFGI and
AFG2 were 100%, 65.7%, 143% and 23.5%, respectively, which can be used for
the quantitative detection of AFB1. Beloglazova et al. [102] established FPIA to
detect AFB1 residues in beer samples and the LOD of AFB1 was 1.0 pg/kg, and
the recovery rate was 89% to 114%.
(2) Time-resolved fluorescence immunoassay
The basic principle of TRFIA to detect small molecule haptens is to use
lanthanide elements (Eu, Tb, Sm, Dy, etc.) long-lasting fluorescent markers, and
then measure the fluorescence intensity after turning off the excitation light. The
advantages of TRFIA are simple operation, high sensitivity, wide detection linear
range, good repeatability, long reagent storage time, no pollution hazards, etc.,
which is currently recognized as the most sensitive immunological analysis method.
Its shortcomings include three points. One is that the purity of the reagent is
relatively high; the other is that it is difficult to synthesize lanthanide ion chelates;

the third is that it is difficult to label multiple targets and the multiplex detection is
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limited [103, 104]. Hu et al. [105] reported that anti-AFB1 monoclonal antibody
9B11-D7 was prepared by immunization and cell fusion, and Eu** was adopted to
label goat anti-mouse immunoglobulin G (GaMIgG) to establish a TRFIA
detection method for AFB1. The IC50 and LOD were 94.73 pg/mL and 3.55
pg/mL, respectively, the detection range was 3.55 to 1110 pg/mL, and the cross-
reaction rates with AFM1, AFB2, AFGI, and AFG2 were 31.26%, 37.6%,
127.46%, and 35.74%, respectively, and had no CR with other analogs. In addition,
the results of the standard addition test showed that TRFIA had high accuracy and
precision, with an average sample recovery rate of 93.71% to 97.80%, and a
coefficient of variation of 1.25% to 3.73%. Wang et al. [106] used Eu’"
nanospheres to label a broad-spectrum AFB1 monoclonal antibody, and
established TRFIA for the detection of AFB1 and TAFs. The method detects AFBI,
AFB2, AFGI and AFG2, the LOD was 0.16 ng/kg, and the detection range was
0.16 to 30.0 pg/kg, the recovery of standard addition was 83.9% to 113.9%, and
the coefficient of variation (CV) was 3.5% to 8.8%. Compared with HPLC, ELISA,
and GICA, this method has the advantages of sensitivity, accuracy, and speed, and
can better meet the needs of detection of AFB1 and TAFs contamination residues
in food. TRFIA technology has demonstrated outstanding advantages and huge
application prospects in the field of international ultra-micro analysis technology.
However, due to the late start of China’s research in this field, it still faces two
technical problems that need to be solved urgently. One is most of the detection
reagents. For example, chelating agents and enhancing liquids need to be imported,
and they rely too much on foreign products; second, domestic analytical
instruments still have the disadvantages of cumbersome software operation and
complex interfaces, which need to be overcome [107].

The basic principle of IS to detect small molecule hapten is that IS is
composed of antigen or antibody and transducer. The small molecule hapten in the
sample reacts with the specific antibody immobilized on the surface of the sensor
to form an antigen-antibody conjugate. The amount of conjugate determines the

charge signal of IS, the transducer achieves the purpose of detection according to



54
the change in the strength of the charge signal. According to the principle of
sensing technology, IS can be divided into four categories: optical immunosensor,
electrochemical immunosensor, thermal immunosensor and mass immunosensor
[108, 109]. At present, optical immunosensor [110] and electrochemical

immunosensor [97] for AFB1 detection have been established.
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Figure 1.5 Schematic diagram of TRFIA working principle.

The advantages of IS are easy to carry, simple to operate, low cost, and
automatic detection. Its disadvantages are that the antigen-antibody immobilization
technology is not mature enough, the sensitivity and precision need to be further
improved, it is difficult to achieve multiple detection and mass production [111].
Azri et al. [112] established AFBI1 electrochemical immunosensor, the LOD was
0.3 pg/mL, linear range was 0.0001 to 10 ng/mL, and the spiked recovery rate of
peanut samples was 80% to 127%. Kong et al. [113] developed semi-quantitative
and quantitative IS with nano-gold, and realized the multiple detection of
mycotoxins. Which can detect 20 kinds of mycotoxins at the same time. Among
them, the sensitive and specific AFB1 mAb can be selected to detect AFBI, AFB2,
AFG1, and AFG2, the LOD was 0.25 pg/kg, and the detection range was 0.25 to

4.0 ng/kg.

1.10 Research Progress on pollution status, toxic effects, residue limit and

detection technology of ZEN

Discovery of ZEN ZEN, also known as the F-2 toxin, and it is chemically
named 6-(10-hydroxy-6-oxycarbenyl)-B-ryanoic acid-p-lactone, which is a non-

steroidal estrogenic compound with a toxic estrogen effect. In 1962, Stob et al.
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isolated and purified ZEN from the culture broth of F.graminearum for the first
time, and initially verified its estrogen-like toxicity through animal experiments
[114]. ZEN is similar to estrogen in chemical structure, and similar in biological
activity to estrogen. It can bind to estrogen receptors and activate estrogen
response elements, resulting in a series of estrogen-like effects [115].

Source of ZEN ZEN is a toxic substance produced by members of the genus
Fusarium contaminated by wheat, barley, rice, maize, sorghum and other cereal
crops, agricultural products and their by-products. ZEN is mainly produced by F.
graminearum. In addition, F. equiseli, F. channellatus, F. trifolium, F. roseum, F.
avenaceum, F. culmarum, F.graminis, F. remitecim can also produce ZEN [116,
117]. Owing to the strong viability of Fusarium, it is both parasitic and saprophytic.
From the beginning of the field crops to mature, and then to the harvest, drying and
storage of food, there is Fusarium infection, which is also accompanied by the
pollution of ZEN. Therefore, ZEN pollution distribution is very extensive [118].

Physico-chemical property of ZEN In 1966, Urry et al. used nuclear
magnetic resonance and mass spectrometry techniques to clarify the physico-
chemical properties of ZEN for the first time. ZEN is a phenolic dihydroxybenzoic
acid lactone structure, a white crystal, molecular formula is C18H2205, melting
point is 161 to 163 °C, relative molecular mass is 318.36. ZEN dissolved in
alkaline solution. Under alkaline environmental conditions, the ester bond opens
by itself. When the concentration of the alkali decreases, the ester bond can be
restored. ZEN is soluble in solvents such as alcohols, ether, benzene, chloroform,
dichloromethane, ethyl acetate and acids. ZEN has maximum ultraviolet
wavelength absorption at 236 nm, 274 nm and 316 nm, and the maximum
absorption wavelength of infrared spectrum is 970 cm-1 [119, 120].

At present, a total of 15 derivatives of ZEN have been found, and the
common ones are a-Zearalenol (a-ZOL), B-Zearalenol (B-ZOL), a-Zearalenol (a-
ZAL), B-Zearalenol (B-ZAL) and zearalanone (ZON). In plants, ZEN is mainly
metabolized into a-ZOL, while in animals, ZEN can be metabolized into a-ZOL

and B-ZOL, and a-ZOL and B-ZOL are further metabolized into a-ZAL, B-ZAL
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and ZON [121, 122]. The Physico-chemical properties of ZEN and its derivatives

are shown in Table1.4.

Table 1.4

Physical and chemical properties of ZEN and its main derivatives

Compounds | Structural formula Molecular formula Molecular Melting UV peak
weight Point (°C) (nm)

ZEN CisH220s 318.4 161-163°C 236,274,316
a-ZOL . Ci3H240s5 320.4 158-161C 236
B-ZOL j Py l CisH240s 320.4 137-139C
a-ZAL L I I | CisHxOs 3224 182-184°C 254,302,357
B-ZAL T T T | CisHaOs 3224 174-176C 254302357
ZON T T T ] CisH0s 3204 184-186°C 216,264,302

ZEN's pollution status ZEN is the most extensively polluted area in the
world and the toxin that results in the greatest economic loss of global grains. In
Europe, South America, North America, Asia, Africa and Oceania and many other
countries or regions, cereals and agricultural by-products are polluted by ZEN to
varying degrees [123]. Placinta et al. [124] summarized and analyzed the reports of
fusarium toxin contamination worldwide, and found that ZEN was detected in
grains and feeds in many countries.

The contamination involves wheat, barley, corn, feed, grains, oats, oatmeal
and rye, among which, the highest content of oats can reach 15mg/kg. The results
of a sample survey of ZEN contamination in feed in various Asian regions indicate
that the average amount of ZEN contamination in East Asia is 396 to 969 pg/kg,
Southeast Asia is 199 to 219 pg/kg, and South Asia is 76 to 1182 ng/kg [125, 126].
Most areas of China have mild climate and heavy rainfall, so that maize and other
grains and their products provide a suitable environment for mold growth during

the production, harvest, processing, transportation, and storage. Thereby, ZEN
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pollution is also more common and serious. Li et al. [127] used a magnetic bead
immunoassay-coupled biotin-streptavidin system (BAS-MBI) to conduct a ZEN
contamination investigation on 405 maize, maize products and pig feed samples in
China from 2016 to 2018. In 2016, 54 of 133 samples were positive, with a
positive rate of 40.6%; ZEN levels ranged from 1.8 to 1100.0 ng / g, with an
average of 217.9 ng/g. In 2017, 35 of 143 samples were positive, with a positive
rate of 24.5%; ZEN levels ranged from 1.1 to 722.6 ng/g, with an average of 166.7
ng/g. In 2018, 41 of 129 samples were positive, with a positive rate of 31.8%. ZEN
levels ranged from 1.3 to 947.8 ng/g, with an average of 157.0 ng/g. Statistics
indicate that about 20% of ZEN positive samples exceed the MRL of ZEN.

1.11 Toxic effects of ZEN

The toxic effects of ZEN include reproductive toxicity, immunotoxicity,
genotoxicity, cytotoxicity and potentially carcinogenic, which mainly give rise to
the body's own obstacles and lead to the body organs to occur lesions [128],
especially its estrogen effect is the most harmful to the body's reproductive system
[129].

Reproductive toxicity The reproductive toxicity of ZEN is mainly
manifested as estrogen syndrome, which affects the reproductive function of
animals and causes reproductive dysfunction of female animals [130]. For female
animals, ZEN results in poisoning in female animals since ZEN has a similar
molecular structure to endogenous estrogen, which can bind to estrogen receptors,
activate estrogen response elements, and form receptor dimerization reactions, and
then a series of estrogen-like effects have appeared, which disrupts the
reproductive hormones in the body and destroys the reproductive system [131]. For
male animals, a small amount of estrogen can maintain the balance of the

endocrine system in the body, but excessive estrogen will have a greater impact on
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the fertility of male animals [132]. Among various animals, pigs are most sensitive
to the reproductive toxicity of ZEN [133, 134].

Immunotoxicity Any dose of ZEN can affect the body’s immune system,
directly stimulate the body’s immune response or cause toxic effects on the body.
After the animal’s body is invaded by low concentrations of ZEN, it will promote
the gene expression of cytokines, thereby inducing inflammation; High
concentrations of ZEN can affect the function of the thymus, inhibit the growth of
thymic epithelium, injure the immune organs and immune system, and give rise to
disorders of the immune function of the animal body [135]. Furthermore, ZEN also
participates in the body's immune regulation, reducing immunity and causing
immune toxicity [128]. Hueza et al. [129] administered ZEN to ovariectomized rats
by gavage 3.0 mg/kg daily for 28 days to study the toxic effect of ZEN on the
immune function of mice. The results displayed that ZEN can cause thymus
atrophy, histology and thymocyte phenotype changes, the percentage of B cells in
the spleen decreased, and the antibody production and hydrogen peroxide release
of macrophages were impaired. Therefore, it is concluded that ZEN is an
immunotoxic compound similar to estrogen and some endocrine disruptors.

Genotoxicity ZEN inhibits DNA and protein synthesis, interferes with cell
division, affects the expression of genetic material, and results in genotoxicity.
After ZEN and its derivatives invade the animal body, the genetic material
produced will affect the synthesis of DNA, break the DNA chain of the cell, and
affect the DNA replication function of the cell to a certain extent [136]. Gao et al.
[137] reported the genotoxic effects of ZEN on Sprague Dawley (SD) rats and F1
female offspring. SD rats and F1 female offspring were exposed to feed containing
ZEN 20 mg/kg for 21 days. The results showed that the feed intake and weight of
pregnant rats and female offspring were significantly reduced. The birth weight
and survival rate of F1 neonatal rats were significantly reduced. F1 female adult
rats found obvious follicular atresia and thinning of the uterine layer. The
conclusion of the study is that prenatal ZEN exposure in rats affects maternal and

fetal development, and may lead to reproductive disorders in F1 adult female rats.
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Cytotoxicity ZEN can reduce cell viability and oxidative damage by
inhibiting DNA and protein synthesis in the cell. Studies have found that ZEN has
a significant inhibitory effect on porcine ovarian granulosa cells. The color of the
nucleus of the apoptotic cells is brown, and the gap between the cells is
significantly enlarged. The dose of ZEN is directly proportional to the number of
apoptotic cells and cytotoxicity, and high doses of ZEN have a greater toxic effect
on cells [138, 139].

Carcinogenic toxicity ZEN has similar effects to human endogenous
estrogen. It can stimulate the growth of tumor cells in estrogen-dependent tissues
and organs, and has potential carcinogenicity to humans and animals. Zeng et al.
[140] studied the effects of ZEN and estradiol on the proliferation and apoptosis of
human breast tumor cells MCF-7. The results showed that ZEN can quickly restore
the proliferation activity of MCF-7 cells, promote mitotic index, and inhibit MCF-
7 cell apoptosis caused by estrogen depletion. Tomaszewski et al. [141] reported
that ZEN has a tumor-promoting effect on estrogen-dependent tissues similar to
estrogen. It detected the endometrium of patients with endometrial hyperplasia and
endometrial cancer and the endometrium of normal people. The former detected
the presence of ZEN, while the latter did not detect the presence of ZEN, thus

supporting the research conclusion that ZEN is potentially carcinogenic.

1.12 The MRL of ZEN

With the continuous deepening of research on ZEN residual toxicity and
harmful effects, most countries have formulated ZEN MRL, which effectively
prevent food safety problems caused by the pollution of crops. On the basis of
different pollution situations, the ZEN MRL formulated by various countries are
different. The ZEN MRL in the main agricultural products of different countries

are shown in Table 1.5.
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Tablel.5

Maximum residue limits of zearalenone in main agricultural products of

different countries

Country Food name MRLs
(png/kg)
China Grain, grain products 60
EU Raw corn 200
Unprocessed grains other than corn | 100
Edible grain food, grain flour 75
Processed grain baby food 20
Russia Wheat, wheat flour, wheat germ 1000
Australia Grain, grain products 50
France Grain, vegetable oil 200
Italy Grain, grain products 100
Brazil Corn 200

1.13 Research Progress of ZEN Detection Technology

At present, the detection methods of ZEN in food and feed mainly include

chromatographic analysis (CA), immunoassay (IA), and biosensor analysis (BS).

1.13.1 Chromatographic analysis

CA is a method of separating and purifying the target by using the principle

of detecting the difference in the partition coefficient or solubility of the target

between the stationary phase and the mobile phase, and finally detecting the

content of the target. Chromatography is the most commonly used detection

method for the detection of small molecules, including thin layer chromatography

(TLC), gas chromatography (GC), high performance liquid chromatography
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(HPLC), high performance liquid chromatography-mass spectrometry (LC-MS)
and so on.

TCL is an early method used in ZEN detection, but due to its complicated
operation process, poor specificity, low sensitivity, poor reproducibility,
experimenters need to be exposed to a large number of toxic and harmful reagents,
etc., this method has been gradually phased out.

GC 1is used for ZEN detection and has the advantages of high sensitivity,
high peak resolution and well reproducibility. However, its shortcomings are that
due to the unique structure of ZEN, it must be derivatized before analysis, and the
derivatization reagents are sensitive to humidity, which limits the practical
application of this type of method.

HPLC is currently the most authoritative and commonly used method for
detecting ZEN both domestic and international. Its advantage is that it has strong
accuracy and sensitivity, but its disadvantage is that the equipment is expensive,
the operation is cumbersome, and it cannot be used for on-site detection.

LC-MS or LC-MS/MS is currently the most sensitive and reliable method
for mycotoxin detection. It has the advantages of low detection limit, high
resolution, and multiple detection. Its disadvantage is that the equipment is
expensive and cannot be detected on site. Nevertheless, it is still an important
direction for the development of the detection field in recent years. Examples of

chromatographic analysis method to detect zearalenone are shown in Tablel. 6.

1.13.2.Immunoassay

Currently, the ZEN immunoassay methods used mainly include ELISA and
GICA. ZEN's ELISA detection method was established earlier and is also a
relatively mature method. According to different enzyme-labeled objects, it can be

divided into two modes: icELISA and dcELISA.
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Table 1.6

Examples of determination of zearalenone by chromatography analysis

method
Method | Pretreatment Method LOD | Linear | Recovery | Literature
type names (ug/kg) | range | Rate (%)
(ng/’kg)
TCL Grinding filter | UV 200 500- 74-100 [142]
detection 20000
HPLC | Immunoaffinity | Fluorescence | 10 15-65 |95 [143]
column detection
purification
Acetonitrile Fluorescence | 3.7 10- 83.0- [144]
extraction , | detection 2000 101.3
Oasis PRIME
HLBSolid
phase extraction
column
purification
GC- Ethyl  acetate | Mass 1 2-40 82-86 [145]
MS/MS | extraction, spectrum
trimethylsilane
derivatization
Trimethylsilane | Mass 0.19 0.27- |29-67 [146]
derivatization spectrum 6.4
LC- Solid phase | Mass 0.1 0.2-50 | 82-103 [147]
MS/MS | extraction spectrum
Solid phase | Mass 0.015 |0.01- |87-109 [148]
extraction spectrum 0.1

The ELISA method has high sensitivity, good specificity, simple extraction

method, does not need large-scale equipment, and has low requirements for

operators. It is very suitable for screening large quantities of samples and has been

widely used in ZEN rapid detection. China National Standard GB / T 19540-2004

"Determination of Zearalenone in Feed" stipulates that ELISA is a standard

method for detecting ZEN residues in compound feed and grain raw materials for
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feed. In order to improve the detection performance of ELISA for ZEN, Huang et
al. [149] established a biotin-avidin amplified ELISA (BA-ELISA) with a LOD of
0.35 pg/kg and a linear range of 0.54 to 7.99 ng/kg. Compared with traditional
ELISA, the sensitivity of BA-ELISA is increased by 6 times.

GICA is a new type of immunological rapid detection technology that
integrates monoclonal antibody technology, immune technology, chromatography
technology, material labeling technology and other technologies, which is an
immunological detection technique that was established and rapidly developed in
the 1970s and is widely used. It is a technique that can detect ZEN semi-
quantitatively. On account of this technology has the advantages of specificity,
sensitivity, simplicity, speed, low cost, no need for equipment, and the naked eye
can determine the results, it has played an important role in the detection of
residues such as ZEN. Since the traditional preparation of colloidal gold is
synthesized by chemical reduction, the purity of gold nanoparticles and the rate of
antibody labeling are low, in order to further improve the detection performance of
GICA, Urusov et al. [150] used laser ablation technology to prepare colloidal gold
and established a new GICA method. Compared with traditional GICA, its
sensitivity was increased by 2.5 times. Examples of immunoassay detection of
zearalenone are shown in Tablel.7.

Biosensors Biosensor is a type of chemical substance detection device that
uses biologically active materials such as enzymes, antibodies, antigens,
microorganisms, tissues, nucleic acids, organelles, and whole cells as identification
elements to convert interactions into measurable signals. In the light of the types of
sensors, biosensors are mainly divided into four types: electrochemical biosensors,
optical biosensors, thermometric biosensors and piezoelectric biosensors [156,
157]. Biosensors have the advantages of good selectivity, high sensitivity, fast
analysis speed, low cost, and can be applied to field detection. Nonetheless, owing
to the late start of biosensor research, its application in food safety detection is still

very limited.
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Table 1.7

Examples of determination of zearalenone by immunoassays

Method Pretreatment Method LOD Linear Recovery Literature
type name (ng/kg) range rate
(ng/kg) (%)
ELISA Extraction, inELISA 1.0 1.0-200.0 | 96.5 [151]
centrifugation
Extraction, dcELISA 0.2 0.2-100.0 | 87-112 [152]
centrifugation
Extraction, BA-ELISA | 0.35 0.54-7.99 | 86.6-93.7 [149]
centrifugation
GICA Extraction, GICA 20 - 91.30- [153]
centrifugation 97.07
Extraction, GICA 5 - - [154]
centrifugation
Extraction, GICA 15 - - [155]
centrifugation

With the progress and development of sensing technology, the development

of biosensors is very rapid.

It can detect targets in complex samples without complicated pretreatment,

and has broad development prospects in food safety control [158]. Examples of

ZEN detection by biosensors are shown in Table 1.8.

Table 1.8
Examples of determination of zearalenone by biosensors
Method name Signal output LOD Linear | Literature
(ng’kg) | range
(ng’kg)
Colorimetric aptamer Colorimetric/Visual 10 10.0-250.0 [159]
sensor
Colorimetric aptamer Colorimetric/Visual 10 20-8000 [160]
sensor
Fluorescence quenching Fluorescence 0.32 1.3-100.0 [161]
sensor intensity
Fluorescence quenching Fluorescence 0.5 0.5-64.0 [162]
sensor intensity
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1.14 Co-contamination and synergistic toxicity of AFB1 and ZEN

1.14.1 Co-contamination of AFB1 and ZEN

Molds and mycotoxins contamination of grain, grain food, feed raw
materials and compound feed products are common all over the world. In the
process of growth and harvest, especially under environmental stress such as flood
and insect pest, maize, wheat, rice, peanut and barley are very likely to suffer from
airborne or insect-borne toxic fungi. These fungi produce a large number of
mycotoxins in the process of metabolism and pollute crops. At the same time, the
temperature and humidity of mould-contaminated grain and feed products in the
process of processing and storage are often conducive to the propagation of moulds,
thus aggravating mycotoxins contamination [163]. There are three main reasons.
One is that a mold may produce a variety of toxins. such as, Aspergillus flavus will
produce aflatoxin, ochratoxin and citrinin, and Fusarium graminearum will
produce zearalenone and vomiting toxin. Second, a crop will be polluted by two or
more molds at the same time, producing a variety of toxins. Third, the types and
severity of mycotoxin pollution are different in different regions, different
environments and different feeds. When using different feed ingredients from
different regions to prepare livestock and poultry diets, it causes simultaneous
contamination of multiple mycotoxins [164].

According to the investigation report on mycotoxin pollution in feed and raw
materials in China from 2016 to 2018, the contents of AFB1, ZEN and DON in
feed and feed raw materials such as corn, corn by-products, wheat, bran, meal and
full price feed were determined by immunoaffinity column HPLC. The contents of
AFBI1, ZEN and DON in feed and feed raw materials such as corn, corn by-
products, wheat, bran, meal and full price feed were determined by immunoaffinity
column HPLC. In 2016, among 1304 samples, the positive rate was 97.55%
(1272/1304), the positive rate of 1 type of mycotoxin was 15.26% (199/1304), and
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the positive rate of 2 types of mycotoxins was 12.88% (168/1304), the positive rate
of 3 types of mycotoxins detected was 69.41% (905/1304) [165]. In 2017, in 1304
samples, the positive rate was 98.45% (1284/1304), the positive rate of 1 type of
mycotoxin was 13.15% (136/1304), and the positive rate of 2 types of mycotoxins
was 27.18% (281/1304), the positive rate of 3 types of mycotoxins was 58.12%
(601/1304) [166]. In 2018, among 986 samples, the positive rate was 99.49%
(5/986), the positive rate of 1 type of mycotoxins was 12.07% (120/986), and the
positive rate of 2 types of mycotoxins was 22.51% (222/986), the positive rate of 3
types of mycotoxins detected was 64.91% (640/986) [167]. The 2016-2018 survey
report on mycotoxin contamination in feed and raw materials in China is shown in
Figure 14. As can be seen from the above results, from 2016 to 2018, mycotoxin
pollution in feed materials and compound feeds such as corn, corn by-products,
wheat and bran, meal and full-price feeds, etc. was widespread, and the pollution
of two or more mycotoxins was more serious. Therefore, a single mycotoxin

detection and prevention and control can no longer meet the needs of the feed

industry.
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Figure 1.6. Mycotoxin contamination composition of feed and feed

ingredients in China from 2016 to 2018.
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Zhu et al. used up-conversion luminescence competitive inhibition
immunochromatography to determine the contents of AFB1, ZEN and DON in
2237 samples of feed ingredients and compound feed from Shandong Province in
China in 2019. The results indicated that the mycotoxin contamination rate of feed
ingredients was 75.64%, the AFB1 contamination rate was 39.20%, and the over-
standard rate was 7.18%; the ZEN contamination rate was 43.23%, and the over-
standard rate was 12.82%; the DON contamination rate was 62.58%, and the over-
standard rate was 1.79%. Cross-contamination of the two toxins is more common.
The cross-contamination rate of DON and ZEN was 37.19% (832/2237), the cross-
contamination rate of ZEN and AFB1 was 24.77% (554/2 237), and the cross-
contamination rate of DON and AFB1 was 28.83% (645/2 237) (Figure 1.7).
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Figure 1.7. Mycotoxin contamination of feed materials and compound

feeds in Shandong Province in 2019.



68

1.14.2 Synergistic toxicity of AFB1 and ZEN

According to the previous relevant reports, the synergistic or cumulative
effects of multiple mycotoxins are more harmful to animal health and production
performance than a single mycotoxin. Huang et al [168] reported the effects of
aflatoxin B1 (AFB1) and =zearalenone (ZEN) cross-contamination on the
metabolism, immune function and antioxidant status of dairy goats. The results
showed that compared with the control group, adding AFB1 and ZEN to the diet
significantly reduced the feed intake and milk production of dairy goats; significant
decrease in red blood cell count, hematocrit, average red blood cell volume,
average red blood cell hemoglobin, and average platelet volume; serum alanine
aminotransferase (ALT), alkaline phosphatase (ALP) activities, total bilirubin
(TBIL), interleukin-6 and malondialdehyde (MDA) activities were significantly
increased; serum superoxide dismutase (SOD), glutathione peroxide (GSH-Px)
activity and total antioxidant capacity (T-AOC) were significantly reduced.

Cross-contamination of AFB1 and ZEA can reduce the performance,
immunity and antioxidant capacity of dairy goats. Sun et al. [169] reported the
toxic effect of AFB1 and ZEN cross-contamination on BRL 3 A hepatocytes. The
results indicate that AFB1+ZEN has a synergistic toxic effect on BRL 3A cells.
These toxins reduce cell viability by inducing the production of intracellular
reactive oxygen species (ROS) and promoting the apoptosis of Buffalo Rat Liver
(BRL) 3A cells, which are normal rat hepatocytes. The coexistence of AFB and

ZEN in agricultural products is more hepatotoxic than alone.

1.15 Research Progress of GICA

1.15.1 Overview of GICA

GICA is a novel rapid immunoassay technology, which combines

monoclonal antibody technology, immunoassay technology, chromatography
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technology, material labeling technology, etc. It is a widely used immunological
detection technology that established and rapidly developed in the 1980s. The
technology can be semi-quantitative or use a scanner to achieve quantitative
detection of a variety of biological macromolecules or small molecular compounds,
such as antigens, antibodies, small molecular hapten and so on. The technology has
the advantages of specificity, sensitivity, simplicity, rapidity, low cost, no
equipment required, and naked eye can determine the results. It has been widely
used in disease diagnosis, antibody evaluation, Physico-chemical analysis,
microbial detection, food safety residue detection and other fields. The main
components of GICA include the preparation of colloidal gold, the preparation of
gold-labeled antibodies, the assembly of test strip, the optimization of technical

parameters, and the determination of detection performance, etc. [170]/

1.15.2 Technical principle of GICA for detection of small molecule
compounds

According to the size and binding method of the molecule to be tested,
GICA can be divided into two technical modes: immunofiltration (sandwich
method) and immunochromatography (competitive method). The sandwich method
means that different epitopes of the antigen to be tested are combined with two
antibodies to form an antibody 1-antigen-antibody 2 sandwich structure on the test
strip, which is suitable for macromolecular analytes [171]. The competition
method is generally used for small molecule detection, since small molecule
compounds commonly have only one antigenic site, they cannot be combined by
two different monoclonal antibodies simultaneously, and the sandwich method
detection mode cannot be adopted. Therefore, the competition method is selected
for detection. Immunochromatographic test strip for detecting small molecule
hapten, usually the small molecule monoclonal antibodies labeled with gold
particles are fixed on the binding pad. The detection line (T line) is for the

immobilization of macromolecular protein antigens, and the quality control line (C
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line) is fixed Anti-gold-labeled monoclonal antibody secondary antibody. When
the test strip detects the sample to be tested, if the sample to be tested does not
contain the hapten to be tested, the gold-labeled antibody flows to the T line and
reacts with the immobilized artificial antigen, the gold particles aggregate and
develop color, and the flowing gold-labeled antibody reacts with the secondary
antibody responds to the C line and color development. If the sample contains the
hapten to be tested, the hapten will react with the gold-labeled antibody to form an
antigen-gold-labeled antibody complex, as the fluid flows to the T line, the
antibody site is occupied by the hapten to be detected, and the gold-labeled
antibody cannot react with the artificial antigen at the T line, the gold-labeled
antibody flows through reacts with the fixed second antibody at the C line and
develops color. The final result is determined that the positive sample has only one
C line, while the negative sample has two red lines (T line and C line) [172, 173].
Figure 1.8 shows the schematic of GICA competition method for detection of

small molecule compounds.

Taat G Fegeive)

Figure 1.8. The schematic for GICA for the competitive immunoassay.
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1.15.3 Basic structure of GICA test strip

GICA test strip is composed of a sample pad, a binding pad, a
chromatographic film and a water absorption pad stacked and pasted on the
support base plate in turn. The material of sample pad and bonding pad is fiber
wool or glass wool, which are treated with different buffers respectively. The
sample pad is used to quickly absorb the sample solution to be tested and provide a
buffer system for antigen antibody reaction. The adsorption of the binding pad
consists of labeled biomaterials, such as gold nanoparticles (AuNPs) labeled
antibodies, which bind to the detection target in the sample solution to form
immune complexes. The chromatographic membrane is usually nitrocellulose
membrane (NC membrane), and fixed with two or more different biological
materials (such as antigens or antibodies), forming the detection line (T line) and
quality control line (C line), is applied to intercept labeled immune complexes,
display the detection results. The absorbent pad is an absorbent cardboard, which
provides power for the reaction through the siphon effect, and can also absorb the
sample solution flowing through the chromatographic membrane. In addition to the
basic structure of the immunoassay strip, some auxiliary materials, such as outer
plastic film or plastic shell, need to be added to assemble a complete immunoassay

strip, such as strip or card, as shown in Figure 1.9.
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Figure 1.9 The schematic diagram and products of GICA. (a) The schematic
diagram of GICA. (b) The products of GICA.
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1.15.4 GICA research progress

Research progress of colloidal gold preparation technology. Colloidal
gold is a stable colloidal solution formed by the reduction of chlorauric acid
solution. It is used to label specific antibodies of small molecule haptens. Through
the antigen-antibody reaction, colloidal gold aggregates in the T line of NC
membrane, showing a reddish brown color. Finally, the detection result is
determined on the basis of the presence and intensity of the color. The particle size
of AuNPs is 20-30 nm. Owing to the small particle size, low molar extinction
coefficient and low brightness, it is difficult to achieve the ideal detection
sensitivity. Therefore, the selection of appropriate particle size is the key to the
preparation of AuNPs. Li et al.[174] synthesized AuNPs with 4 particle sizes of 20,
60, 100 and 180 nm, and analyzed the effects of 4 AuNPs probes with different
particle sizes on ochratoxin A and bovine serum albumin using biofilm layer
interference technology. The affinity of the conjugate was further expressed by
immunokinetic analysis. The results indicate that the 100 nm AuNPs probe has
high molar extinction coefficient and strong affinity, which makes GICA exhibit
superior sensitivity. However, the size of the gold particles at 180 nm AuNPs is too
large, which has obvious steric hindrance, which is not conducive to the
immunorecognition reaction between the labeled probe and the antigen. On the
basis of the traditional colloidal gold method, by improving the particle size and
shape of AuNPs, thereby improving the detection sensitivity, the current research
progress mainly included gold nanoflowers, AuNFs, gold nanoclusters, AuNCs
and gold nanorods, AuNRs. The immune layer is shown in Figure 1.10.

AuNFs is a modified colloidal gold nanoparticle with a diameter of about
100 nm. The surface of the nanoparticle has a radial or flowerlike structure. AuNFs
have star, polybranched and sea urchin shapes. This multi-branched structure
provides a large specific surface area, which improves optical brightness and
binding affinity, thus improving the detection sensitivity of GICA. Huang et al.
[175] established AuNFs-GICA, which was used to rapidly and simultaneously
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detect fumonisinBl and DON in traditional Chinese herb. The visual detection
limit of this method was 5 ng/mL, and the detection results were compared with
HPLC and ELISA have good correlation. Peng et al. [176] compared three gold
nanomaterials with the same particle size, namely spherical AuNPs, short-tip
AuNFs (tip length 7-8 nm) and long-tip AuNFs (tip length 13-15 nm). The results
indicated that the long-tip AuNFs showed the highest signal intensity in GICA,
less antibody consumption, the strongest light absorption capacity and the highest
affinity (Figurel0 a). Serebrennikova et al. [177] improved on the traditional
colloidal gold method, prepared gold nanoflowers with a diameter of 100 nm and
used them in GICA, the sensitivity of the method was increased by 5 times.

AuNCs i1s a kind of precious metal nanoclusters, which has become a
promising fluorescent labeling material due to its optical stability, superior
biocompatibility, large stoke-shift and strong photoluminescence. Peng et al [178]
developed a gold nanocluster strip based on high fluorescence green for
simultaneous quantitative determination of clenbuterol hydrochloride and
ractopamine in pig urine with LOD of 0.003 and 0.023 pg/L, respectively,
overcoming the limitation of low sensitivity of traditional ICA (FigurelO b).

AuNRs is one of the precious metal nanomaterials that have been studied
more in recent years. Its variable aspect ratio enables AuNRs to exhibit large
specific surface area, different absorption spectra or different colors, which is very
suitable for rapid visualization screening. Pan et al. [179] applied AuNRs as a
signal probe in ICA rapid detection for the first time. The detection limit of
zearalenone in grain samples was 40 g/kg, which verified the feasibility and
superiority of AuNRs as a visual detection signal probe. It provides an application
reference for rapid research in the field of food safety (Figure 10 c¢). Additionally,
in order to further improve the detection performance of GICA, more and more
labeling materials have been applied, including quantum dots, time-resolved
fluorescent microspheres, upconversion luminescent particles, latex microspheres,

carbon nanoparticles, colloidal selenium nanoparticles, magnetic nanoparticles.
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gt

(¢)
Figure 1.10 Chart of immunochromatography assay for AuNFs, AuNCs
and AuNRs [180]. (a) AuNFs. (b) AuNCs. (¢) AuNRs.

Particles, liposome nanoparticles, silica nanoparticles, etc. However, the
immunochromatography technology based on gold nanomaterials is relatively
mature and has the characteristics of simple preparation, easy labeling, high
stability, excellent photoelectric performance, green environmental protection and
low cost. Therefore, it is favored by the majority of manufacturers, and more and
more researchers have carried out in-depth discussion on gold nanomaterials. It
further promoted the development and application of GICA technology [181].

Research progress of high-throughput detection technology During the
production, processing, packaging, transportation, and storage of agricultural
products, food, and feed, they are often contaminated by a variety of harmful
compounds, especially mycotoxins, pesticides, veterinary drugs, and special
additives. Thus, the detection method of a single target is not only easy to cause
missed detection, but also has low detection efficiency. The development of multi-
residue immunochromatographic analysis methods and the realization of multiple
detection are the main directions of GICA's future research.

Multiple detection with multiple labeled antibodies and several test lines
Use AuNPs to label a variety of diverse antibodies to prepare different gold-
labeled antibodies, and then mix them in a certain appropriate ratio to form a

mixed gold-labeled antibody. A test line is set for a test target to form a test paper
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with multiple test lines and a quality control line. Wang et al [13] successfully
established a multiple immunochromatographic test strip method by spraying three
detection lines and one quality control line on the nitrocellulose membrane, which
realized the simultaneous detection of three types of 17 hormone drugs. The
sensitivity can reach 0.005ng/mL.

Kong et al [14] established a multiple detection test strip containing five
detection lines and one quality control line for the detection of five biotoxins, and
prepared five mycotoxin gold-labeled antibodies, respectively. Five mycotoxin
antigens are coated on the chromatographic membrane of the test strip to form 5
detection lines, which compete with the 5 mycotoxins in the sample to be tested
and bind to the 5 gold-labeled antibodies, thereby realizing the multivariate

analysis of mycotoxins in grains, As shown in Figurel.11.
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Figure 1.11. Schematic diagram of multiple detection with multiple

detection limits for labeling multiple antibodies [113].

1.16 Multiple detection with labeled broad-specific antibody and one
test line
Since multiple detection lines are set on one NC membrance, there are often
mutual interferences between them, which affects the detection results. Therefore,
it is very limited to expand the detection capability by adding more detection lines
on a single NC. It is an ideal method to realize multiple detection by labeling a
broad-spectrum specific antibody against a type of residue by AuNPs. In this study,
a broad-spectrum specific ZEN mAb for ZEN has been prepared before, and this

method can realize the multiple detection of ZEN and its 5 derivatives. [182].
Chen et al. [183] designed a hapten containing a sulfa core structure by analyzing

the structure of sulfa antibiotics, and obtained mAbs that can simultaneously
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identify 27 sulfa antibiotic drugs, and the corresponding test strip can perform
multiple detection of 27 sulfa antibiotic drugs. However, this type of multi-residue
detection method with a single antibody has limitations, that is, it cannot
distinguish between different analytes and specific concentrations. In response to
this problem, Di et al. [184] established color-coded immunochromatography using
multicolor AuNPs. This method couples red and blue AuNPs with two mycotoxin
antibodies, respectively, and the detection line is composed of a mixture of two
antigens. After the end of the immune response, since the red and blue labeled
probes form different combinations on the detection line, so as to display different
colors, as shown in (Figure 1.12).

Figure 1.12. Colour-encoded immunochromatography assay[184].

Sample pad Conjugate pad Membrane Absorbent pad

3 Red GNPs-labeled Ab vs AFBI 3 Blue GNPs-labeled Ab vs Fumonisins @ FMB1-BSA @ AFB1-BSA ‘l,r Ab vs rabbit IgG

Wu et al. [185] synthesized gold nanomaterials with four colors (Figure
1.13), namely gold nanospheres (AuNSs), gold nanocacti (AuNCs), gold
nanoflowers (AuNFs) and hyperbranched Au plasmonic blackbodies (AuPBs). The
four gold nanomaterials were used to simultaneously detect FB1, zearalenone
(ZEN), OTA, and aflatoxin B1 (AFB1), and the detection limits were 3.27, 0.70,
0.10, and 0.06 ng/mL, respectively.
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Figurel.13. Schematic illustration of multicolor AuNP-based multiplex

ICTS nanosensor [185]
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1.17 Multiple detection with multiple labeled antibodies and multiple

channels

Some researchers and manufacturers use multiple test cards or multiple
channels to share a single sample well to achieve multiple detection. By
assembling multiple single test strip into one card, a multi-link card is prepared to
realize the simultaneous detection of multiple drugs. For example, the triple test
card for chlorpyrifos, diazinon and malathion is of this type, which can realize the

simultaneous detection of three pesticides [186] (Figure 1.14).
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Figurel.14 Multiple detection chart of triple card[188]

Zhao et al. [187] established a ten-channel up-conversion luminescence
GICA for rapid and simultaneous detection of 10 prevalent food-borne pathogens
in food and water. The sample loading window in the middle of the test box is
connected to the 10 test strip channels, and the sample solution can be dripped into
the window to chromatographically flow to the 10 test strip at the same time,
realizing fast and high-throughput monitoring of food-borne pathogens in food, as

shown in Figure 1.15.
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Figurel.15 Multichannel multivariate detection chart [189].

1.18 Conclusions from literature review

AFB1 and ZEN are the two most common toxins in mycotoxins, which
mainly contaminate plant-derived agricultural products, food and feed such as corn,
rice, wheat, barley, oats, sorghum, and so on. AFB1 and ZEN pollution can occur
in all aspects of crop growth, harvesting, storage, processing, etc., and pollution
area is extensive, the residue exceeds the standard seriously. AFB1 and ZEN
pollution have acute poisoning, chronic poisoning, carcinogenicity, mutagenicity,
teratogenicity, neurotoxicity, immunotoxicity, reproductive toxicity and many
other toxic effects on humam and animal health, espeially, AFBl and ZEN
pollution residues often coexist and have synergistic and additive effects, it
seriously threatens human health and the development of animal husbandry.
Therefore, the establishment of AFB1 and ZEN dual residue detection and the
strengthening of AFB1 and ZEN contamination monitoring have become important

means to ensure food and feed safety.
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Because traditional physico-chemical analysis methods are expensive and
length, require complicated sample preparation procedures, expensive instruments,
and skilled technicians, their application has been greatly restricted. Instead,
immunoassay methods based on specific antigen-antibody reactions have been
widely used in mycotoxin detection due to their high selectivity, strong sensitivity,
rapid and simple sample screening, and portable operation. Among them, colloidal
gold immunochromatographic assay (GICA) is one of the immunoassay methods.
Compared with other immunoassays, it has strong selectivity, high sensitivity,
rapidity, simplicity, large sample screening, and on-site operation. It has have
become a hot topic in the research of AFB1 and ZEN double residue detection,
which is also the purpose of this thesis.

In this study, through the design and modification of AB1 and ZEN hapten
molecules, antigen synthesis and identification, an ideal immunogen is prepared to
solve the problem of poor immunogenicity; through animal immunization and
hybridoma technology, screening and preparation of strong immunoreactivity, high
sensitivity and highly specific mAbs evaluate their immunological properties to
solve the problem of unstable antibody sources and unstable quality; through the
preparation of colloidal gold, the preparation of gold-labeled antibodies, the
assembly of test strip, and the optimization of technical parameters, AFB1 and
ZEN double-residue test strip are prepared, and their performances are measured to
solve the problem of rapidity, simplicity, on-site operability; through the
preliminary practical application of the developed AFB1 and ZEN double-residue
detection test strip and the performance verification with ELISA and HPLC-
MS/MS to solve the problems of practicability and reliability. In the end, it will
provide test basis and technical support for realizing the rapid detection of AFB1
and ZEN dual residue and ensuring the safety of food and feed.
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CHAPTER 2
OBJECTS AND METHODS

2.1 Research materials

The dissertation work is carried out in accordance with the programs of
research work of Sumy National Agrarian University: "System of monitoring
methods of control and veterinary and sanitary measures, regarding the quality and
safety of livestock products in diseases of infectious etiology" (state registration
No. 01140005551, 2014-2019); "Forecasting the risks of cross-border introduction
and spread of particularly dangerous animal diseases and the development of
scientifically based disinfection systems based on innovative import-substitutable
highly effective means" (state registration No. 01150001342, 2018-2023).

And dissertation work is carried out in accordance with the programs of
research work of Henan Institute of Science and Technology part of the "12th
Five-Year" National Science and Technology Support Program "Research and
Demonstration of Rapid Detection Technology for Livestock and Poultry
Products" (No.2014BAD13B05), The work was carried out for the “13th Five-
Year” National Key Research and Development Plan Program “Food Safety
Technology Research and Development” (No.2019YFC1605705) and the Program
for Innovative Research Team (in Science and Technology) at the University of
Henan Province (20IRTSTHNO025).

So, the work was carried out for the period from 2018 to 2022 at the
departments of veterinary examination, microbiology, zooghygiene and safety and
quality of animals products, the department of epizootology and parazitology and
the department of virology, pathanatomy and bird diseases of Sumy National
Agrarian University. In addition, veterinary studies were conducted at Henan,
China.

Object of study. Development and preliminary application of dual residue

immunochromatographic test strip for AFB1 and ZEN in food and feed.
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Subject of study. Synthesis and identification of artificial immunogens and
coating antigens of AFB1 and ZEN, screening of immunogen synthesis methods
for the preparation of high specific antibodies against AFB1 and ZEN; Selection of
immunization methods for Balb/c mice, screening of positive hybridoma cell lines
and identification of immunological characteristics; Preparation and identification
of colloidal gold, preparation and identification of gold labeled-AFB1 mAbs and
gold labeled-ZEN mAbs, optimization of test strip detection conditions,
establishment of detection method and performance determination of AFB1 and
ZEN dual residue test strip; Preliminary practical application and HPLC-MS/MS
verification of AFB1 and ZEN dual residue test strip.

Research methods. Mycological (AFB1 and ZEN detection), clinical
(history taking, clinical examination), microbiological (microscopic, biological),
cytobiological (cells detection), toxicological (degree of toxicity and
harmlessness), immunological (changes in gene and protein levels of inflammatory
factors) and statistical (processing of research results).

Consumables. Gloves, masks; test tubes, petri dishes, syringes, measuring
cups, measuring cylinders, beakers, Erlenmeyer flasks, volumetric flasks, pipettes,
funnels, glass slides, coverslips; microtiter plates, cell culture plates, cell culture
Bottle; centrifuge tube, pipette tip; filter paper, pH test paper, lens cleaning paper,
kraft paper, gauze, absorbent cotton; medicine spoon, test tube holder, scissors, etc.

Chemicals and reagents AFB1, AFB, AFGI, AFG2 standard (solvent-
free), ZEN standard (solvent-free), a-ZA), B-ZAL, a-Z0O), B-ZOL, and ZON
standard solutions in methanol, DON and OTA standard (Sigma-Aldrich, St. Louis,
MO, USA). Carboxymethoxylamine hemihydrochloride (CMO), N-(3-
dimethylaminopropyl)-N’-ethyl-carbodiimide =~ (EDC), = N-Hydroxysuccinimide
(NHS), Hydroxylamine hydrochloride, succinic anhydride, 1,4-butanediol
diglycidyl ether (BDE), phenacetin, 3,3,5,5-tetra-methylbenzidine (TMB), urea
peroxide, and Tween-20 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Bovine serum albumin (BSA), ovalbumin (OVA), Freund’s complete
adjuvant (FCA), Freund’s incomplete adjuvant (FIA), culture media RPMI-1640
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with L-glutamine, goat anti-mouse I1gG conjugated with horseradish peroxidase
(GaMIgG-HRP), and a mouse mAb isotyping kit (Rockford, IL, USA). Dioxane,
isobutyl chloroformate (IBCF), dimethylformamide (DMF), formaldehyde (FA),
glutaraldehyde (GA), ethylenediamine (EDA), tri-n-butylamine (TNBA) and
dimethyl sulphoxide (DMSO) (J&K Chemicals. Ltd., Shanghai, China). Fetal
bovine serum (FBS) (Hangzhou Sijiqing Biological Engineering Materials Co., Ltd,
Hangzhou, China). Methanol, acetonitrile, petroleum ether, ethyl acetate,
trifluoroacetic acid, chloroform, and Polyvinylpyrrolidone K30 (Tianjin Kemiou
Chemical Reagent Co., Ltd., Tianjin, China). Chloroauric acid, trisodium citrate,
sodium azide, polyethylene glycol 20000, boric acid (China National
Pharmaceutical Group Corporation, Bijjing, China). All other chemicals and
reagents are standard commercial products of analytical grade or better.

Solutions (1) Phosphate buffer salution (0.01 M PBS, pH 7.4): NaCl (137
mmol), Na,HPO4-12H,0 (10 mmol), KCI (2.68 mmol), and KH,PO4 (1.47 mmol).
(2) Carbonate buffer Solution (0.05 M CBS, pH 9.6): Na,COs3 (15 mmol) and
NaHCOs; (35 mmol). (3) Washing buffer: PBS containing 0.05% Tween-20
(PBST). (4) Blocking buffer: Swine serum (5%, v/v) in PBST. (5) The substrate
buffer: A mixture of part A (500 mL) and part B (500 mL) solutions. Part A
contained (per 1 L of water) 3.15 g citric acid, 6.966 g anhydrous sodium acetate,
0.08 g phenacetin, and 0.05 g urea peroxide adjusted to a pH of 5.0 using HCI, and
Part B had 1.27 g of TMB dissolved in 500 mL of methanol and 500 mL of
glycerol. (6) Stopping solution: 2 mol/L H,SOs. (7) Basal medium: 10.4 g RPMI-
1640, 2.0 g NaHCOs dissolved in 1000 mL ddw. (8) Complete medium RPMI-
1640/10: 78 mL RPMI-1640, 20 mL FBS, 1 mL antibiotics, and 1 mL HEPES. (9)
HAT medium: complete medium, 1% 100xHAT solution. (10) HT medium:
complete medium, 1% 100xHT solution. (11) Cell freezing solution: dimethyl
sulphoxide (DMSO, 10%, v/v) in complete medium. (12) 1% chloroauric acid
solution: 1.0 g chloroauric acid is dilute to 100 mL ddw, filtered with 0.2 pm filter
membrane, and stored at 4 °C. (13) 1% trisodium citrate solution: 0.5 g trisodium

citrate dilute in 50 mL ddw, filtered with 0.2 pm membrane filter, ready to use. (14)
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10% NaCl solution: 10.0 g NaCl dilute in 50 mL ddw and store at 4 °C. (15) 0.2
mol/L K>COs solution: 2.764 g K,COs dilute to 50 mL ddw, filter with 0.2 um
filter membrane, and store at 4 °C. (16) 10% BSA solution: 10.0 g BSA, 0.03 g
NaN3, dilute to 100 mL ddw, filter with 0.2 pum membrane, and store at 4 °C. (17)
Gold resuspension: 0.7627 g Na,B4sO7-10H,O, 1.0 g BSA, 3.0 g sucrose, 0.03g
NaNj3, constant volume to 100 mL ddw, 0.2 pum filter membrane filtration, 4 °C
storage. (18) Sample pad treatment solution: 1.0 g BSA, 0.3 mL Tween-20, 5.0 g
sucrose, 0.03 g NaN3, constant volume to 100 mL ddw, filtered with 0.2 pm
membrane, and stored at 4 °C. (19) Gold standard pad treatment solution: 0.7627 g
Na;B407-10H,0 , 1.0 g BSA, 0.3 mL Tween-20, 0.03 g NaN3, dilute in 100 mL
ddw, store at 4 °C.

Equipments MULTISKAN MK3 microtiter reader (Thermo Co., Shanghai,
China). DU-800 UV-visible spectrophotometer (Beckman-Coulter, Fullerton, CA,
USA). Hybrid quadrupole—time of flight mass spectrometer (Q/TOF, HRMS;
SYNAPT HDMS, Waters, UK). 700 MHz Avance III spectrometer (1H-NMR;
Bruker, Billerica, MA, USA). 303A-1 electric heating constant temperature
incubator (Beijing Zhongxing Weiye Instrument Co., Ltd., Beijing, China). Exceed
DZG-303A ultrapure water polishing system (Chengdu Kangning Special
Experiment Pure Water Equipment Factory, Chengdu, China). JY300C
electrophoresis apparatus and gel imaging system (Beijing Junyi Dongfang
electrophoresis equipment Co., Ltd., Beijing, China). LDZX-30KB vertical
pressure steam sterilizer (Shanghai Shenan Medical Instrument Factory, Shanghai,
China). SW-CJ-2 FD superclean bench (Suzhou Purification Equipment Co., Ltd.
Suzhou, China). Galaxy S-type CO; incubator (RS-Biotech, Ayrshire, UK).
TS100-F inverted microscope (Nikon Company, Tokyo, Japan). ME204E
electronic balance, FE20-Five Easy Plus pH Meter (Mettler Toledo International
Trading Co., Ltd., Shanghai, China). XMTD-8222 Electric thermostatic water sink
(Shanghai Jinghong Experimental Equipment Co., Ltd., Shanghai, China). ZNCL-
BS19 Heating Magnetic Stirrer (Shanghai Lingke Industrial Development Co., Ltd.,
Shanghai, China). WH-866 Vortex Mixer (Shanghai Kanghua Biochemical
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Instrument Manufactory, Shanghai, China). 3K-30 Multifunctional Refrigerated
Centrifuge (Sigma, USA). H-7650 Transmission electron microscope (Hitachi
Limited, Tokyo, Japan). XYZ-3210 3D spray point platform (Biodot, USA).

Animals and cells Balb/c mice (License number: SCXK (YU) 2015-0004)
(Henan Experimental Animal Center, Zhengzhou, China). NSO myeloma cells
(The Key Laboratory of Animal Immunology of the Ministry of Agriculture,
Zhengzhou, China).

2.2 Synthesis of immunogen and coating antigen of AFB1 and ZEN

Synthesis of immunogen and coating antigen of AFB1 According to the
active sites on the molecular structure of AFB1, oxime active ester (OAE) [190,
191], methylation of ammonia (MOA) [192], mixed anhydride (MA) [193, 194],
semi acetal (SA) [195], epoxide (EP) [196] and enol ether derivative (EED) [197]
were proposed to be used to prepare immunogens and coating antigens.

(1) OAE method

Briefly, 5 mg of AFB1 and 10 mg of CMO were dissolved in 500 pL of
pyridine, shake for 24 h at 25 °C and avoid light, and freeze-dry the reaction
product for 24 h to obtain a white powder called AFB1 activator AFB10. 1 mg
AFB10O, 1.073 mg DCC and 0.598 mg NHS were dissolved in anhydrous
tetrahydrofuran, shake at 30 °C for 24 h, then centrifuge at 4000r/min for 15 min,
and wash the precipitate with anhydrous tetrahydrofuran for 2 to 3 times, and then
supernatant were combined, and after the tetrahydrofuran in the supernatant was
completely evaporated, the residue was dissolved in 0.2 mL of DMF. The solution
was slowly added dropwise to BSA solution, and reacted overnight at room
temperature. The reaction product was dialyzed with PBS under stirring at 4°C for
3 days, and AFB1-BSA was obtained and stored at -20 °C for later use (as shown

in Figure 2.1).
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NCH,COOH

NOCH,CONH—BSA

Figure 2.1 Synthesis scheme of AFB1-BSA artificial antigen via OAE
method.
(2) MOA method
Briefly, first, dissolve ethylenediamine (EDA) in 0.1 mol/L pH4.8 2-
morpholineethanesulfonic acid (MES) buffer and react in an ice bath. Then add the
above solution to the mixed solution of BSA and EDC (MES buffer), magnetically
stir the reaction for 2 h at room temperature, and finally add 2 mol/L acetic acid to
terminate the reaction. The solution was dialyzed to obtain cProtein. Second,
dissolve cProtein and AFB1 in 0.1 mol/L MES buffer (containing
dimethylformamide), stir slowly, add formaldehyde, and react at 37 °C for 24 h.

CH,N-BSA

(see Figure 2.2)

Figure 2.2 Synthesis scheme of AFB1-BSA artificial antigen via MOA method.
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(3) MA method

Briefly, Smg AFB1 was dissolved in 1 mL methanol, 20 mL 0.1 mol/L citric
acid was added, and the reaction was stirred at 30 °C for 24 h to obtain the product
AFB2a. Then added 15 pL of tri-n-butylamine and 45 pL of isobutyl
chloroformate to this solution, and the reaction was stirred for 0.5 h at 0 °C in an
ice bath. To this solution, 1 mL BSA activation solution was added at a
concentration of 20 mg/mL dropwise. The reaction solution was stirred at 4 °C for
4 h, then dialyzed with PBS at 4 °C for three days. The conjugates AFB2a-BSA

was obtained and stored at 4 °C for use. (Figure 2.3)

CioHyN
2 BSA—HNOCH,CH,COCO
C.H,CIO,

AFB,a—BSA

Figure 2.3 Synthesis scheme of AFB2a-BSA artificial antigen by mixed
anhydride method.

(4) SA method

Briefly, 4 mg AFBI1 was dissolved in 2 mL acetone, 40 uL 10% H>SO4 was
added, and the mixture was stirred at 56 °C for 4 h. After the product was
evaporated to dryness, 5 mL H,O was added, extracted twice with 25 mL
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chloroform, and then the organic layer was washed with 20 mL H,O, to keep the
organic layer, and evaporate the organic solvent to obtain a yellow solid product.
1.0 mg of product, 2 mL of 0.5% BSA solution was added to it, and reacted at
37°C for 30 min. After that, 100 uL of 6.5 mmol NaHB4 was added and reacted at
4°C for 30 min. At 4°C, PBS solution was dialyzed for 3 days and the conjugates
were obtained and stored at 4°C for use.(Figure 2.4). The coating antigen AFB1-
OVA (SA) was prepared via the same method.

CH,COCH,
—_—»
H,S0,

BSA—N=AFB,a BSA—N—AFB,
Figure 2.4 Synthesis scheme of AFB1-BSA artificial antigen by SA

method.

(5) EP method

Briefly, 1 mg AFBI was dissolved in 2 mL dichloromethane, and an excess
of m-chloroperoxybenzoic acid was added. 20 mg BSA was added to the reaction
mixture, and the reaction was stirred overnight at room temperature. After that, the
reaction solution was centrifuged at 5000 rpm for 20 min, and the supernatant was
retained. The supernatant was dialyzed with PBS for 3 days and the conjugates

were obtained and stored at 4 °C. The synthetic route of AFB1-BSA (EP) is shown
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in Figure 2.5. Notably, the coating antigen ZEN-OV A (EP) was prepared via the

same method.

CH,Cl,
—_—
/CH3 oxidation

AFB,—BSA

Figure 2.5 Synthesis scheme of AFB1-BSA artificial antigen by EP
method.

(5) EED method

Briefly, 10 mg of AFB1 was dissolved in 4 mL of acetonitrile, 2 mL of 10%
glycolic acid was added, and the reaction was stirred at room temperature for 20
min, and then purified on a C18 column to obtain AFB1-Glycolic Acid (AFBI1-
GA). AFB1-GA was dissolved in 0.5 mL of dioxane solution, and then 1.073 mg
of DCC and 0.598 mg of NHS were added and stirred for 24 h under ice bath
conditions. The reaction solution was added dropwise to 20 mg BSA solution in
ice bath slowly, and stirred under ice bath conditions overnight. The mixture was
dialyzed using PBS at 4 °C for 3 days, and the conjugates AFB1-BSA were
obtained and stored in -20 °C for later use. The synthetic route of AFBI-BSA
(EED) 1s shown in Figure 2.6. Similarly, the coating antigen AFB1-OVA (EED)

was synthesized via the same way.
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AFB,—GA—BSA

Figure 2.6 Synthesis scheme of AFB1-BSA artificial antigen by enol ether

derivative method

2.3. Synthesis of immunogen and coating antigen of ZEN

According to the molecular structure and active site of ZEN, the immunogen
and coating antigen were synthesized via oxime active ester (OAE) [198],
condensation mixed anhydride (CMA) [199], formaldehyde (FA) [200], 1,4-
butanediol diglycidyl ether (BDE) techniques [201], and the amino glutaraldehyde
method (AGA) [202].

(1) OAE method

Briefly, according to the initial molar ratio of ZEN and BSA (50:1), 5 mg
(0.0157 mmol) ZEN was dissolved in 2 mL pyridine, followed by the addition of
10 mg (0.09117 mmol) CMO. After sealing, the reaction proceeded while stirring
using a magnetic bar at room temperature for 24 h to obtain the yellow solution
product. The product was dried using nitrogen, and then we added 3.0 mL
deionized water, adjusted pH to 8.0 using 0.1 mol/L NaOH, and extracted with an
equal volume of ethyl acetate thrice. The aqueous phase was discarded. The

organic phase was collected and dried using nitrogen to obtain hapten ZENO,
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which was light yellow oil. ZENO was dissolved in 2 mL dioxane, after which 2.5
mg NHS and 5 mg EDC were added, stirred at 4 °C for 4 h to prepare the hapten
activation solution. To the hapten activation solution, 1 mL cBSA activation
solution was added at a concentration of 20 mg/mL dropwise. The reaction
solution was stirred at 4 °C for 4 h, then dialyzed with PBS at 4 °C for three days.
The dialysate was changed once a day and stored at 4 °C for subsequent
applications. The synthetic route of ZEN-BSA (OAE) is shown in Figure 2.7 The
coating antigen ZEN-OV A (OAE) was prepared via the same method.

H+
A\
0 ' EDC
P NHS
NOCH,COOH
zearalenone (ZEN) ZENO
OH O CH, OH O CH,
‘\\\HJr ‘\\\H+
0 O,  BSA 0
G 4
OH \ OH \
NOCH,COO—N NOCH,CONH—BSA
ZENO-NHS ZEN-BSA

0]

Figure 2.7 Synthesis route of the ZEN-BSA by the OAE method.

(2) CMA method

Briefly, according to the initial molar ratio of ZEN and BSA (50:1), 5 mg
(0.0157 mmol) ZEN was dissolved in 2 mL pyridine, and 5.5 mg (0.0785 mmol) of
hydroxylamine hydrochloride was added. The reaction was stirred at room
temperature for 24 h, after which pyridine and unreacted hydroxylamine
hydrochloride were removed via rotary evaporation to obtain the primary product.
The initial product was dissolved in 0.5 mL pyridine, 7.8 mg (0.785 mmol)
succinic anhydride was added, followed by 1 mL tetrahydrofuran. The reaction

was stirred at room temperature for 24 h. The solvent was removed via rotary
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evaporation to obtain the hapten product, which was dissolved in 2 mL of dioxane,
then added 15 pL of tri-n-butylamine and 45 pL of isobutyl chloroformate. The
reaction was stirred for 0.5 h at 0 °C in an ice bath. Eventually, the hapten
activation solution was formed, which we added dropwise to 1 mL of cBSA
activation solution at a concentration of 20 mg/mL. The reaction was stirred at
4 °C for 4 h. We dialyzed the reaction with PBS at 4 °C for three days. The
dialysate was changed once a day. The resulting ZEN-BSA conjugate was stored at
4 °C for subsequent use. The synthetic route of ZEN-BSA (CMA) is shown in
Figure 2.8 Notably, the coating antigen ZEN-OVA (CMA) was prepared via the

same method.

NH,O0H-HCI
pyridine
OH 0O CH,
H+
0 N BSA
——
IBCF, TNBA —
OH = \ OH \
N—O0CO(CH,),COOH N—O0CO(CH,),CONH—BSA
ZENO-HS ZEN-BSA

Figure 2.8. Synthesis route of the ZEN-BSA by the CMA method.
(3) FA method
Briefly, the experiment was designed according to an initial molar ratio of
50:1 (ZEN to BSA). Exactly 5 mg (0.0157 mmol) ZEN was dissolved in 1 mL of
dimethylformamide (DMF), then added dropwise to 1 mL at a concentration of 20
mg/mL c¢cBSA activation solution, 60 uL 37% formaldehyde aqueous solution
(containing formaldehyde 0.8 mmol) was added, and the reaction was magnetically
stirred at room temperature for 24 h. The reaction solution was dialyzed with PBS
at 4 °C for three days, and the PBS was changed once a day. The dialyzate was
collected and stored at 4 °C for subsequent use. The synthetic route of ZEN-BSA
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(FA) is shown in Figure 2.9. Similarly, the coating antigen ZEN-OVA (FA) was

prepared via the same method.

N ppa N2
BSA ——»=BsA_ H
COOH EDC ﬁ/
0
BSA cBSA
OH O CH, N
/k/\ E ’ \BSA
H
HCHO 0 7NN
— H I
/ O
OH 0
ZEN-BSA

Figure 2.9. Synthesis route of the ZEN-BSA by the FA method.
(4) BDE method
Briefly, the experiment was designed according to the initial molar ratio of
50:1 (ZEN to BSA), 5 mg (0.0157 mmol) of ZEN was dissolved in 0.5 mL of
dimethylformamide (DMF), 31 uL (0.157 mmol) 1,4-butanediol diglycidyl ether
(BDE) was dissolved in 0.5 mL of double-distilled water (ddw) and added
dropwise to the above solution. Then, pH value was adjusted to 10.8 with 1 mol/L
NaOH and magnetically stirred at room temperature for 4 h; this formed the hapten
activation solution. The hapten activation solution was added dropwise to 1 mL of
cBSA activation solution with a 20 mg/mL concentration, the pH value was
adjusted to 10.8 with 1 mol/L NaOH, and the reaction was stirred at 4 °C for 4 h.
The reaction solution was dialyzed with PBS at 4 °C for three days. The dialysate
was changed once a day. After collection, the dialysate was stored at —20 °C for
subsequent use. The synthetic route is shown in Figure 2.10. The coating antigen

ZEN-OVA (BDE) was prepared via the same method.
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Figure 2.10 Synthesis route of the ZEN-BSA by BDE method.

(5) AGA method

Briefly, in the first step, 0.1 mmol ZEN, 0.1 mmol ZrO (NOs),, and 5 mL
acetonitrile were added into a reaction tube under nitrogen atmosphere and then the
mixture was stirred under refluxed condition for 16 h, and obtained 5-NO,-ZEN. In
the second step, 0.3 mmol 5-NO,-ZEN was dissolved in 5 mL hydrochloric acid,
and the iron powder were added into the solution. Subsequently, the reaction was
conducted at room temperature for 2 h. After being filtered and concentrated, the
5-NH;-ZEN was obtained. 20 mg (0.00015 mmol) of BSA was dissolved in 1 mL
of 0.1 M phosphate buffer (pH 6.8). 5 mg (0.015 mM) of 5-NH2-ZEN was
dissolved in 500 pL of methanol, 60 puL of 2% GA solution was then added and
stirred for 4 h at room temperature. After the reaction, the reaction solution was
added dropwise to the BSA solution, and stirred for 12 h at room temperature. The
reaction mixture was dialysed against PBS for three days, and the resulting ZEN-
BSA conjugate was stored at 4 °C for subsequent use. The coating antigen ZEN-

OVA (AGA) was prepared via the same method.



94

OH O  CH, OH O CH,

O ZrO(NO3)2 O
Acetonitrile, 80 °C
Z =
HO 0 HO O
ZEN NO, 5-NO,-ZEN
OH o CHj, OH (0] CH;
Fe, HCI1
0 GA, BSA 0
RT, 2h _ Methanol, RT
HO 0 HO = 0
NHZ N:CH_(CH2)3_CH:N_BSA
ZEN-BSA
5-NH,-ZEN

Figure 2.11 Synthesis route of the ZEN-BSA by AGA method.

2.4 Identification of AFB1 and ZEN antigens

UV identification PBS was used as blank control to calibrate the baseline.
We prepared a Img/mL BSA solution and diluted immunogen to a 1 mg/mL
protein concentration. The concentration of the AFB1 or ZEN standard was made
to 20 pg/mL. We did a scan within the wavelength range of 200 to 450 nm,
analyzed the scanning spectrum, and calculated the molecular binding ratio of
conjugates based on Lambert—Beer law, A = ¢CL (where A is the absorbance
value, € is the molar extinction coefficient, (constant value), C is the solute
concentration, and L is the optical path) [203].

SDS-PAGE identification Here, 5% concentration gel and 12% separation
gel were selected for electrophoresis analysis. The test voltage for the concentrated
gel was 100 V, while that for the separation gel was 60 V. Also, 10 pL/hole sample
volume and 10 pg/hole protein content were used. After the Coomassie brilliant
blue staining, the molecular binding ratio of conjugates was calculated by
ultraviolet gel imaging system analysis software [204].

Preparation of AFB1 pAb and ZEN pAb Balb/c mice were immunized
with 11 kinds of immunogens including 6 kinds of AFBI-BSA and 5 kinds of

ZEN-BSA, divided into 11 groups, 5 mice in each group. The immunization
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method was subcutaneously injected into the neck at multiple sites. The
immunization dose was 50 pg/head, calculated according to the amount of BSA in
each immunogen. Mice were immunized once every four weeks, five times. In the
first immunization, immunogen was dissolved in sterilized PBS and emulsified
with the same amount of FCA. In the enhanced follow-up immunization,
immunogen was dissolved in sterilized PBS and fully emulsified with an equal
amount of FIA and this was administered four weeks after the first immunization.
Later, 21 days after the last immunization, the tail was cut off for blood collection.

The serum was separated to obtain pAb.

2.5 Identification of pAb

Titers measurement The pAb titers for AFB1 or ZEN were tested through
indirect non-competitive ELISA (inELISA) using the procedure described by Han
et al. [205]. The coating antigen AFB1-OVA or ZEN-OVA was diluted in CBS at
2 pg/mL, and 100 mL/well added to the 96-well microplate, incubated at 37.8 °C
for 2 h. After three times wash with PBST, unbound active sites were blocked with
250 pL/well of blocking buffer at 37.8 °C for 1 h or 4 °C overnight. After
subjecting the microplate to another wash, 50 mL/well of pAb with appropriate
dilution was added and incubated for 15 min at 37.8 °C.

After another washing procedure, GaMIgG-HRP (50 mL/well) was added,
followed by incubation for 30 min at 37.8 °C. After six times wash, we added onto
the microplate (60 pL/well) freshly prepared TMB solution, followed by
incubation at room temperature for 10 min.

The reaction was stopped by adding 2 mol/L H>SO4 (100 mL/well), then
measurements of absorbance were taken at 450 nm. Pre-immunization serum and
PBST was used as a negative control and blank control, respectively, which we
included in all assays. The pAb titers were defined as the reciprocal of the dilution

that resulted in an absorbance value, twice the blank value. Each pAb sample and
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negative sample were repeated for six times, and the average value was taken.
Among the all groups of mice immunized with corresponding immunogen, the
mice with the highest titers in each group were selected for evaluating the immune
effects of the immunogen.

Sensitivity identification We determined the sensitivity at 50% inhibition
concentration (IC50) of AFB1 or ZEN, whereas the IC50 value was determined via
indirect competitive ELISA (icELISA) using the procedure described by Imtiaz et
al. [206]. The icELISA method was the same as the inELISA except that after
blocking, a competition step was introduced by adding 50 mL/well of the analyte,
followed by 50 mL/well of appropriate antibodies.

The inhibition rate B/B0% of different concentrations of AFB1 to AFBI1
pAb (or ZEN to ZEN pAb) was assessed by icELISA, where B denoted the
absorbance value of different AFB1 (or ZEN) concentrations, and B0 represented
the absorbance value of AFB1 (or ZEN) 0 concentration. The inhibition curve was
drawn using B/B0% as the ordinate and the logarithm of different AFB1 (or ZEN)
concentrations as the abscissa. We then deduced the regression equation and
calculated the IC50 for AFB1 (or ZEN). Each pAb sample was repeated three
times and the average value was taken.

Among the four groups of mice immunized with four immunogens, the mice
with the lowest IC50 value for AFB1 (or ZEN) in each group were selected to
evaluate the sensitivity of each pAb.

Specificity assessment The cross-reactions test (CR) as described by
Ertekin et al. [207] was employed to assess the specificity of each pAb. According
to the CR, AFBI1 and its analogs including AFB2, AFG1, AFG2, AFM1, AFM2,
and ZEN and its structural analogs including a-ZAL, B-ZAL, a-ZOL, B-ZOL, ZON
were selected as inhibitors, respectively. The IC50 values for AFBI1 (or ZEN) and
other inhibitors were determined by icELISA. The percentage of IC50 value for
AFBI1 (or ZEN) to IC50 value for each inhibitor was considered the cross-reaction
percentage (CR%). The CR% was calculated using the formula: CR (%) = [IC50
(AFBI1 or ZEN)/IC50 (AFB1 analogs or ZEN analogs)] x100%. One sample of
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each pAb with the lowest IC50 value for AFB1 or ZEN was selected from the mice
immunized with each immunogen for specificity determination. Each sample was

repeated for three times and the average value was taken.

2.6 Preparation of AFB1 mAb and ZEN mAb

Four days before cell fusion, the mouse with the highest titer, the lowest
IC50 value, and the minimum CR value in each group was administered an
intraperitoneal booster injection of 200 pg of corresponding immunogen without
any adjuvant. Then, the mouse was sacrificed, and the spleen was harvested to
generate hybridomas.

Cell fusion and screening of positive hybridoma cell lines were performed
using common operation methods [208, 209] with some modifications. Briefly, the
splenocytes were isolated and fused with NSO myeloma cells at a 10:1 ratio using
PEG 1500 as a fusing agent.

The fused cells were put into 96-well culture plates where mouse peritoneal
macrophages were prepared as feeder cells from young Balb/c mice the day before
and grown with a selective HAT medium. After 10 to 14 days, an inELISA and an
iIcELISA were used to screen the positive hybridoma colonies obtained from
supernatants.

The positive clones were then transferred to 24-well plates to culture. After
seven days, positive hybridomas were subcloned thrice using the limiting dilution
method. The colonies of interest were then frozen in a culture medium containing
10% DMSO, cryopreserved in liquid nitrogen, then defrosted thrice to screen and
identify the stable hybridoma cell lines.

The in vivo-induced ascites method was used to produce several AFBI1 or
ZEN ZEN mAbs [206]. Briefly, a mature female Balb/c mouse was
intraperitoneally injected with 0.8 mL of paraffin ten days before receiving an

intraperitoneal injection of the positive hybridoma cells (1 to 5 x 10° cells). Ascites



98
fluid was collected two weeks later. The saturated ammonium sulfate precipitation
method was used to purify the AFB1 or ZEN mAb and then stored at —20 °C for

subsequent analysis.

2.7 Assessment of AFB1 mAb and ZEN mAb

Karyotypes of mAbs. The colchicine blocking method was used to identify
Karyotype [210].

Isotypes of mAbs. A commercially available mouse mAb isotype kit was
used to determine the class and subclass of each mAb isotype.

Stability of mAbs The cryopreserved hybridoma cells were resuscitated and
passaged once every ten days, five times, and an inELISA and an icELISA were
used to detect the antibody titers and IC50 values of AFB1 or ZEN in the
supernatants at different passages to determine the stability of the hybridoma cells
secreting an antibody [211].

Affinity of mAbs. The Batty saturation method was used to determine the
affinity, as follows:Ka = (n—1)/[2(n[Ab']t—[Ab]t)], where n = [Ag]/[Ag'], [Ag]t and
[Ag']t indicate the different concentrations of a coating antigen, and [Ab]t and
[Ab']t represent the corresponding 50% Amax value of the AFBI or ZEN mAb
concentration when the coating antigen is of different concentrations [212].

Sensitivity of mAbs. An icELISA was used to determine the IC50 value of
the AFB1 or ZEN mAb, and the IC50 value represents the sensitivity of mAbs
against analytes [213].

Specificity of mAbs. The method for assessment of the specificity of mAbs
was the same as that of pAbs, as described above for assessment of the specificity

of AFB1 (or ZEN) pAbs.

2.8 Optimization of ELISA conditions for mAbs evaluation

To promote the performance of the icELISA, a checkerboard titration

procedure was employed to determine the optimal dilutions of all corresponding
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coating antigens, AFB1 mAbs (or ZEN mAbs) and GaMIgG-HRP, in which the
well with an absorbance value of 1.0 at 450 nm was defined as theirs optimal
working concentrations for icELISA. The ratio of Amax /IC50 (Amax represents
maximal absorbance, and IC50 was calculated via regression equation) was used as
the evaluation criteria, and some physicochemical parameters, such as the
methanol concentration (5, 10, 20, 30, 40 and 50%, v/v), ionic strength (5, 10, 20,
30, 40 and 50 mM PBS/NaCl), and pH value (5.0, 6.0, 7.0, 7.4, 8.0 and 9.0) of the
assay buffer were tested and optimized [214, 215]. The AFBI1 (or ZEN) standard
stock solution was diluted in 30% methanol-PBS (30:70, v/v) at various
concentrations (0.33, 1.0, 3.0, 9.0, 27.0, 81.0, and 243.0.0 ug/L), and a seven-point
standard curve of icELISA under the above optimized conditions was achieved by
plotting the gradient concentrations (Log C) versus the B/B0% values (proportion
of mean absorbance value of the standards (B) divided by that of the zero standards
(B0) in triplicate experiments), and then a four-parameter logistic regression
equation was deduced and the IC50 was calculated [216, 217].

Preparation and identification of colloidal gold Colloidal gold was
prepared by sodium citrate reduction method [31,32], the method was as follows:
198 mL of ultrapure water and 2 mL of 1% chloroauric acid aqueous solution were
added to a 250 mL erlenmeyer flask to configure a total volume of 200 mL and a
final concentration of 0.01 % chloroauric acid aqueous solution. Then put the
chloroauric acid aqueous solution on a heated magnetic stirrer and heated it until
the liquid boils. After boiled for 5 minutes, added 1% NazCsHsO7 * 2H,0O solution
dropwise. The color of the solution changed from light yellow to purple red from
light to dark. When it was a transparent wine color, boiled for another 10 min and
let it cooled down at room temperature. After the solution was cooled to room
temperature, made up to the original volume with ultrapure water, filtered with a
0.22 pm microporous membrane, added sodium azide (NaNs3) with a mass
concentration of 0.05%, and stored at 4 °C for later use.Colloidal gold was
identified by Visual observation, UV scanning and projection electron microscopy

scanning [218].
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Visual observation method: The color of colloidal gold with different particle

sizes was different. As the particle size increased, the color of colloidal gold
become darker, ranging from wine red to dark red.

The corresponding color changes of colloidal gold with various particle sizes

are shown in Table 2.1.

Table.2.1

The corresponding color changes of colloidal gold with different particle

sizes
Colloidal gold particle size 2-5 5-20 20-40 >40
(nm)
Color orange-yellow | Red wine color | Dark red | Blue

Placed the colloidal gold in a clean glass instrument and observed the color
of the colloidal gold with the naked eye. If the color was translucent wine red, the
color quality of the colloidal gold was good.

UV scanning method: The different colloidal gold particle size resulted in
different UV absorption peak positions, different colloidal gold particle uniformity
had different absorption peak width, colloidal gold particle uniformity was good,
the absorption peak width was small, and the uniformity was poor, the absorption
peak width was large. To Take a certain amount of colloidal gold solution and
perform ultraviolet scanning in the wavelength range of 400-600 nm to identify the
quality of colloidal gold. The UV absorption of colloidal gold with different
particle sizes is shown in Table 2.2.

Table.2.2

Uv absorption wavelength of colloidal gold with different particle sizes

Colloidal gold particle size 2-5 5-20 20-40 60
(nm)

maximum absorption wavelength 516 520 530 600
(nm)
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Transmission electron microscope scanning method: To use H-7650
transmission electron microscope to observe the particle size and shape of colloidal
gold. Take 1 drop of colloidal gold and drop it on a nickel mesh pre-covered with
formvar and Poly-L-lysine, incubated for 10 min, dried at room temperature, and
then observed the particle size, shape, uniformity, etc. of the colloidal gold under a
transmission electron microscope. If the size of the colloidal gold was uniform and

the shape was regular and spherical, the quality of the colloidal gold was better.

2.9 Preparation of colloidal gold-labeled mAb

Screening of the optimal pH value for labeling The pH value of colloidal
gold had a greater impact on the labeled antibody. When the pH value of colloidal
gold was equal to the isoelectric point of the antibody, the antibody was in an
electrically neutral state, and the electrostatic interaction with colloidal gold was
small, and its surface tension was the largest and in the hydrated state, it was easily
adsorbed by colloidal gold. A protein layer was formed on the surface of colloidal
gold to prevent the contact between colloidal gold and keep the colloidal gold in a
stable state. If the pH value of colloidal gold was lower than the isoelectric point of
the protein, coagulation will occur. Conversely, when the pH was higher than the
isoelectric point of the protein, the protein will not bind to the colloidal gold. In
addition, the factors that affect the stability of the gold-labeled antibody were the
amount of antibody used [219]. Too little antibody was not enough to keep the
colloid stable, and too much antibody will cause unnecessary waste.

500 pL colloidal gold was added to 10 centrifuge tubes (1.5 mL)
respectively, then 0.2 mol/L K>COj; solution was added 0, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, and 9.0 pL to each tube, and 20 uL of AFBI mAb (or ZEM mAb)
with a concentration of 1 mg/mL was added to each tube, and the reaction was
allowed to stand for 10 min. Then 30 puL of 10% NaCl was added to each tube and
let it stand for 2 h to observe the color change of each tube. Compared with the
blank colloidal gold, the lowest pH value corresponding to the color of the solution

did not change was the optimal pH value of the colloidal gold. A more accurate
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measurement method was the UV scanning method, and the method was as follows.
After the antibody was added, the mixed solution with no change in color and no
coagulation was centrifuged at 5000 r/min for 10 min, and the supernatant was
collected. The inELISA was used to determine the supernatant, and the addition of
K>COs as the abscissa, and the absorption value as the ordinate to draw a graph,
the pH value corresponding to the addition of K,COs; when the minimum
absorption value appears was the optimum pH value.

Determination of the optimal labeling concentration of colloidal gold
and mAb The gold-labeled antibody was prepared by the Mey's series stabilization
method [220], which was as follows. Briefly, 50 uL/well of ddw was added to 9
wells of the microplate, started from the first well, 50 pL of AFB1 mAb was added
and double diluted to the 8th well in turn, the 9th well was the blank control (BC).
Then 50 pL of colloidal gold solution with appropriate pH was added to each well,
let stand for 10 min at 37 °C. Later, 100 pL of 0.1% NaCl solution was added and
let stand for 10 min at 37 °C. After reaction, the color development of each well
was observed. Due to the binding reaction between AFB1 mAb and gold particles,
when the amount of AFB1 mAb was small and the gold particles were abundant,
the color of the solution would change from red to blue, and precipitation would
appear. Choose the color of the solution to be red without precipitation, and the
actual amount of colloidal gold required for AFB1 mAb was an increase of 20% on
this basis. The same method was used to determine the actual amount of colloidal
gold required for ZEN mAb.

Preparation and purification of gold-labeled mAb According to the above
results, the actual amount of colloidal gold required for AFBI mAb (or ZEN
mAb), mixed colloidal gold and AFB1 mAb (or ZEN mAb), let stand for 0.5 h at
37°C, then 10% BSA (w/v) was added. After following incubation for another 30
min, the mixture was centrifuged at 12,000 r/min for 30 min at 4 °C, discard the
supernatant, and resuspend the precipitate with colloidal gold resuspension,
repeated centrifugation once, filtered with 0.45 um membrane, and stored at 4 °C

for future use [221].
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Selection of resuspension for gold-labeled mAb The gold-labeled
antibodies were resuspended with 0.01 mol/L. PBS buffer (pH 7.4), 0.01 mol/L
Tris-HCI buffer (pH 7.4) and 2 mmol/L Na,B4O7 buffer (pH 7.4), and performed
high-speed low-temperature centrifugation, to observe the state of the purified
gold-labeled antibodies and whether there was precipitation [222].

Selection of preservation solution for gold-labeled mAb To prepare
resuspension solution containing 1% BSA and 0.05% NaN3, resuspension solution
containing 10% sucrose and 0.05% NaN3, and resuspension solution containing
1% BSA, 10% sucrose, and 0.05% NaN3, respectively, then used them as a gold-
labeled antibody storage solution, stored the gold-labeled antibody at 4°C,
recorded the storage time and the parameter changed of the prepared test strip,
selected the group with a longer storage time and less changes in the parameters of

the test strip as gold Label antibodies preservation solution [222].

2.10 Optimization and assembly of test strip

Selection of nitrocellulose membrane Since different nitrocellulose (NC)
membrane had different pore diameters, flow rates and other properties, it was
necessary to test NC membranes of different manufacturers and specifications on
the current market in order to screen the most suitable NC membrane for this
experiment. Millipore 135, Millipore 180, Prima 40, Prima 85, AE 99, CN 140, HF
135, HF 180, Immunopore FP, and PALL 170 were 10 kinds of commonly used
NC membranes were tested. by comparing the migration rate, whether there were
flow obstacles, whether there was a detection line for dispersion, color depth of
detection line, etc., select the best NC film for this experiment [223, 224].

Selection of the gold-labeled pad The quality of the gold-labeled pad had a
vital impact on the entire colloidal gold detection system. 4 kinds different gold-
labeled pads, including SB06, SB08, 8964, and 6613, were selected for testing.
According to the release of gold-labeled antibodies of different gold-labeled pads,
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whether in case of precipitation, selected the best gold-labeled pad for this
experiment.

Selection of the sample pad SB06 and SB08 glass fiber were chosen as the
candidate sample pads, and extracted the diluent by dripping the negative sample
extraction diluent and the positive spiked sample to extract the diluent, and
selected the optimal sample pad according to the extraction effect.

Treatment of sample pad and gold-labeled pad To cut the glass fiber
cotton into two specifications of 300x7.5mm and 300x15mm respectively, soak
the glass fiber cotton of 300x7.5 mm in the gold-labeled pad treatment solution,
and dried at 42 °C for 1 h, and the pad was gold-labeled pad for use. 300x15mm
glass fiber cotton was soaked in the sample pad treatment solution and dried at 45
°C for 4 h, and the pad was the sample pad for use.

Selection of optimal concentration combination of gold-abeled antibody,
coated antigen and secondary antibody First, to determine the working
concentration of the mouse-derived secondary antibody for the NC membrane C
line, selected goat (or rabbit) anti-mouse IgG (GaMIgG or RaMIgG) as the
secondary antibody, configured the working concentration with PBS to 1.0 mg/mL,
and coated it on the C line of the NC membrane. Then configured the T line with
PBS to detect the antigen AFB1-BSA concentration in order of 2.0, 1.0, 0.5, 0.25,
0.125, 0.625 mg/mL, coated on the T line of the NC membrane. While configured
the gold-labeled AFB1 mAb with the gold-labeled antibody preservation solution,
and the dilution ratio of AFB1 mAb was 1:1, 1:2, 1:4, 1:8, 1:16, and 1:32, sprayed
on the gold label pad. The square matrix method was used to select the best
concentration combination, and AFBI1 standard was use as a positive control, and
the concentration that can obtain the best sensitivity of the test strip was selected as
the best working concentration of AFB1-BSA and gold-labeled AFB1 mAb.
Similarly, the best working concentration of ZEN-BSA and gold-labeled ZEN
mAb was selected.

Assembly of test strip The test strip was generally composed of a PVC

plastic bottom plate, a NC membrane, a colloidal gold pad, a sample absorption
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pad, and an absorbent pad. The PVC bottom plate was used to provide an assembly
platform, and the NC membrane had a migration rate effect. C line coated with
secondary antibody, T1 line (AFB1) and T2 line (ZEN) coated with two antigens
AFB1-BSA and ZEN-BSA, respectively. The colloidal gold pad was coated with
gold-labeled AFB1 mAb and gold-labeled ZEN mAb (The ratio of gold-labeled
ZEN mAb and gold-labeled ZEN mAb was 1:1 mixing), and the sample pad
provided the place where the sample to be tested is added. When assembling, the

joints of each part should overlap by 2-3mm. The assembly diagram was shown in
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Figure 2.12.

Figure 2.12 The plane schematic diagram of dual test strip.

2.11 Optimization of sample processing methods

Selection of extraction solvent. To compare the extraction effect of ethyl
acetate, acetonitrile and methanol. 1.0 g of corn flour sample was added into a
centrifuge tube (10 mL), 5 mL of extractant was added, vortexed for 5 min,
centrifuged at 4000 r/mim for 2 min. Then 100 uL of the supernatant was added
into a centrifuge tube (1.5 mL), 400 uL of 0.2 mol/L PBS (pH 7.4) was added and
mixed well for later use.

Selection of extraction time 1.0 g of corn flour sample was added into a

centrifuge tube (10 mL), 5 mL of extractant was added to the centrifuge tube, and
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vortexed for 3 min, 5 min and 7 min, respectively, and centrifuged at 4000 r/min
for 2 min. Then 100 pL of the supernatant was added into a centrifuge tube (1.5
mL), then 400 pL of 0.2 mol/mL PBS (pH 7.4) was added and mixed well for later
use.

Judgment of test strip test results The test strip test results had different
judgment methods and different judgment results. Two methods were commonly
used. One was visual inspection without any instrument, which could realize semi-
quantitative detection, and the other was scanning with Bio Dot-TSR3000 strip
reader. The color gradation of the T-line of the test paper could be quantitatively
detected [225, 226].

(1)  Visual inspection The test strip was used to detect the sample, the red
band appeared on the detection line T1 and T2 at the same time, and the sample
was negative, i.e., the content of AFB1 and ZEA in the sample did not exceed the
detection limit. If T1 developed color but T2 did not developed color, the sample
was single positive, i.e., the ZEA content in the sample exceeded the detection
limit. If T1 did not develop color and T2 developed color, the sample was single
positive, i.e., the AFB1 content in the sample exceeded the detection limit. If T1
and T2 were not colored, the sample was double positive, i.e., the sample was both
AFB1 and ZEA content exceeded the detection limit. As shown in Figure 2.13.

(2)  Strip reader scanning method To scan the T line of test strip with the
Bio Dot-TSR3000 strip reader to obtain the relative optical density (ROD) curve of
the T1 line and the T2 line and the peak area G/DXA of the optical density curve.
The test paper detected the standard samples with different AFB1 (or ZEN)
concentrations set to obtain the corresponding G/DxA value. To be taking the log
value of the AFBI (or ZEN) standard concentration as the abscissa, and the
G/DxA value (B) measured under different AFB1 (or ZEN) standard concentration
and G without AFB1 (or ZEN) standard The ratio of /DxA value (B0) was the
ordinate (B/B0), drew the standard curve of the test strip, and fitted the regression
equation, 1.e., the test strip could quantitatively detect the concentration of AFB1

(or ZEN) in the sample.
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Figure 2.13 Schematic diagram of AFB1 and ZEN by dual test strip.

2.12 Measurement of test strip performance

The LOD and detection range of dual test strips [227] (1) The LOD and
detection range of the visual method To prepare AFB1/ZEN mixed standard
solutions with sample extracts, the final concentrations were at 0/0, 0.3125/3.125,
0.625/6.25, 1.25/12.5.0, 2.5/25.0, 5.0/50.0, 10.0/100.0, 20.0/200.0 ng/m L.
200uL/well was added into the microplate, and the dual test strips were used to
detect the two toxins at the same time. Repeated 6 times for each concentration to
determine the LOD and detection range of the test strips. (2) The LOD and
detection range of the scanning method of the strip reader The Bio Dot-TSR3000
strip reader was enployed to scan the T1 line and T2 line of the test strips, and used
the peak area G/DxA data of the optical density curve to draw a standard curve.
When G/DxA was inhibited by 10%, the corresponding target concentration was
determined as the LOD of the test strip, i.e., the LOD of the test strip. The
detection range was calculated according to the deduction formula.

The specificity of dual test strip AFB1 and its analogs including AFB2,
AFGI1, AFG2, AFM1, AFM2 (or ZEN and its analogs including a-ZOL, -ZOL, a-
ZAL, B-ZAL, ZON) and other mycotoxins including DON, OTA, T-2 toxin were

selected as competitors, and the standard solutions with concentrations of 1.0, 2.0,
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4.0, 8.0, 16.0, 32.0, and 64.0 ng/mL with the sample extract were prepared. 200
puL/well of each standard solution was added into the microplate, and used the dual
test strip to simultaneously detect the above-mentioned competitors. Repeated 6
times for each concentration to test the specificity of the dual test strip [228].

Reproducibility of dual test strip 6 batches of dual test strip were from
different batches, and were used to test the concentrations of the AFB1/ZEN mixed
standard solution at 0/0, 0.3125/3.125, 0.625/6.25, 1.25/12.5.0, 2.5/25.0, 5.0/50.0,
10.0/100.0, 20.0/200.0 ng/mL, respectively, and each concentration was repeated 6
times. The test results were used to determine the reproducibility of the dual test
strip.

Determination of accuracy and precision of dual test strip The additive
recovery test was usually used to evaluate the accuracy of the test strip. The AFBI
and ZEN standard solution were added to the crushed corn samples to make the
final concentrations of 2.0, 4.0, 8.0 ng/g and 5.0, 10.0, 20.0 ng/g respectively,
stirred well, and then processed the samples according to the sample treatment
method and tested with dual test strip. Each concentration was repeated 10 times,
the recovery rate of dual test strip was measured to evaluate its accuracy, and the
coefficient of variation (CV) was calculated to evaluate the precision of the dual
test strip [229].

Determination of the validity period of dual test strip Due to the good
stability of the dual test strip, the validity period was 12 months when stored in an
ordinary refrigerator (2 to 8 °C), and the validity period was 6 months when stored
in a dry condition at room temperature (25 °C). In order to shorten the test strip
storage validity period, this test used accelerated stability test to evaluate the
stability of the dual test strip.

The dual test strips were stored at 45 °C. The test was based on the
Arrhenius formula to calculate different temperatures and accelerated test days.
The relationship between storage at 45 °C for 40 d was equivalent to storage at
room temperature 25 °C for 1 year. Therefore, in this experiment, the same batch

of dual test strips were stored in the dark at 45 °C, and dual test strips were tested
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on the Oth, 10th, 20th, 30th, 40th, and 50th d, and the dual test results of different
storage time were observed to determine the quality [230].

False positive rate and false negative rate of dual test strip The dual test
strip was used to detect 20 positive samples (AFB1>5 ng/mL, ZEN>50 ng/mL) and
20 negative samples (AFBI<5 ng/mL, ZEN<50 ng/mL), calculated the false
positive rate and false negative rate of the test strip, the calculation formula is as
follows, false positive rate (%) = number of detected positives/20x100. False

positive rate (%) = number of detected negatives/20x100.

2.13 Comparative analysis of the results of dual test strip and HPLC-
MS/MS

30 samples were obtained from the Agricultural Quality Standards and
Testing Technology Research Center of Henan Academy of Agricultural Sciences,
including 10 corn samples, 10 peanut samples and 10 feed samples. The detection
targets were AFB1 and ZEN, and HPLC-MS/MS was attached. The test results
were tested with the developed AFB1 and ZEN dual test strip, and each sample
was tested repeatedly for 3 times to obtain the average value. The concentrations
detected by HPLC-MS/MS in each sample were used as the abscissa, and drew a
scatter plot with the concentration detected by dual test strip as the ordinate to
generate a regression curve, and the R? of the regression curve was used to
evaluate the two detection methods. The relevance of the test results was used to
evaluate the reliability of the dual test strip [231, 232]. Meanwhile, the author
collected 20 corn samples, 20 peanut samples and 20 feed samples from the market,
and tested them with dual test strip and HPLC-MS/MS, and determined the
coincidence rate according to the test results.

Data statistics and image processing Origin Pro 2018 (OriginLab
corparation, Northampton, USA) and Excel software (Microsoft Corparation,
Redmond, WA, USA) were used for plotting the standard curves and the data
analysis. ChemSketch 12.0 (Advanced Chemical Development Co., Ltd, Victoria,

Canada) was used to sketch the chemical formulas.
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CHAPTER 3
RESULTS OF OWN RESEARCH

3.1 Identification of AFB1 and ZEN immunogens

3.1.1 Identification of AFB1 immunogens

3.1.1.1 UV identification

The results were shown in Figure.3.1. In the range of 200 to 500 nm, the
characteristic peak of BSA was at 278 nm and the characteristic peak of AFB1 was
at 363 nm. The immunogens AFB1-BSA synthesized by OAE, MOA, MA, SA, EP
and EED methods all contained the characteristic peaks of BSA and AFBI,
indicating that the immunogens AFB1-BSA could be synthesized by the above six
methods. The calculation results of molecular binding ratio of BSA and AFBI

were shown in Figure Table.3.1.

45 r ——BSA AFB1
AFB1-BSA [(OAE) AFB1-BSA(MOA)
4.0
—— AFB1-BSA (MA) —— AFB1-BSA(SA)
35 | —— AFB1-BSA(EP) —— AFB1-BSA(EED)
3.0 | )

Absorbance
[&¥]
L

o L1/
s ]/
L0 H

05 F

0.0

200 220 240 260 280 300 320 340 360 380 400 420 440

Wavelength (nm)
Figure.3.1 UV spectra of BSA, AFB1 and AFB1-BSA synthesized by

different coupling methods.
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Table.3.1

Molecular binding ratio of AFB1-BSA prepared by six methods

Synthesis Initial molar ratio of AFB; to Molecular binding ratio of Usage ratio of AFB,
methods BSA AFB,;-BSA (%) ?

OAE 50:1 8.64:1 17.28

MOA 50:1 6.88:1 13.76

MA 50:1 10.78:1 21.56

SA 50:1 4.46:1 8.92

EP 50:1 6.38:1 12.76

EED 50:1 2.31:1 4.62

Note: # Compared to the molecular weight of BSA and AFB;, BSA is 66.446, AFBI is 312, BSA is

much larger than AFB,, so the utilization rate of BSA is 100% when the utilization ratio is calculated.

3.1.1.2 SDS-PAGE identification

The results were shown in Figure.3.2. The bands of six immunogens AFBI -
BSA lagged behind those of BSA, indicating that the molecular weight of AFB1-
BSA was greater than that of BSA, so it could be judged that the synthesis of
AFBI1-BSA was successful.

29.0KD

201KD
143KD

(o8]

Figure.3.2 The SDS-PAGE photo of AFB1-BSA immunogens. 1.Maker;
2.BSA; 3. AFB1-BSA(OAE); 4. AFB1-BSA(MOA); 5. AFB1-BSA(MA);
6.AFB1-BSA(SA); 7. AFB1-BSA(EP); 8. AFB1-BSA(EED).
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3.1.1.3 Analysis of immunological characteristics of AFB1 pAbs

(1)Titers measurement. The results of titers measurement were shown in
Figure.3.3. After 5 rounds immunization, one mouse with the highest titer was
selected from each group of 5 mice, and a total of 6 mice were selected. The titers
were measured and compared by indirect noncompetitive ELISA (inELISA), and
the titers reached 1:( 1.6x10°), which showed that the immunogen AFB1-BSA
synthesized by the six methods all had good immunogenicity. The evaluation the
immunoreactivity of the 6 groups of immunogens according to their titers.
According to the strength of the immune response, the order was OAE, MA, MOA,
SA, EP and EED. The OAE group and MA group had the best immune response
effect, and the titers reached 1: (6.4x10%), respectively.

1,8 L —— AFBI pAb(MA)
L6 AFB1 pAb(MOA)
—+— AFBI pAb(OAE)
—=— AFBI pAb(SA)
12 —=— AFBI pAb(EED)
—-— AFBI pAb(EP)

—=—Negative

Absorbance at 450 nm

0 10 20 30 40 50 o0 70 80 90 100 110 120 130

Dilution factor of AFB; pAb (x100)
Figure.3.3 The titers of AFB1 pAbs were measured by inELISA. Each

point represents the mean of three replicates (n = 3).

(2) Sensitivity measurement

The results were shown in Figure.3.4 The indirect competitive ELISA
(icELISA) inhibition curve of 6 immunized mice had a good linear relationship.

The OAE group had the best sensitivity, with an IC50 of 10.14 pg/L. The



113

sensitivities of the other groups were inferior to that of the OAE group. The
regression equation, R? value and IC50 value of AFB1 pAb to AFB1 icELISA

determination curve were shown in Table.3.2.

100

80
70
60
50
40

Inhibition percentage B/B0%

%0 - R

30 Fy=-32,300x + 82,509
20 I R2=0.9936

0 0.5

1

1.5 2

Lg[AFB1 concentration] (ug/L)

Figure.3.4 The sensitivity measurement of AFB1 pAb to AFB1 by

icELISA. The values indicate the mean of three independent assays (n = 3).

Table.3.2
The regression equation, R* and ICso of AFB1 pAb to AFB1 by icELISA
Group Regression equation R? value IC50
(ng/kg)
OAE y=—32.309x+82.509 0.9936 10.14
MOA y=—31.822x1+99.59 0.9943 36.18
MA y=—31.546x+97.263 0.9938 31.49
SA y=—32.875x1+92.292 0.9966 19.36
EP y=—25.245x1+99.481 0.9932 91.21
EED y=—22.979x+107.8 0.9894 307.81

(3) Specificity measurement

The results were shown in Table.3.3. The antibodies prepared by the six

methods could recognize AFB1 100%, and the OAE method had better specificity
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and sensitivity with an IC50 of 10.14 pg/kg and a CR of 86.46% with AFB2, and
the CR of AFG1 and AFG2 were 44.13% and 14.72%, respectively. The antibodies
prepared by other methods had good specificity and could recognize AFB1 100%,
but their sensitivity is not as good as the antibodies prepared by the OAE method.
The results showed that the best antigen synthesis method for preparing antibodies

against AFB1 with high sensitivity and strong specificity was the OAE method.

Table.3.3

The percent cross-reactivity of AFB1 pAb with AFB1, AFB2, AFG1, AFG2,
AFM1, and AFM2

AFs | AFBipAb(OAE) | AFB;pAb(MOA) | AFBipAb(MA) | AFBipAb(SA) | AFBipAb(EP) | AFB;pAb(EED)

ICs0 CR | ICso CR | ICso CR | ICso CR | ICs CR | ICs CR

(ngrkg) | (%) | (ng/kg) | (%) | (ng/kg) | (o) | (nglkg) | (%) | (ng/kg) | (%) | (ng/kg) | (%)

AFBI | 10.14 | 100 | 36.18 100 | 3149 [ 100 | 1936 | 100 | 9121 100 | 307.81 | 100

AFB2 | 16.56 61.23 | 46.03 78.61 | 46.85 67.22 | 23.83 81.26 | 144.14 | 63.28 | 590.13 52.16

AFG1 | 23.39 43.35 | >1000 <0.5 | >1000 | <0.5 | 35.67 5427 | >1000 | <0.5 | >1000 | <0.5

AFG2 | 70.11 14.72 | >1000 <0.5 | >1000 | <0.5 | 79.41 24.38 | >1000 | <0.5 | >1000 | <0.5

AFM1 | 63.08 16.08 | 741.39 4.88 615.04 | 5.12 | 541.74 | 3.68 >1000 | <0.5 | >1000 | <0.5

AFM2 | 716.67 1.42 >1000 <0.5 | >1000 | <0.5 | >1000 | <0.5 | >1000 | <0.5 | >1000 | <0.5

3.1.2 Identification of ZEN immunogens

3.1.2.1 UV identification

In the range of UV 220-450 nm, BSA had characteristic absorption peaks
for UV at 278 nm, and ZEN had characteristic absorption peaks for UV at 236 nm,
274 nm, and 316 nm, respectively (Figure.3.5). The immunogens ZEN-BSA
synthesized via the five methods (OAE, CMA, FA, BDE, and AGA) all showed
the haracteristic absorption peaks of BSA and ZEN, or the characteristic absorption
peaks were shifted. Thus, the above four methods could synthesize the artificial
immunogen ZEN-BSA. According to the Lambert-Beer law, the formula A=¢CL
(where: A denotes the absorbance value read by the instrument; € denotes the
molar extinction coefficient, which is a constant value; C denotes the solute

concentration in the solution; L represent the optical path, as determined by the
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instrument), was applied to calculate the molecular binding ratio of ZEN and BSA

(see results in Table.3.4).

4.0 BSA
——ZEN

3510 — ZEN-BSA (OAE)

3.0 /_.’.f'*-?\ ~ —— ZEN-BSA (CMA)
. N \ ZEN-BSA (FA)
% . \ AN ZEN-BSA (BDE)
£2.0 \ \\ —— ZEN-BSA (AGA)
215 -.

1.0

0.5

0.0

Wavelength

220 240 260 280 300 320 340 360 380 400 420 440

Figure.3.5 UV spectra of ZEN-BSA synthesized via the five methods.

Table.3.4

Molecular binding ratio of ZEN-BSA prepared via the five methods

Synthesis | Initial molar ratio of ZEN | Molecular Usage percentage of
methods | to BSA binding ratio of | ZEN* (%)
ZEN-BSA

OAE 50:1 17.2:1 34.4

CMA 50:1 14.6:1 29.2

FA 50:1 9.7:1 19.4

BDE 50:1 8.3:1 16.6

AGA 50:1 11.6:1 23.2

" Since the molecular weight of BSA (66446) was much larger than that of ZEN

(318.36), the utilization rate of BSA was set to 100% when calculating the
utilization rate of BSA and ZEN.
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3.1.2.2 SDS-PAGE identification

All the electrophoretic bands of the artificial immunogen ZEN-BSA
synthesized via the four methods were lagging behind the BSA bands, indicating
that the molecular weight of ZEN-BSA was greater than BSA. This proved the
successful synthesis of ZEN-BSA (Figure.3.6). Detected by the gel imaging
system, the molecular weight of BSA was 66446 Da, whereas the molecular
weight of ZEN-BSA (OAE), ZEN-BSA (CMA), ZEN-BSA (FA), and ZEN-BSA
(BDE) was 71803 Da, 70994 Da, 69482 Da, and 699023 Da, respectively. The
molecular binding ratios of ZEN and BSA in ZEN-BSA (OAE), ZEN-BSA
(CMA), ZEN-BSA (FA), and ZEN-BSA (BDE) were 17.17:1, 14.57:1, 9.73:1, and

8.26:1, respectively, which concurred with the UV identification results.

972KD -

66.4 KD —

443 KD—

290KD-

201 KD -
143 KD -

Figure.3.6 SDS-PAGE image of ZEN-BSA synthesized via the four
methods. a: Maker; b: BSA; ¢: ZEN-BSA(OAE); d: ZEN-BSA(CMA); e:
ZEN-BSA(FA); f: ZEN-BSA(BDE); g: ZEN-BSA (AGA).

3.1.2.3 Analysis of immunological characteristics of ZEN pAbs

(1) Titers measurement The results of titers measurement were shown in
Figure.3.7. After five round immunization, one immunized mouse with the highest
INELISA titers from each group was selected for comparative analysis. The

INELISA titers of immunized mice with ZEN-BSA (OAE), ZEN-BSA (CMA),
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ZEN-BSA (FA), ZEN-BSA (BDE), and ZEN-BSA (AGA) were 1:(6.4x10%),
1:(6.4x10%), 1:(1.6x10%), 1:(1.6x10%), and1:(6.4x10%), respectively, all of which
attained beyond 1:(1x10%) (Figure 9). Following the above results, the five
immunogens synthesized showed satisfactory immunogenicity. According to the
InELISA titers, the immune effects of the four immunogens were evaluated in the
order of ZEN-BSA (OAE), ZEN-BSA (CMA), ZEN-BSA (AGA), ZEN-BSA
(BDE), and ZEN-BSA (FA).

25 —e— ZEN-BSA (OAE)
—e— ZEN-BSA (CMA)

20 —a— ZEN-BSA (FA)

g L5 [es —<— ZEN-BSA (BDE)

SARE —&— ZEN-BSA (AGA)

=

o 10

=]

£

5 05

B

< 0,0

0 20 40 60 80 100 120
Dilution factor of ZEN pAb (<100)

Figure.3.7. The titers of ZEN pAbs were measured by inELISA. Each
point represents the mean of three replicates (n = 3).
(3) Sensitivity measurement The icELISA curves of the five immunized mice with
the highest inELISA titers selected by each group showed a good linear
relationship (Figure.3.8).
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—— ZEN pAb (CMA)
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ZEN pAb (BDE)
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Lg[ZEN concentration) (ng/L)
Figure.3.8. Sensitivity measurement of ZEN pAb to ZEN via icELISA.

The values indicate the mean of three independent assays (n = 3).
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The regression equation, R value, and IC50 value of the inhibition curve are
shown in Table.3.5. The IC50 value for ZEN by icELISA of each immunogen
ZEN-BSA (OAE), ZEN-BSA (CMA), ZEN-BSA (FA), ZEN-BSA (BDE), and
ZEN-BSA (AGA) were 10.34 ng/L, 16.29 ng/L, 20.92 pg/L, 24.36 pg/L, and 12.77
ug/L, respectively. Using IC50 value for ZEN, in evaluating the immune effect of
the four artificial immunogens, the order was reported as follows: ZEN-BSA
(OAE), ZEN-BSA (AGA), ZEN-BSA (CMA), ZEN-BSA (FA), and ZEN-BSA
(BDE).

4)
Table.3.5
The regression equation, R* and IC50 value for ZEN via icELISA
Group Regression equation R? IC50
(ng/L)

ZEN-BSA (OAE) | y=30.294x+80.733 0.9792 10.34
ZEN-BSA (CMA) | y=31.071x+87.658 0.9895 16.29
ZEN-BSA (FA) y=—31.894x+92.116 0.9918 20.92
ZEN-BSA (BDE) y=—32.173x+94.599 0.9922 24.36
ZEN-BSA (AGA) | y=31.678x+90.341 0.9899 18.77

(2) Specificity measurement ZEN pAb produced by immunizing mice with
ZEN-BSA (OAE), ZEN-BSA (CMA), ZEN-BSA (FA), ZEN-BSA (BDE), and
ZEN-BSA (AGA) could all recognize ZEN 100% (Table.3-6). The ZEN pAbs
from the mice immunized with ZEN-BSA (OAE) and ZEN-BSA (CMA) had

similar characteristics, i.e., they had class broad-specificity for ZEN and its analogs.
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The IC50 value for ZEN by icELISA of the ZEN pAb from the mice immunized
with ZEN-BSA (OAE) was 10.34 pg/L, and the CR values of a-ZAL, B-ZAL, a-
Z0OL, B-ZOL, and ZON were 36.53%, 16.98%, 64.33%, 20.16%, and 10.66%,
respectively. The IC50 value for ZEN by icELISA of the ZEN pAb from the mice
immunized with ZEN-BSA (CMA) was 16.29 ng/L, and the CR values of a-ZAL,
B-ZAL, a-ZOL, B-ZOL, and ZON were 23.55%, 12.18%, 51.86%, 18.62%, and
9.64%, respectively. In terms of class broad-specificity, the ZEN pAb from mice
immunized with ZEN-BSA (OAE) was more prominent.

Whereas, the ZEN pAbs from the mice immunized with ZEN-BSA (FA) and
ZEN-BSA (BDE) exhibited similar characteristics, i.e., they had better specificity
for ZEN but with poor class broad-specificity for ZEN analogs. The IC50 value for
ZEN by icELISA of the ZEN pAb from the mice immunized with ZEN-BSA (FA)
was 20.92 pg/L, and the CR values of a-ZAL, B-ZAL, a-ZOL, B-ZOL, and ZON
were all less than 1%. The IC50 value for ZEN by icELISA of the ZEN pAb from
the mice immunized with ZEN-BSA (BDE) was 24.36 ug/L, except for the higher
CR (36.57%) with ZON, and the CR values of a-ZAL, B-ZAL, a-ZOL, and B-ZOL
were both less than 3%. In terms of specificity, the ZEN pAb from mice
immunized with ZEN-BSA (FA) was more prominent. Surprisingly, the 1C50
value for ZEN by icELISA of the ZEN pAb derived from the mice immunized
with ZEN-BSA (AGA) was 18.77 pg/L, and the CR values of a-ZAL, B-ZAL, a-
Z0L, B-ZOL, and ZON were all less than 5%. The results demonstrated that the
preparation of the class broad-specificity antibodies for ZEN and its analogs can be
achieved by immunizing animals with the immunogen ZEN-BSA prepared by
OAE method, while the preparation of highly specific antibodies for ZEN could be
achieved by immunizing animals with the immunogen ZEN-BSA prepared by the

AGA method.
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Table 3.6
The cross-reaction of ZEN pAb with ZEN and its analogs

Compound | ZEN pAb (OAE) ZEN pAb (CMA) ZEN pAb (FA) ZEN pAb (BDE) ZEN pAb (AGA)

1C50 CR | IC50 CR | IC50 CR | IC50 CR | IC50 CR

(ng/Lb (%)* | (ng/L)* (%)* | (ng/L)* (%)* | (ng/L® (%)* | (pg/lL2® (%)?
ZEN 10.34 100 | 16.29 100 | 20.92 100 | 24.36 100 | 18.77 100
0-ZAL 31.95 32.36 | 69.17 23.55 | 2682.05 0.78 | 1441.42 1.69 | 1268.24 1.48
B-ZAL 68.73 15.04 | 133.74 12.18 | 2582.72 0.81 | 2511.34 0.97 | 1380.15 1.36
a-ZOL 18.14 57.0 | 31.41 51.86 | 3670.18 0.57 | 99024 246 | 525.77 3.57
B-ZOL 57.89 17.86 | 87.49 18.62 | 4358.33 0.48 | 1331.15 1.83 | 1137.58 1.65
ZON 109.48 9.13 | 168.98 9.64 | 2273.91 0.92 | 66.61 36.57 | 38621 4.86

Note. * All of the data were calculated from triplicate assays. ® The compound

standard solution was prepared in 70% methanol-PBS (7:3, v/v).

3.2 Preparation and assessment of AFB1 mAbs and ZEN mAbs

3.2.1 Preparation and assessment of AFB1 mAbs

3.2.1.1 Screening of immunogens and immunization method

Based on the purpose of this study and the results of immunogen
identification and immunological characteristics analysis of AFBIpAb, the OAE
method was selected to prepare immunogen AFB1-BSA, and the Balb/c mice were
inoculated with method of small dose (30 ug/head), long interval (4 weeks) and
two routes (subcutaneous injection on the back and intraperitoneal injection), and

generated high sensitivity and high specificity AFB1 mAbs desired.

3.2.1.2 Selection for potential cell fusion in immunized mice

An inELISA was carried out to measure the titers of AFB1 pAbs from
immunized five mice (as shown in Figure.3.9), all of them had a better positive
immune response with high titers (>103), whereas the No.1 mouse (M1) had the

most efficient immune response with titers of 1:(1.28 x 104).
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An icELISA was adopted to measure the IC50 values (Figure.3.10) and CRs of

AFBI1 pAbs to AFB1 and its analogs including AFB2, AFG1, AFG2, AFMI1, and
AFM2 (Table.3.7).

Absorbance at 450 nm
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Dilution factor of AFB1 pAb (<100)

Figure.3.9. The titer curves of AFB1 pAb determined by an inELISA.
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Figure.3.10. The inhibitory curves of AFB1 pAb against AFB1 dermined
by an icELISA.

The results showed that ZEN pAbs from the mouse M1 had the lowest IC50
value (10.14 pg/L) and the smallest CRs with AFB1 analogs. Due to M1 mice

performed the best and had the strongest immune response, the lowest IC 50 values
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and the smallest CRs values, so that the M1 mouse was chosen for the cell fusion

experiment.

Table.3.7

The cross-reactivity of AFB1 pAbs to AFB1 and its analogs

Ml M2 M3 M4 M5
Compound

1C50 CR 1C50 CR IC50 CR IC50 CR IC50 CR

(gD * | (W) | (ngD)*" | (%)° (ng/D) ** | (%)*° (ng/L) *° (%)* | (ng/L) (7o) *
AFBI 10.14 100 45.02 100 57.23 100 23.30 100 33.62 100
AFB2 160.44 6.32 605.11 7.44 837.92 6.83 323.16 7.21 544.01 6.18
AFGI 269.68 3.76 1092.72 | 4.12 2127.51 | 2.69 626.34 3.72 836.31 4.02
AFG2 >1000 <1.0 | >1000 <1.0 >1000 <1.0 >1000 <1.0 >1000 <1.0
AFM1 >5000 <0.1 | >5000 <<0.1 >5000 <<0.1 >5000 <<0.1 >5000 <<0.1
AFM2 >5000 <0.1 | >5000 <0.1 >5000 <0.1 >5000 <0.1 | >5000 <0.1

Note. a All of the data were calculated from triplicate assays. b The compound

standard solution was prepared in 70% methanol-PBS (7:3, v/v).

3.2.1.3 Screening of positive clones and establishment of hybridoma cell
lines

On the 5th day after cell fusion, the fusion effect was observed. Among the
384 wells of the four microplates, 322 clones were observed, and the fusion rate
was 83.9%. The titers of AFB1 antibodies in culture supernatants were measured
by an inELISA, 51 positive wells were detected, and the positive rate was 15.86%.
Of 51 positive wells, 10 strong positive and obvious inhibitive wells were screened
by an icELISA, and calculated the strong positive rate was 19.6%. After
subcloning three times and expanded cultivation, three hybridoma cells were
screened out, named 2A11, 2F6 and 3G2 respectively, and subsequently identified.
The results of cell fusion and positive hybridoma screening were shown in

Figure.3.11.
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Figure.3.11. The results of cell fusion and positive hybridoma screening.

3.2.1.4 Assessment of immunological characteristics of AFB1 mAbs

(1) Karyotype The chromosomes of myeloma NSO cells were between 62
and 68, and those of mouse spleen cells were 40. However, hybridoma cell
chromosomes were between 96 and 102 (an average of 98.4), indicating that the
cell lines fused by the two parents were the hybridoma cells since their

chromosomes were more than those of the individual parents (Figure.3.12).

Figure.3.12. The chromosome of hybirdoma cell.
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(2) Isotype Using a mouse mAb isotyping kit, 2A11 and 2F6 mAbs were
determined to be of the IgG1 isotype possessing a kappa light chain, and 3G2 mAb
was to be of the Ig(G2a isotype possessing a lambda light chain (Figure.3.13).

E2A11 @2F6 3G2

Absorbance at 450 nm

EIER

IgM IgG1 IgG2la IgG2b IgG3
Isotype determination of AFB1 mAb 2A11, 2F6and 3G2
Figure.3.13 Isotype determination of AFB1 mAb 2A11, 2F6 and 3G2.

(3) Affinity The antibody affinity reflects its binding strength with an
antigen and the affinity constant (Ka) which represents the antibody affinity. In this
study, the Batty saturation method, a simple, rapid, and reliable method, was used.
The Ka of 2A11, 2F6 and 3G2 were 1.05x10°, 9.64x108, and 7.71x10% L/moL,
respectively, which were high affinity antibodies, of which 2A11 had the highest
affinity (Figure.3.14).
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Figure.3.14 The Ka determination curves of AFB1 mAb 2A11, 2F6 and
3G2.
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(4) Stability Stability verification showed that the three hybridoma cell lines
secreted mAbs. The titer and IC50 values of AFB1 mAbs against AFBI in the
supernatants of each generation were determined after five repeated freeze-thaw
cultures, but there was no significant difference. Therefore, the mAb-secreting

hybridoma cells were genetically stable.

20 r O2B6 H4D9
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Figure.3.15 The titers of the AFB1 mAbs secreted by three hybridomas

after five freeze/thaw cycles.

Absorbance at 450 nm
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passage times

Figure.3.16 IC50 values of the AFB1 mAbs secreted by two hybridomas

after five freeze/thaw cycles.

(5) Titers measurement An inELISA was employed to measure the titers of

AFB1 mAb 2A11, 2F6 and 3G2, the results were exhibited in Table.3.8.
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Table.3.8
The titers of AFB1 mAbs produced by three hybridomas

AFB1 mAbs Titers 1n cell culture Titers in ascites ?

supernatants *

2A11 1: (6.4%x10%) 1: (5.12x10°)
2F6 1: (1.28x10%) 1: (1.28x10%)
3G2 1: (3.2x10%) 1: (2.56x10°)

Note. a All of the data were calculated from triplicate assays.

(6 ) Sensitivity and specificity Sensitivity and specificity were key in
assessing the quality of antibodies since they determine immunoassay
performance. Sensitivity was one of the important indicators for evaluating the
antigen—antibody reaction mode, i.e., the immunoassay method, represented by an
IC50 value. In this study, icELISA conditions, such as the best working
concentration of coating antigen and antibody, concentration of organic solvent,
ionic strength, and pH value, were optimized (detailed results are provided in the
section titled “Optimization of the icELISA”). Therefore, the standard curve of an
icELISA was established, and the IC50 and CRs values of the mAbs were
determined. (as shown in Table.3.9). The IC50 values of AFB1 mAb 2A11, 2F6,
and 3G2 were 6.22, 7.85, and 14.36 ng/L, respectively. The AFB1 mAb 2A11 had
the lowest IC50 value against AFBI1 analogs (AFB2, AFG1, AFG2, AFM1, and
AFM?2). Thus, AFB1 mAb 2A11 was selected for further testing to establish an
immunochromatographic test strip method for detecting AFB1 residues in food and

feed.
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Table.3.9

The ICS50 values and CRs of three AFB1 mAbs against AFB1 analogs

Compound 2A11 2F6 3G2

IC50 (pg/L) | CR (%) | IC50 (pg/L) | CR (%) | IC50 CR (%) ©

ab ¢ ab ¢ (ug/L) *
AFBI 6.22 100 7.85 100 14.36 100
AFB2 144.32 4.31 168.82 4.65 263.97 5.44
AFG1 272.81 2.28 310.28 2.53 469.28 3.06
AFG2 >1000 <1.0 >1000 <1.0 >1000 <1.0
AFM1 >10000 <0.1 >10000 <0.1 >10000 <0.1
AFM2 >10000 <0.1 >10000 <0.1 >10000 <0.1
Zearalenone >10000 <0.1 >10000 <0.1 >10000 <0.1
Deoxynivalenol | >10000 <0.1 >10000 <0.1 >10000 <0.1
T-2 toxin >10000 <0.1 >10000 <0.1 >10000 <0.1
Ochratoxin A >10000 <0.1 >10000 <0.1 >10000 <0.1

Note. * All of the data were calculated from triplicate assays, and the average

coefficient of variation (CV) was below 10%. ° The compound standard solution

was prepared in 70% methanol-PBS (7:3, v/v). ¢ All of the data were calculated
using the CR of AFB1 mAbs against AFB1 as 100%.

3.2.1.5 Analysis of affecting factors on the performances of AFB1 mAb
2A11 in icELISA mode

(1) Effects of homologous and heterologous coating antigens on sensitivity of

AFB1 mAb 2A11 in icELISA mode The IC50 value of AFB1 mAb 2A11 was

determined by the homologous icELISA mode and the five heterologous icELISA

modes, and the combination with the lowest IC50 value was selected to establish

the 1IcELISA method. The results showed that, among the five heterologous
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icELISA combinations, the two combinations of AFB1 mAb 2A11 (AFB1-BSA by
OAE) and coating antigen (ZEN-OVA by SA), the AFB1 mAb 2A11 (AFB1-BSA
by OAE) and coating antigen (ZEN-OV A by MA) had the better effect than that of
the homologous icELISA, and the combinations of AFB1 mAb 2A11 (AFB1-BSA
by OAE) and coating antigen (ZEN-OV A by SA) was obviously better than that of
AFB1 mAb 2A11 (AFB1-BSA by OAE) and coating antigen (ZEN-OV A by MA).
Whereas the other three heterologous icELISA combinations were not as effective

as the homologous icELISA combination. (Figure.3.17).
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Figure.3.17 Effects of homologous and heterologous coating antigens on

sensitivity of ZEN mAb 2B6 in icELISA mode.

(2) Effects of organic solvent type and concentration on sensitivity of AFB1
mAb 2A11 in icELISA mode Methanol, Tween-20, acetonitrile, and acetone,
which may interfere with antigen-antibody binding and increase the solubility of
analytes, were tested for their effects on the AFBI mAb 2A11 in icELISA mode
(Figure.3-18).
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Figure.3.18 Effects of organic solvent type and concentration on

sensitivity of AFB1 mAb.

Figure.3-18 (a)shows the normalized dose-response curves at various solvent
concentrations. First, the influence of methanol from 5% to 40% (v/v) on the
immunosorbent assay was studied. The results showed that the IC50 value was
increased at methanol concentrations greater than 20%, whereas it was slightly
affected by methanol ranging from 5% to 20%. If higher solvent concentrations
were necessary in some assays, up to 20% of methanol could be used because the
sensitivity decrease was acceptable at this concentration. Tween-20, acetonitrile,
and acetone were shown in Figure.3.18 (b), (c) and (d). The results showed that the
IC50 and Amax values of the immunoassay were varying notably when increasing
the amounts of organic solvents. These results indicated that the solvents not only
inhibited the interaction between the mAb and analyte, but also weakened the
enzyme activity. It indicated that a reproducible inhibition curve could not be
observed, but only when the concentration of the solventwas not higher than 10%.
Therefore, Methanol was a suitable organic solvent, and its concentration was less

than 30%.
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3.2.2 Preparation and assessment of ZEN mAbs

3.2.2.1 Screening of immunogens and immunization method

According to the molecular structure and active sites of ZEN, five artificial
immunogen synthesis methods were designed, and they were identified by UV,
SDS-PAGE and comparative analysis of the characteristics of ZEN pAb produced
by immunized animals. The results showed that the OAE method was the best
method for preparing broad-specificity antibody for ZEN and its analogs, and the
AGA method was the best method for preparing ZEN high-specificity antibody.
Since the purpose of this study was to prepare highly specific ZEN antibodies and
established an immunoassay method, the immunogen prepared by the AGA
method was selected for subsequent experiments. Additionally, it should be noted
that in order to prepare ZEN mAbs with high specificity and high sensitivity,
Balb/c mice were immunized with a small dose (30 pg/head), long interval (4
weeks) and two routes (subcutaneous injection on the back and intraperitoneal
injection).

3.2.2.2 Selection for potential cell fusion in immunized mice

An InELISA and an icELISA were used to measure the titers, the IC50
values, CR of ZEN pAbs from the five immunized mice after the five inoculations.
Although the five immunized mice had a better positive immune response with
high titers (>10%) (Figure.3.19), the fifth (No. 5) mouse had the most efficient

immune response, with titers of 1:(6.4 x 10%.
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Figure.3.19 The inELISA titers measurement for the ZEN mAb.
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Figure.3.20 Sensitivity measurement of ZEN mAb to ZEN using an

icELISA.

The inhibition curves (Figure.3.20) showed that the fifth mouse had the

lowest IC50 value (18.77 pg/L). The five mice showed similar specificity towards

the ZENSs, with the fifth mouse having the smallest CRs (<10%) (see Table.3.10).

Thus, the fifth mouse was chosen for the cell fusion experiment.

Table.

The cross-reactivity of ZEN pAbs with ZEN and its homologues

3.10

Compound | ZEN pAb ZEN pAb ZEN pAb ZEN pAb ZEN pAb
(No.1 Mice) (No.2 Mice) (No.3 Mice) (No.4 Mice) (No.5 Mice)
IC50 CR | IC50 CR | IC50 CR | IC50 CR | IC50 CR
(mgL) | (%) | (D)™ | (%)* | (kD)™ | (%) * | (ng/D)** | (%) ° | (ug/L)*® | (%)*
a,b a
ZEN 38.14 100 | 28.08 100 | 50.87 100 | 60.04 100 | 18.77 100
a-ZAL 1199.37 | 3.18 | 121035 | 2.32 | 1579.81 | 3.22 | 1631.52 | 3.68 | 1268.24 | 1.48
B-ZAL 1433.84 | 2.66 | 1270.59 | 2.21 | 177247 | 2.87 | 2257.14 |2.66 | 1380.15 | 1.36
a-ZOL 654.20 5.83 | 615.79 4.56 | 954.41 533 | 1083.76 | 5.54 | 525.77 3.57
B-ZOL 1297.28 | 2.94 | 121035 | 2.32 | 1919.62 | 2.65 | 2077.51 |2.89 | 1137.58 | 1.65
ZON 413.67 9.22 | 348.82 8.05 | 532.11 9.56 | 613.91 9.78 | 386.21 4.86

Note. @ All of the data were calculated from triplicate assays. ® The compound

standard solution was prepared in 70% methanol-PBS (7:3, v/v).
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3.2.2.3 Screening of positive clones and establishment of hybridoma cell

lines

The growing hybridoma cell clones were observed 12 days after the cell
fusion. A total of 321 of the 384 wells of four 96-well cell culture plates had
hybridoma cells, at a fusion rate of about 83.6%. An inELISA and an icELISA
were used to screen the culture supernatants of all of the wells simultaneously. A
total of 51 wells were positive at a rate of about 15.9%. After subcloning thrice
using a limiting dilution, the two stable hybridoma cells 2B6 and 4D9 that had a
high-titer and a lower IC50 value in relation to ZEN were used to produce mAbs.
The titers and the IC50 values of the mAbs from culture supernatants and ascites

were shown in Table.3.11.

Table.3.11
The titers and IC50 values of the ZEN mAbs produced by two hybridomas

ZEN Titers of Titers of IC50 Values of | IC50 Values of
mAbs Supernatants (pug/mL) P
Supernatants * Ascites ? Ascites
(ng/mL) *°
2B6 5.12 x 10? 5.12 x 10° 6.72 6.54
4D9 2.56 x 10° 1.28 x 10° 10.47 9.75

Note. * All of the data were calculated from triplicate assays. ® The ZEN standard
solution was prepared in 70% methanol-PBS (7:3, v/v).

3.2.2.4 Assessment of immunological characteristics of ZEN mAbs (1)
Karyotype

The chromosomes of myeloma NSO cells were between 62 and 68, and those

of mouse spleen cells were 40. However, hybridoma cell chromosomes were
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between 96 and 102 (mean, 98.4), indicating that the cell lines fused by the two
parents were the hybridoma cells since their chromosomes were more than those of

the individual parents.

(2) Isotype Using a mouse mAb isotyping kit, both mAbs were determined to
be of the [gG1 isotype possessing a kappa light chain (Figure.3.21).

25 F EH2B6 m4D9
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Isotype determination of mAb 2B6 and 4D9

Figure.3.21 Isotype determination.

(3) Affinity The antibody affinity reflects its binding strength with an antigen
and the affinity constant (Ka) represents the antibody affinity. In this study, the
Batty saturation method was used. The Ka of 2B6 and 4D9 were 7.69 x 10°, and
4.95 x 10° L/mol, respectively, which were high affinity mAbs, of which 2B6 had
the highest affinity (Figure.3.22).
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Figure.3.22 The Ka determination curves.
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(4) Stability Stability verification showed that the three hybridoma cell lines
secreted mAbs. The titer and IC50 values of ZEN mAbs against ZEN in the
supernatants of each generation were determined after five repeated freeze-thaw

cultures, but there was no significant difference. Besides, the mAb-secreting

hybridoma cells were genetically stable (Figure.3.23 and Figure.3.24).
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Figure.3.23 The titers of the ZEN mAbs secreted by three hybridomas
after five freeze/thaw cycles.
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Figure.3.24 1C50 values of the ZEN mAbs secreted by two hybridomas

after five freeze/thaw cycles. Each point represents the average of three

separate assays in triplicate.
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(5) Sensitivity and specificity Sensitivity and specificity were key in assessing
the quality of antibodies since they determine immunoassay performance.
Sensitivity was one of the important indicators for evaluating the antigen—antibody
reaction mode, that is, the immunoassay method, represented by an IC50 value. In
this study, icELISA conditions, such as the best working concentration of coating
antigen and antibody, concentration of organic solvent, ionic strength, and pH
value, were optimized (detailed results are provided in the section titled
“Optimisation of the icELISA”). Therefore, the standard curve of an icELISA was
established, and the IC50 and CRs values of the antibodies were determined
(Table.3.12). The IC50 values of mAb 2B6 and mAb 4D9 were 6.54 ng/L and 9.75
ug/L, respectively. The mAb 2B6 had the highest sensitivity to six ZENs (ZEN, a-
ZAL, B-ZAL, a-ZOL, B-ZOL and ZON). Therefore, mAb 2B6 was selected for
further testing to establish an immunochromatographic test strip method for
detecting ZEN residues in food and feed.

Table.3.12

The sensitivity (IC50) and specificity (CR) of two mAbs against ZENs

Compound 2B6 4D9
IC50 (ug/L) *° CR (%) € IC50 (ug/L) *° CR (%) ©

ZEN 6.54 100 9.75 100
a-ZAL 430.26 1.52 598.16 1.63
B-ZAL 510.94 1.28 722.22 1.35
a-ZOL 247.73 2.64 340.91 2.86
B-ZOL 357.38 1.83 485.08 2.01
ZON 153.16 4.27 204.92 4.88
Aflatoxin B1 >10000 <1 >10000 <1
Deoxynivalenol >10000 <1 >10000 <1
T-2 toxin >10000 <1 >10000 <l
Ochratoxin A >10000 <1 >10000 <1

Note. a All of the data were calculated from triplicate assays, and the average
coefficient of variation (CV) was below 10%. b The compound standard solution
was prepared in 70% methanol-PBS (7:3, v/v). ¢ All of the data were calculated
using the CR of ZEN mAbs against ZEN as 100%.
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3.2.2.5 Condition optimization of the icELISA

Some challenges, such as the type of coated antigen, optimal working
concentration of the antigen and the antibody, the concentration of the organic
solvent, ionic strength, and pH wvalue, were often encountered during the
establishment of the icELISA method.

(1) Effects of homologous and heterologous coating antigens on sensitivity
of ZEN mAb 2B6 in icELISA mode

The 1C50 value of ZEN mAb 2B6 was determined by the homologous
icELISA mode and the four heterologous icELISA modes, and the combination
with the lowest IC50 value was selected to establish the icELISA method. The
results showed that, among the four heterologous icELISA combinations, the
combination of mAb 2B6 (ZEN-BSA by AGA) and coating antigen (ZEN-OVA by
FA) had the best effect, and mAb 2B6 had the lowest IC50 value for ZEN.
Obviously better than the homologous IcELISA, but the other three heterologous
icELISA combinations are not as effective as the homologous icELISA
combination. (Figure.3.25).
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Figure.3.25 Effects of homologous and heterologous coating antigens on

sensitivity of ZEN mAb 2B6 in icELISA mode.
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(2) The effects of methanol concentration on sensitivity of ZEN mAb 2B6 in
icELISA mode
Methanol was widely used in an icELISA as an organic cosolvent to extract
the mycotoxins from the food and feed matrix. An appropriate methanol level not
only affects ELISA sensitivity but also helps to dissolve analytes. The Amax and
the Amax/IC50 value decreased when the methanol concentration exceeded 30%,

but there was no significant effect when the methanol concentration was below

30% (Figure.3.26).
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Figure.3.26 The effects of methanol concentration on on sensitivity of
ZEN mAb 2B6 in icELISA mode. Each value represents the mean of three

replicates.

(3) The effects of ionic strength on sensitivity of ZEN mAb 2B6 in icELISA
mode

The effects of phosphate ions were estimated by comparing inhibition curves
obtained under various conditions with that of a control. Sensitivity was obviously
altered with the increase of phosphate ion concentration (Figure.3.27). Sensitivity

was obviously altered with the increase of phosphate ion concentration (Figure 3
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B). When phosphate ions moved up from 1 to 10 mM, the IC50 value improved
from 0.31 to 0.28 ng/mL. This sensitivity improvement may be due to the
dispersion and weakening of the nonspecific binding derived from mAbs.
Concentrations of phosphate ion higher than 20 mM resulted in lower absorbance
and sensitivity drop as the higher ionic strength may weaken the antibody—hapten
interaction. Therefore, 10 mM PBS was the preferred assay buffer, and was
employed for the remainder of the study. In practice, the ionic strength of matrix
samples can be adjusted by simple dilution with distilled water or concentrated

buffer.
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Figure.3.27. The effects of ionic strength on sensitivity of ZEN mAb 2B6
in icELISA mode.

(4) The effects of pH values on sensitivity of ZEN mAb 2B6 in icELISA
mode The pH between 5.0 and 9.0 had no significant effect on the Amax/IC50 and
Amax. However, the Amax/IC50 and Amax were highest at a pH of 7.4, indicating
full binding between antibodies and the antigen. Therefore, choosing a PBS with a

pH value between7.2 and 7.4 was t he most suitable in an icELISA system

(Figure.3.28)
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Figure.3.28 The effects of pH value on an icELISA. Insets indicate the

fluctuations of Amax/IC50 (Y-principal axis) and Amax (Y-secondary axis) as

a function of pH value.

3.3 Establishment of dual test strip detection method
3.3.1 Identification of colloidal gold

(1) Visual observation Observed by naked eyes, the colloidal gold solution

was translucent wine red, there was no floating matter in the upper layer, and no

sediment in the lower layer. The solution was not turbid under strong light, had

good light transmittance, and no astigmatism occurs (Figure 3.29).

Figure.3.29 Identification of colloidal gold by visual observation.

“

20-40 nm
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(2) UV scanning The maximum absorption peak (Amax) of the colloidal gold
solution was at 523.8 nm, and the maximum absorption value (Amax) was 0.941.
There was only one absorption peak and the peak width was small. According to
the research results of Cvak et al. [3], the size and distribution of colloidal gold

particles were uniform, with a particle size of 25 nm (Figure 3.30).
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Figure.3.30 Identification of colloidal gold by UV scanning.

(3) Electron microscopy scanning.

The prepared colloidal gold was uniformly distributed under the transmission
electron microscope and had a regular shape. 100 particles were randomly
measured and their particle size were 25+1.0nm, which were basically consistent
with the UV scanning result (Figure 3.31). The results showed that 1L of 0.01%

chlorauric acid solution required 17 mL of 1% trisodium citrate solution.

Figure.3.31 Identification of colloidal gold by electron microscope.
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3.3.2 Development of AFB1 (and ZEN) test strip

(1) Determination of the optimal pH of colloidal gold The pH of colloidal
gold was adjusted to 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 with 0.2 mol/L K,CO:s.
After adding AFB1 mAb and NaCl, the gold-labeled mAb solutions in each tube
were scanned at 523.8 nm by UV. The absorbance value was as the ordinate, and
the pH was as the abscissa, and absorbance curve was drew. The results were

shown in Figure 3.32.
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Figure.3.32 Determination of optimal pH for colloidal gold labeling AFB1

mAbs.

When the pH of the colloidal gold solution was 6.5, the curve reached the
highest point, and the combination was close to saturation. Thus, the optimal
binding pH of AFB1 mAbs and colloidal gold was determined at 6.5. Similarly, the
optimal pH of ZEN mAbs and colloidal gold was 7.0 (Figure 3.33)
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Figure.3.33 Determination of optimal pH value for colloidal gold labeling
ZEN mAbs.
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(2) Determination of the best concentration of colloidal gold labeling AFB1
mAbs and ZEN mAb

Mey's series stabilization method. The results were shown in Table 3.13.

Table.3.13

Selection of optimal labeling concentration of AFB1 mAb and colloidal gold

Serial number 1 2 3 4 5 6 7 8 BC

AFB1 mAb 50 25 125 1625 |3.125 | 1.5625 | 0.7825 [ 0.391 |0

(ng/mL)

0.01% colloidal 25 25 25 25 25 25 25 25 25

gold (uL)

10% NaCl 100 | 100 | 100 100 100 100 100 100 100

(ul)

Coloration Wine | Wine | Dark | Light | Light | Dark | Dark | Dark | Dark

red red blue blue blue blue blue

The lowest concentration of AFB1 mAb labeled with colloidal gold was

6.25 pg/mL, which was an increase of 10%, and the optimal labeling concentration

of AFB1 mAb was about 7.0 pg/mL. The optimal labeling concentration of ZEN

mADb was about 3.5 pg/mL, which was selected by the same way.

UV scanning method. The UV scan results were shown in Figure 3.34.

Absorbance
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0.8 f
0.7
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8

Figure.3.34 Determination of optimal labeling concentration of AFB1
mAbs. 1.100 pg/mL. 2. 50 pg/mL. 3.25 pg/mL. 4. 12.5 pg/mL. 5. 6.25 pg/mL. 6.
3.125 pg/mL. 7. 1.5625 pg/mL. 8. 0.391 pg/mL.
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The results showed that the absorbance value reached a higher position at the
AFB1 mAb concentration of 6.25 pg/mL. Because excessive antibody will cause
the sensitivity to decrease, 7.0 pg/mL (6.25%x110%=7.0) was determined to be the
optimal labeling amount for AFB1 mAbs. Figure 3.35 showed that the optimal
labeling concentration of ZEN mAb was 3.5 pg/mL.
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Figure.3.35 Determination of optimal labeling concentration of ZEN mAbs.
1.100 pg/mL. 2. 50 pg/mL. 3.25 pg/mL. 4. 12.5 pg/mL. 5. 6.25 pg/mL. 6. 3.125
pg/mL. 7. 1.5625 pg/mkL. 8. 0.391 pg/mkL.

(3) Selection of resuspending solution and preservation solution for gold-
labeled mAb
Selection of resuspending solution for gold-labeled mAb. The selection
results were as follows. After the gold-labeled antibody solution was reconstituted
in Tris-HCI buffer, centrifuged at 5000 r/min for 10 min, black flakes appeared at
the bottom of the centrifuge tube, indicating that the gold-labeled antibody was not
stable enough in the Tris-HCI buffer and precipitated phenomenon. After the gold-
labeled antibody solution was reconstituted in PBS buffer, it was centrifuged at
5000 r/min for 10 min, and it was found that there were red colloidal gold residues
on the wall of the centrifuge tube, indicating that the PBS buffer had insufficient
fluidity and wall hanging. After re-dissolved the gold-labeled antibody solution in
the borate buffer, centrifuge at 5000 r/min for 10 min, and there was no abnormal

phenomenon, indicating that the gold-labeled antibody had good activity.
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Therefore, 2 mmol/L borate buffer (pH7.4) was selected as a colloidal gold
resuspension solution.

Selection of preservation solution for gold-labeled mAb. The results were

shown in Table 3.14.

Table.3.14

Selection of preservation solution for gold-labeled mAb
Preservation time (month) 1 2 3 4 5 6
Borate buffer \@ N N xb x x
(containing 1%BSA and 0.05%NaN3)
Borate buffer N N x X x x
(containing 10% sucrose and
0.05%NaN3)
Borate buffer N N N N N N
(containing 1%BSA,10% sucrose, and
0.05%NaN3)

Note: ® means normal. ® Indicates that there is coprecipitation.

The gold-labeled antibodies stored in 2 mmol/L borate buffer containing 1%
BSA and 0.05% NaN3, and 2 mmol/L borate buffer containing 10% sucrose and
0.05% NaN3 as the preservation solution showed precipitation at 4 months and 2
months, respectively. Whereas, the gold-labeled antibody stored in mmol/L borate
buffer (containing 1% BSA, 10% sucrose, and 0.05% NaN3) was the preservation
solution, and the stability of the gold-labeled antibody was very good, and there
was no precipitation in 6 months. Therefore, 2 mmol/L borate Buffer (containing
1% BSA, 10% sucrose, 0.05% NaN3) was chosen to be used as a gold-labeled
antibody storage solution.

(4) Optimization and assembly of test strip
Selection of nitrocellulose membrane. AFB1-BSA and ZEN-BSA were
coating on different types of NC membranes respectively, and were dripped the

corresponding gold-labeled antibody on the surface, the different types of NC
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membranes all showed clear red bands, and there was no obvious difference. In
comparison, the color development results of 5 min and 10 min showed that the
color of Millipore 135 membrane was more clear. Therefore, Millipore 135
membrane was selected as the NC membrane of the test strip detection area.

Selection of the gold-labeled pad. After the gold-labeled antibody was added
to the gold-labeled pad and dried, the degree of release of the gold-labeled
antibody was observed for 10 min. The results showed that the SB06, SB0O8 and
6613 gold-labeled pads could not completely release the gold-labeled antibody
within 10 minutes, and coagulation occurred. On the contrary, the 8964 gold-
labeled pad could completely release the gold-labeled antibody within 10 minutes
without coagulation. Therefore, glass fiber 8964 was selected as the gold standard
pad for this experiment.

Selection of the sample pad. Comparing SB0O8 and SB06 sample pads'
absorption and carrying capacity for sample treatment solution, the results showed
that SBO8 sample pad has greater absorption and carrying capacity for sample
treatment solution, i.e., more sample treatment solution can be added to make
competitive reaction to be more complete. Therefore, SBO8 was selected as the
sample pad in this study.

Determination of optimal concentration combination of gold-labeled
antibody and coating antigen. The optimal working concentration combination of
gold-labeled AFBI mAb and coating antigen AFB1-BSA was determined by the
chessboard method. The results were displayed in Table 3.15, which indicated that
the optimal working concentrations of gold-labeled AFB1 mAb and AFB1-BSA
were 1:4 and 1.0 mg/mL, respectively. Similarly, the best working concentration of
gold-labeled ZEN mAb and ZEN-BSA were 1:4 and 2.0 mg/mL, respectively
(Table 3.16).
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Table.3.15
Determination of optimal combination of gold-labeled mAb and AFB1-BSA

gold-labeled AFB1-BSA (mg/mL)

AFB1 mAb 4.0 2.0 1.0 0.5 0.25 0.125 0.0625
1:1 ++ ++ ++ + -

1:2 ++ ++ ++ + -

1:4 ++ ++ ++ + -

1:8 ++ ++ + - _

1:16 ++ + - - -

1:32 + - - - -

Note: “++” means clear red color of test line. “+” means lighter red color of test
line. “-” means no red color of test line.
Table.3.16
Determination of optimal concentration combination of gold-labeled ZEN

mAb and ZEN-BSA

gold-labeled ZEN-BSA (mg/mL)

ZEN mAb 4.0 2.0 1.0 0.5 0.25 0.125 0.0625
1:1 ++ ++ + - - - -

1:2 ++ ++ + - - - -

1:4 ++ ++ + - - - -

1:8 ++ + + - - - -

1:16 ++ + - - - - -

1:32 + ; ; ; _ _ _

Note: “++” means clear red color of test line. “+” means lighter red color of

¢ 9

test line. means no red color of test line.

The AFB1-BSA(OAE) and AFBI optimal working concentrations were
used to further investigate the use effects as coating antigen of other immunogens
including AFBI-BSA(MOA), AFBI-BSA(MA), AFB1-BSA(SA), AFB1-BSA
(EP), and AFBI1-BSA (EED) (Table 3.17).
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Table.3.17

Determination of optimal coating antigen for AFB1 test strip

gold- AFBI-BSA (1.0 mg/mL)
labeled
AFB1 mAb | AFB1-BSA | AFBI1-BSA | AFBI- AFBI- AFBI- AFBI-
(OAE) (MOA) BSA (MA) | BSA (SA) | BSA (EP) | BSA
(EED)
1:4 ++ + + + - -

Note: “++” means clear red color of test line. “+” means lighter red color of test
line. “-” means no red color of test line.

The results showed that the best combination for AFBI test strip was AFBI
mAb and AFBI1-BSA (OAE). The best combination for ZEN test strip was ZEN
mADb and ZEN-BSA (AGA or FA) (Table 3.18).

Table.3.18
Determination of optimal coating antigen for ZEN test strip

gold-labeled | AFB1-BSA (2.0 mg/mL)

AFB1 mAb
ZEN-BSA | ZEN-BSA ZEN-BSA ZEN-BSA | ZEN-BSA
(AGA) (OAE) (CMA) (FA) (BDE)

1:4 ++ + + —t -

Note: “++” means clear red color of test line. “+” means lighter red color of test

(T2

line. “~” means no red color of test line.

(5) Determination of optimum methanol content in sample treatment
solution

When the methanol content in the sample treatment solution is less than 20%,
the T line of the AFBI test strip and the ZEN test strip show clear color; when the

methanol content is 30%, the T line of the AFBI test strip shows clear color, but
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the T line of the ZEN test strip T The color of the line is lighter; when the
methanol concentration is 40%, the T line of the AFB1 test strip is lighter, and the
T line of the ZEN test strip is not colored; when the methanol concentration is
greater than 50%, the T lines of the two test strips are both No color development.
Therefore, the final methanol content in the sample treatment solution should not

exceed 20%.

3.3.3 Assembly of single and dual test strip

(1) Assembly of single (AFB1 or ZEN) test strip The plane schematic
diagrams of single (AFB1 or ZEN) test strip and dual (AFB1 and ZEN) were
shown in Figure 3.36 and Figure 3.37.

cover film packing plate absorbent paper NC membrane conjugate pad sample pad cover film

Figure.3.36 The plane schematic diagram of single (AFB1 or ZEN) test

strip.
ZEN AFB1
| EE
s MAX
e MAX
]
C T2 T1 caution line flow direction
|| =
[ . . B

1 . 7 L

cover film backing plate absorbent paper NC membrane conjugate pad sample pad cover film

Figure.3.37 The plane schematic diagram of dual AFB1 (or ZEN) test
strip.
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3.4 Performance measurement of single (AFB1 or ZEN) and dual (AFB1
and ZEN) test strip

3.4.1 Performance measurement of single (AFB1 or ZEN) test strip

(1) The sensitivity measurement of single (AFBlor ZEN) test strip Visual

method. The results were shown in Figure 3.38.

-— -, - E 3 — — -
— — pa— — — — —
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Figure.3.38 Sensitivity measurement of AFBI1 test strip.

When the AFB1 concentration in the sample treatment solution reached 0.5
ng/L, the color of the T line became significantly lighter than the negative control.
When the AFB1 concentration in the sample treatment solution reached 1.0 pg/L,
the T line color basically disappeared. Therefore, the LOD of AFBI test strip for
AFBI was 1.0 pg/L. Similarly, the LOD of ZEN test strip for ZEN was 5.0 pg/L

(Figure 3.39).

Figure.3.39 Sensitivity measurement of ZEN test strip.



150

Test strip reader scanning method. The BioDot-TSR3000 strip reader was
carried out to scan the T line of the AFBI test strip, and the scanning graph was
shown in Figure 3.40, the scanning data was shown in Table 3.19, and the drawn
standard curve was shown in Figure 3.41. The linear regression equation of AFB1
was y=—52.495x+47.525, the IC50 was 1.11 ng/mL, the LOD was 0.24 ng/mL. For
the ZEN test strip, the scanning graph was shown in Figure 3.42, the scanning data
was shown in Table 3.20, and the drawn standard curve was shown in Figure 3.43.
The linear regression equation of ZEN was y=—34.237x+73.854, the IC50 was
4.97 ng/mL, and the LOD was 1.51 ng/mL.

[=N=1--Ea L~
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Figure.3.40 Relative optical density (ROD) curves of AFB1 standard by
BioDot-TSR 3000.

Table.3.19
The scanning data of T line of AFBI1 test strip by Bio Dot-TSR 3000
AFB1 concentration Lg[AFB1 G/DxA— G/DxA—
(ng/mL) concentration] ROD(pixel) ROD(pixel)%
0 - 1665 100
0.25 -0.602 13.24 82.60
0.5 -0.301 10.12 65.78
1.0 0 7.25 43.54
2.0 0.301 431 25.89
4.0 0.602 2.06 12.37
8.0 0.903 1.26 7.57
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Figure.3.41 The standard curve of AFBI1 test strip detected by BioDot-

TSR3000.
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Figure.3.42 Relative optical density (ROD) curves of ZEN standard by

BioDot-TSR3000.

Table.3.20

The scanning data of T line of AFB1 test strip by Bio Dot-TSR3000

AFB1 Lg[AFB1 G/DxA—ROD(pixel) | G/DxA—ROD(pixel)%
concentration concentration]

(ng/mL)

0 - 15.52 100

1.25 0.099 14.22 91.61

2.5 0.398 13.25 85.36

5.0 0.699 11.85 76.33

10.0 1 10.14 65.36

20.0 1.301 8.02 51.67

40.0 1.602 6.50 41.88
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Figure.3.43. The standard curve of ZEN test strip detected by BioDot-TS
R3000.
(2) The specificity measurement of AFB1 test strip and ZEN test strip
The determination results of AFBI1 test strip were shown in Table 3.21 and
ZEN test strip were shown in Table 3.22 The results showed that AFBI1 test strip
for AFB1 and ZEN test strip for ZEN had high specificity respectively, and had no
cross reaction with their analogs and other mycotoxins.
Table.3.21
Specificity measurement of AFBI1 test strip

Toxins 0.125 0.25 0.5 1.0 2.0 4.0 8.0 16.0 32.0

concentration

(ng/mL)

AFBI - - - + —+ —+ + + +

AFB2 - - - - - - - - -

AFG1 - - - - - - - - -

AFG2 - - - - - - - - -

AFM1 - - - - - - - - -

AFM2 - - - - - - - - -

ZEN - - - - - - - - -

DON - - - - - - - - -

OTA - - - - - - - ; -

T-2 ; - - - - - - ; ;

Note: “-” means negative. “+” means positive.
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Table.3.22

Toxins

concentration

(ng/mL)

1.25

2.5

5.0

10.0

20.0

40.0

80.0

160.0

320.0

ZEN

a-ZAL

B-ZAL

o-ZOL

B-ZOL

ZON

AFBI1

DON

OTA

T-2

Note: “-” means negative. “+” means positive.

(3) Stability measurement of AFB1 test strip and ZEN test strip

Six batches of AFBI1 test strip and ZEN test strips of different batches were

reproducible for corn samples, rice samples and compound feed samples. The test

results were completely consistent, indicating that AFBI1 test strip and ZEN test

strip had good stability (Table 3.23 and Table 3.24).

The stability measurement of AFB1 test strip

Table.3.23

Batches AFBI concentration (pg/L)

Corn sample Rice sample Compound feed sample

0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0
1 - + + + - + + + - + + +
2 - + + + - + + + - + + +
3 - + + + - + + + - + + +
4 - + + + - + + + - + + +
5 - + + + - + + + - + + +
6 - + + + - + + + - + + +
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Table.3.24

Batches ZEN concentration (pug/L)
Corn sample Rice sample Compound feed sample
2.5 5.0 10.0 |20.0 |25 5.0 10.0 |20.0 |25 5.0 10.0 |20.0
1 - + + + - + + + - + + +
2 - + + + - + + + - + + +
3 - + + + - + + + - + + +
4 - + + + - + + + - + + +
5 - + + + - + + + - + + +
6 - + + + - + + + - + + +

(4) Validity period measurement of AFBI1 test strip and ZEN test strip

The results of the validity period of the test strip were shown in Table 3.25.

Table.3.25
The validity period measurement of the test strip
Time |25°C 4 °C 37°C
(d) false false T line | false false T line | false false T line
negative | positive color | negative | positive | color | negative | positive | color
(o) (%) (%) (%) (o) (o)
30 0 0 *okk ok 0 0 k% | () 0 ko
60 0 0 *okk ok 0 0 k% | () 0 ko
90 0 0 wEEE | () 0 wEEE | () 0 ok
120 0 0 ok 0 0 *kxk | () 0 Hk ok
150 0 0 ok 0 0 *kkk | ) 0 oleok
180 0 0 ok 0 0 xHkE | (4 0 ok

Note: “*” means the intensity of color.

The results showed that the appearance and accuracy of the test strip had not

changed within 6 months under the conditions of 4°C refrigerator and 25°C room

temperature, and there were no false positives and false negatives. The color of the

test strip became lighter after being stored at 37 °C for the 150th day, with a false

negative rate of 2%. The color of the test strip was lighter on the 180th day, with a
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false negative rate of 4%, indicating that the stability of the test strip becomes

WOorse€.

3.4.2 Performance measurement of dual (AFB1 and ZEN) test strip
(1) Sensitivity measurement of dual test strip
Visual method. The results were shown in Figure 3.44. The results showed
that when the T1 line was at AFB1 > 1.0 ng/mL and the T2 line was at ZEN > 5.0
ng/m, the T1 and T2 lines were clearly colored, and the sample showed a positive
result. Therefore, the visual sensitivity of AFB1 and ZEN of the dual test strip
were 1.0 ng/mL and 5.0 ng/mL, respectively.

T2
T1

Figure.3.44 Sensitivity measurement of dual test strip. 1.AFB1/ZEN, 0/0.
2.AFB1/ZEN, 0.25/1.25. 3.AFB1/ZEN, 0.5/2.5. 4.AFB1/ZEN, 1.0/5.0.
5.AFB1/ZEN, 2.0/10.0. 6.AFB1/ZEN, 4.0/20.0. 7.AFB1/ZEN, 8.0/40.0.
8.AFB1/ZEN, 16.0/80.0. 9.AFB1/ZEN, 32.0/160.0. 10.AFB1/ZEN, 64.0/320.0.
(ng/m L).
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Test strip reader scanning method. The scanning results of T1 line and T2

line were shown in Figure 3.45.
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Figure 3.45 T1 and T2 scanning results of dual test strip by Bio Dot-
TSR 3000.

The drawn standard curve was shown in Figure 3.46. The linear regression
equation of AFB1 was y=—52.526x+46.762, the IC50 was 1.15 ng/mL, the LOD
was 0.23 ng/mL. Similarly, for the ZEN test strip, the linear regression equation of
ZEN was y=—34.215x+73.644, the IC50 was 4.91 ng/mL, and the LOD was 1.53
ng/mL. The above scanning results and calculated results of the deduced formula

were basically consistent with that of AFB1 test strip and ZEN test strip

resipectively.
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90 o0 F§=
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é ¥ =-52.526x + 46.762 & y=-34.215%+73.644
10 | 1IC50=1.15 ng/mL 10 p 1€50=4.91 ng/mL
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Figure.3.46 The standard curves of dual test strip detected by BioDot-
TSR 3000.
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(2) Stability measurement of dual test strip
Six batches of dual test strip of different batches were reproducible for corn
samples, rice samples and compound feed samples. The test results were

completely consistent (Table 3.26), indicating that the AFB1/ZEN dual test strip

had good stability.
Table.3.26
The stability measurement of dual test strip

Batche Concentration (AFB1/ZEN, pg/L)
s Corn sample Rice sample Compound feed sample

0.5/2.5 1.0/5.0 | 2.0/10.0 4.0/20.0 0.5/2.5 1.0/5.0 2.0/10.0 4.0/20.0 0.5/2.5 1.0/5.0 2.0/10.0 4.0/20.0
1 - + + + - + + + - + + +
2 - + + + - + + + - + + +

- + + + - + + + -
4 - + + + - + + + -
5 - + + + - + + + - + + +
6 - + + + - + + + - + + +

(3) Determination of the validity period of dual test strip The results of
the validity period of dual test strip were shown in Table 3.27. The results showed
that the appearance and accuracy of the test strip had not changed within 6 months
at 4°C and 25°C, T1 line and T2 line colored clearly and there were no false
positives and false negatives. The measurement results of storage at 37 °C for 4
months were the same as storage at 4 °C and 25 °C for six months, but the
measurement results over 4 months (150 days) found that the color of T1 line and
T2 line became lighter, and there were two false negative samples. The results on
the 180th day showed that the color of T1 line and T2 line was lighter, and there
were five false negative samples. Therefore, the dual test strip can be stored in the
refrigerator (4 °C), room temperature (25 °C) for 6 months, and high temperature

(37 °C) for 4 months.
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Table.3.27
The validity period measurement of dual test strip
Time | 25°C 4°C 37°C
(d)
false false Tl T2 false false T1 T2 false false T1 T2
negative | positive | color | color | negative | positive | color | color | negative | positive | color | color
(%) (%) (%) (%) (%0) (%0)

Note: “*” means the intensity of color.

3.5 Comparative analysis of the results of dual test strip and HPLC-
MS/MS

The results of AFB1 and ZEN dual test strip detecting corn positive samples
were shown in Table 3.28. Among the 20 positive sample, 12 samples were
positive for AFBI1, with a positive value of >1.0 ng/mL, HPLC-MS/MS
measurement results were 1.0-11.9 ng/mL, and the positive coincidence rate was
100%. 8 samples were positive for ZEN, the positive value was >5.0 ng/mL, the
determination result of HPLC-MS/MS was 5.0-367.6 ng/mL, and the positive
coincidence rate was 100%.

The test results of actual samples were shown in Table 3.29. A total of 39
positive samples were detected out of 60 samples, the positive rate was 65%,
which was consistent with the detection results of HPLC-MS/MS, and the
coincidence rate was 100%. Of the 39 positive samples, 22 samples were AFB1
positive samples, and the positive value of dual test strip was >1.0 ng/mL, the
positive value of HPLC-MS/MS was 1.0-14.3 ng/mL. There were 17 samples ZEN

positive samples, the positive value of dual test strip was >5.0 ng/mL, the positive
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value of HPLC-MS/MS was 5.0 to 510.6 ng/mL, and the positive coincidence rate
was 100%.

Table.3.28
Results comparison of 20 corn positive samples detected by dual test strip and
HPLC-MS/MS
Sample dual test strip HPLC-MS/MS
number AFBI1 ZEN AFBI1 ZEN
Result | PN | PV Result | PN | PV Result | PN | PV Result | PN | PV
(ng/mL) (ng/mL) (ng/mL) (ng/mL)
20 + 2 [=z10 |+ 8 [ =50 [+ 12 [ 1.0-11.9 |+ 8 |5.0-367.6

Note: “PN” means positive number. “PV” means positive value.
Table.3.29
Comparison of detection results of different positive samples by dual test strip

and HPLC-MS/MS

Sampl | Sample dual test strip HPLC-MS/MS
e numbe | AFBI ZEN AFBI ZEN
type r Result | P PV Result | P PV Result | P PV Result | P PV
s N | (ngmL | s N | (ng/mL | s N | (ng/mL | s N | (ng/mL
) ) ) )
Corn 15 + 9 =1.0 + 7 =250 + 9 1.0- + 7 5.0-
12.5 410.7
Rice 15 + 3 =1.0 + 2 =25.0 + 3 1.0-94 | + 2 5.0-
2354
Flour 15 + 2 =1.0 + 2 =25.0 + 2 1.0-6.6 | + 2 5.0-
176.3
Feed 15 + 8 =1.0 + 6 =5.0 + 8 1.0- + 6 5.0-
14.3 510.6
Total 60 22 17 22 17

Note: “PN” means positive number. “PV” means positive value.
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CHAPTER 4

SUMMARY AND ANALYSIS OF RESULTS

4.1 Synthesis and Identification of AFB1 and ZEN Immunogens

Synthesis and Identification of AFB1 Immunogen

(1) Synthesis method of AFB1 immunogen. The molecular weight of AFBI
is 312.27, which belongs to the small molecule hapten and has no immunogenicity.
According to the hapten-carrier effect theory, the specific antibody against the
hapten can only be obtained by combining with the macromolecular protein carrier
to form an artificial antigen. Therefore, the design of antigen synthesis method is
crucial [233]. According to the hapten-carrier effect theory, in the immunogen
synthesis method, the main factors that affect the characteristics of the antibodies
produced by the immunogen include: The complexity of the hapten molecular
structure, the selection of the position of the active site, the length and molecular
space structure of the spacer arm, the molecular binding ratio of the hapten to the
carrier protein, etc. [234]. The complexity of hapten molecular structure refers to
whether the hapten molecular structure contains benzene ring and number,
heterocycle and number, branch structure and number. Generally, haptens with
complex structures are easy to induce the body to produce antibodies, while
haptens with simple structures are more difficult to induce the body to produce
antibodies [235]. Szurdoki et al. [236] reported that the success rate of antibody
preparation was 33.3% with a benzene ring in the hapten molecular structure,
while the success rate without a benzene ring was only 9.1%. Regarding the
selection of active sites, on the one hand, different active sites will lead to changes
in the distribution of electrons in the hapten molecule, thereby changing its
electrochemical properties, thereby changing its immune activity, and affecting the

affinity of producing antibodies; on the other hand, because different active sites
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lead to different spatial structures of molecules, the exposed antigenic determinants
are also different, which in turn affects the specificity of antibodies [237].
Therefore, try to use different sites to synthesize immunogens separately, and then
screen out the best immunogens for target antibody preparation through
comparative analysis. The choice of the spacer arm includes the length and
structure of the spacer arm. Regarding the determination of the length of the spacer
arm, Tuomola et al. [238] and Jung et al.[239] proposed that the optimal length of
the spacer arm is 3 to 6 carbon atoms. The short spacer arm is not conducive to the
full exposure of the hapten, and the long spacer arm will cause the folding of the
alkyl chain due to hydrophobic interaction, which will cause the hapten molecule
to be covered by the carrier protein, which is not conducive to the recognition of
antigen-presenting cells; for the selection of spacer arm structure, Bruun et al. [240]
and kolosova et al. [241] believe that the spacer arm should not contain structures
with high immune activity, such as aromatic ring, conjugated double bond or
heterocycle, so as to reduce the over recognition of the generated antibody to the
spacer arm and reduce the recognition ability of the target molecule. As for the
determination of molecular binding ratio, the research results of Vikas et al. [242]
and Peterson et al. [243] show that when the molecular binding ratio is large, the
carrier effect is weakened because too much hapten is covered on the carrier
protein, which is not conducive to the binding between the carrier protein and
lymphocytes; When the molecular binding ratio is too small, the immunogen is not
enough to cause the body to produce immune response; The best molecular
binding ratio of hapten to carrier protein should be 5 to 20 : 1.

In this study, according to the molecular structure characteristics of AFBI,
C1 carbonyl, C2 active hydrogen, C3 hydroxyl and C3-C4 bifuran ring were
selected as active groups. Through different chemical reaction methods, the
available carboxyl, hydroxyl, aminomethyl and other active groups were
introduced to realize the coupling with carrier protein to synthesize immunogens.
On the basis of referring to a large number of literatures, this study used six

methods to synthesize the immunogen AFB1-BSA of AFBI1: oxime active ester
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(OAE), methylation of ammonia (MOA), mixed anhydride (MA) , hemiacetal
method (semi acetal, SA), epoxide method (epoxide, EP) and enol ether derivative
method (enol ether derivative, EED). OAE method is to synthesize afbl-bsa (OAE)
in the form of monoamide bond between afblo and BSA under the action of
coupling agent Dicyclohexylcarbodiimide (DCC) by carbonyloxime at C1 position
of AFB1 active site to afblo and introducing carboxyl active group [190, 191]. The
principle of MOA method is to use the a-active hydrogen at the C2 position of
AFBI1, through the Mannich reaction, make the a-active hydrogen and the amino
group of BSA undergo aminomethylation reaction, and couple in the form of
Mannich base to synthesize AFBI-BSA (MOA) [192]. The principle of MA
method is that AFB1 is converted into AFB2a under the action of H2SO4. Using
the active site C3 hydroxyl group to react with acid anhydride, the product is the
half-ester compound AFB2a-HS. After that, carboxyl reactive groups were
introduced, and under the action of the coupling agent isobutyl chloroformate
(IBC), AFB10 and BSA formed a single amide bond to synthesize AFB1-BSA
(MA) [193, 194]. The principle of SA method is using the 3-position aldehyde
group of AFB2a was selected as the active site, and the aldehyde group formed an
unstable Schiff-base with the amino group of the carrier protein. Under the action
of NaBH4, the AFB1-BSA antigen was synthesized via a monoamide bond as the
spacer arm [195]. The principle of EP method is to take dichloromethane as
solvent, oxidize C3-C4 double furan ring double bond to form AFBI1 epoxide,
react with the primary amine of BSA to form secondary amine, introduce a
hydroxyl on the epoxide and couple with BSA in the form of monoamide to
synthesize afbl-bsa (EP) [196]. The principle of EED method is that AFBI
molecular structure contains active site C3-C4 bifuran ring, which can react with
glycolic acid to produce AFBI1 enol ether derivative (afbl-ga) with active group
carboxyl group, and afbl-bsa (EED) is synthesized by coupling its carboxyl group
with BSA [197].

(2) Animal immunization method. The specificity of antibodies not only

depends on the physicochemical properties of the immunogen, but also is closely
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related to the immunization method [244]. Due to the complex immunochemistry,
antibodies produced by animals immunized with the same immunogen have
markedly different immunological properties. Influencing factors for immunization
methods include injection route, dose, interval, adjuvant use, frequency, and
individual differences in animals, of which dose and interval are key factors. Some
scholars have pointed out that low-dose immunogen induces a narrower antibody
spectrum specificity, while high-dose immunogen induces a wider antibody
spectrum specificity [245]. Immunogens cause the production of memory B cells,
which require a certain immune interval to clone and proliferate to produce several
specific antibodies. Moreover, a certain immunization interval can improve the
affinity of the antibody. In general, the interval between immunizations of animals
is not less than two weeks [246]. In this study, a small dose (30 pg/mL), a longer
immunization interval (4 weeks), multiple sites (4-6 points) on the back, and
multiple frequency (5 times) immunization methods were used.

(3) Analysis of the immune effect of AFB1 immunogen. The purpose of this
study was to screen out high-quality antibodies with high sensitivity and specificity
to AFB1 to meet the detection technical requirements under the limited standard of
AFBI1, and the preparation of immunogens is the premise of obtaining high-quality
antibodies. At present, the research on the synthesis method of AFB1 immunogen
is still at the empirical level, and the trial and error method is mostly used.
Although a variety of immunogen identification methods have been established,
the immunogenicity of the prepared immunogen is ultimately confirmed by the
effect of animal immunization [247]. In this paper, on the basis of referring to a
large number of relevant research literatures, AFB1 was used as the starting
material for the reaction, and six methods including OAE method, MOA method,
MA method, SA method, EP method and EED method were used to synthesize
immunogen. Immunogen identification by UV, SDS-PAGE and antibody
characterization by animal immunization. In this study, the molecular binding
ratios of AFB1 and BSA in the immunogens prepared by different synthetic
methods were 8.64:1 (OAE), 6.88:1 (MOA), 10.78:1 (MA), 4.463:1 (SA), 6.38 :1
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(EP) and 2.31:1 (EED). The results of immunizing animals with 6 different
immunogens and analyzing the characteristics of the antibodies produced showed
that the OAE method was the best. The AFB1 pAb antibody produced has a high
titer, with an indirect ELISA titer of 1: (1.6x103), good sensitivity to AFB1, IC50
of 10.14 pg/L, strong specificity, it can recognize AFB1 100%, and has certain CR
with afb2, AFG1, afg2, amfl and afm2, which are 6.32%, 3.76%, less than 1.0%,
less than 0.1% and less than 0.1% respectively. Li et al [245] reported that high
specificity AFB1 mAbs 1B5 and 2F12 were also prepared by OAE method, and
their IC50 for AFB1 were 0.012 pg/L and 0.01 pg/L, respectively. The CR of
AFB1 mAb 1B5 with AFB2, AFG1, AFG2, and AMF1 was 4.0%, 3.0%, <0.1%,
and <0.1%, respectively, but no CR with AFM2 was reported. The CR of AFBI1
mAb 2F12 with AFB2, AFG1, AFG2, and AMF1 was 5.0%, 2.0%, 0.2%, and
<0.1%, respectively, and CR with AFM2 was also not reported. Simultaneously,
the study found that the OAE method has significant advantages, such as easy
construction of the reaction system, mild reaction conditions, simple operation
steps, and high product yield. However, in terms of the advanced nature of the
technical route adopted in this study, the research and application of molecular
simulation technology and computer-aided technology need to be improved [248,
249].

In summary, according to the molecular structure of AFBI, this study
designed six immunogen synthesis methods, identified and characterized the AFBI
pAb produced by immunizing animals by UV and SDS-PAGE. The results show
that OAE method is an effective way to realize the preparation of AFB1 antibody
with high immunoreactivity, high sensitivity and high specificity among the six
established immunogen synthesis methods, which laid a material and technical
foundation for the establishment of AFB1 specific immune detection method.

Synthesis and identification of ZEN immunogen

(1) ZEN immunogen synthesis method. ZEN is a metacyclic acid lactone
compound containing the main characteristic structures of 2,4-dihydroxybenzene

ring and macrolide ring. ZEN and its five analogs are structurally identical except
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for slight differences in the carbonyl or hydroxyl group at the C6' position of the
macrolide ring and the single or double bond at the C1'-C2' position. Therefore, the
special chemical properties of ZEN have laid a good foundation for the preparation
of five types of specific antibodies to ZEN and its analogs, but also brought
difficulties to the preparation of highly specific antibodies to ZEN [153]. The
specificity of antibodies mainly depends on the recognition of immunogenic
determinants by immune cells. The spatial conformation and characteristic
structure exposure of haptens on carrier proteins are closely related to the immune
recognition of immune cells. Thus, in hapten design, its main characteristic
structure must be exposed to the maximum extent as part of the immunogen to
obtain the desired target antibody [250, 251]. As a consequence, ZEN immunogen
synthesis is the key to the preparation of ZEN highly specific antibodies.

In this study, on the basis of the molecular structure of ZEN, oxime active
ester (OAE), condensation mixed anhydride (CMA), formaldehyde (FA), 1,4-
butanediol diglycidyl ether (BDE) and amino glutaraldehyde (AGA) were used to
synthesize immunogens and detect antigens. OAE method is to select the C6
'carbonyl group on Zen molecule as the active site, synthesize Zen oxime (Zeno)
through oximation reaction with CMO, introduce the carboxyl group of active
group, and combine the carboxyl group of hapten Zeno with the amino group of
BSA through monoamide bond couple under the action of EDC [252]. CMA
method is to select the C6 'carbonyl group on ZEN molecule as the active site,
introduce hydroxyl group through condensation reaction with hydroxylamine
hydrochloride, and the hydroxyl group reacts with succinic anhydride to introduce
the active group carboxyl group. The introduced carboxyl group can react with
isobutyl chloroformate in the presence of tri-n-butylamine to produce an active
intermediate mixed anhydride, and then react with the primary amino group on the
protein carrier to synthesize the immunogen ZEN-BSA (CMA) through single
amide bond coupling [253]. FA method takes the C7 'active hydrogen on Zen
molecule as the active site, the hapten containing active hydrogen and the amino

group of protein undergo Mannich condensation reaction under the action of
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formaldehyde, and the artificial antigen ZEN-BSA (FA) is synthesized by double
ammonia bond coupling [250]. BDE method uses the C2 hydroxyl active site on
Zen molecule. Both ends of 1,4-butanediol diglycidyl ether contain an ethylene
oxide group respectively. One end of ethylene oxide group can react with the
hydroxyl of hapten to form ether bond, and the other end of ethylene oxide group
can react with the amino group of carrier protein to form secondary amine, which
is combined into artificial antigen ZEN-BSA (BDE) through long-chain couple
[153]. AGA method is to select the C5 position of benzene ring on Zen molecule
as the active site, introduce nitro through nitration reaction, and after that introduce
amino active group through reduction reaction. The introduced amino active group
is coupled with the amino group of BSA through Mannich reaction in the form of
mannich base to synthesize afb1-bsa (AGA) [202].

(2) Animal immunization method. The same as AFB1 immunogen, its
purpose is to prepare high specific antibody. Therefore, this study also adopts the
immune method of low dose (30 pg/mL), long immune interval (4 weeks),
multiple points on the back (4-6 points) and multiple frequencies (5 times).

(3) Analysis of the immune effect of ZEN immunogen. As far as the current
research progress is concerned, to realize the single immune detection of ZEN
residues, it is necessary to improve the specificity of ZEN antibodies. The
preparation of ZEN highly specific antibodies is mainly completed by immunizing
animals with synthetic immunogens by FA method and AGA method. Burkin et al.
[254] reported that the immunogen ZEN-BSA was synthesized by FA method, and
ZEN pAb was prepared by immunizing rabbits, which could specifically recognize
ZEN. The IC50 for ZEN was 2.0 pg/L, and the CR with a-ZAL, B-ZAL, a-ZOL
and ZON were 0.15%, 0.02%, 0.12% and 31.7%, respectively. Gao et al [250]
reported that the immunogen ZEN-BSA was synthesized by FA method, and the
molecular binding ratio was 12:1. ZEN pAb and ZEN mAb were prepared by
immunizing Balb/c mice, and ZEN pAb could specifically recognize ZEN.

The IC50 for ZEN was 233.35 pg/L, and the CR with a-ZAL, B-ZAL, a-
ZOL, B-ZOL and ZON were 2.25%, 5.65%, 3.14%, 1.96% and 6.79%, respectively;
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ZEN mAbs specifically recognize ZEN. The 1C50 for ZEN was 55.72 pg/L, and
the CR with a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZON were 0.63%, 0.92%, 0.65%,
0.94% and 1.48%, respectively.

Teshima et al. [202] reported that the immunogen ZEN-BSA was
synthesized by AGA method, and ZEN mAb was prepared by immunizing Balb/c
mice. ZEN mAb could specifically recognize ZEN, and its IC50 for ZEN was 11.2
ug/L. CR with a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZON was less than 0.1%, 0.1%,
0.9%, 0.1% and 4.0%, respectively. In this study, AGA method was used to
prepare ZEN highly specific antibody, and its IC50 for ZEN was 18.77 pg/L. The
CR with a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZON was 1.48%, 1.36%, 3.57%,
1.65% and 4.86%, respectively [211].

To sum up, in this study, ZEN was used as the reaction starting material, and
the immunogen was synthesized by OAE method, CMA method, FA method, BDE
method and AGA method.

Immunogen identification by UV and SDS-PAGE and comparative analysis
of antibody characteristics by animal immunization showed that: OAE method is
the best method to prepare broad-spectrum specific antibodies to ZEN and its
homologues, and its IC50 for ZEN is 11.67 ug/L. The CR with a-ZAL, B-ZAL, a-
Z0OL, B-ZOL and ZON was 36.53%, 16.98%, 64.33%, 20.16% and 10.66%,
respectively. AGA method is the best method to prepare ZEN highly specific
antibody, and its IC50 for ZEN is 18.77 pg/L. The CR with a-ZAL, B-ZAL, a-ZOL,
B-ZOL and ZON was 1.48%, 1.36%, 3.57%, 1.65% and 4.86%, respectively.

4.2 Preparation and identification of AFB1 mAb and ZEN mAb

Preparation and identification of AFB1 mAb

(1) Screening method for AFB1 mAb-positive hybridoma cell lines. The
screening of hybridoma cells is a key step in the preparation of high-quality
monoclonal antibodies. As a typical response to artificial hapten carrier conjugates,

B lymphocytes produce different antibody molecules that recognize different parts
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of the conjugate. In addition, each B lymphocyte produces a specific type of
antibody molecule [255]. Therefore, it is particularly important to establish a
reliable screening system for positive hybridoma cells.

Multiple hybridoma cell lines can be obtained by one cell fusion. Although
the antibodies secreted by them can react with the same immunogen, if the
immunogen has more than one antigenic determinant, the antibodies secreted by
these hybridoma cell lines may be different. Even if the generated antibodies are
directed against the same epitope, different types of antibodies will still show
different affinity for the same epitope due to the differences in types and subclasses
of immunoglobulins [256]. Accordingly, in the screening of positive hybridoma,
there is more than one hybridoma cell in most holes at the first detection, that is,
several cells may exist at the same time, and their binding strength to hapten may
be different. It is also unknown whether the number of cells that can secrete high
affinity antibody is dominant in several cells. Moreover, cells secreting high
affinity antibodies tend to grow slowly. Thus, in order to avoid the omission of
positive hybridoma cell lines secreting high affinity antibodies, a gradient two-step
screening method was used in this study. High concentration AFB1 was used in the
initial screening, which can avoid the omission of cells secreting high affinity
antibodies and not dominant in the pores. After three subclones, most of the wells
are single cells, and the binding strength to AFB1 can be clearly seen through the
competitive reaction. Thereby, low concentration AFBI is used in the second
screening. At this time, if low concentration AFBI1 can still significantly inhibit the
color development of a well supernatant, it indicates that the antibody secreted by
the well cells has a high binding strength to AFB1. The screening results showed
that the positive hybridoma gradient two-step screening method could screen more
cell lines with higher affinity. To this end, the present study employed a
heterologous InELISA against the immunogen AFB1-BSA (OAE) using AFBI1-
OVA (SA) as the coating antigen to measure cell culture supernatant antibody
titers. Heterologous icELISA was used to determine the ability of positive

hybridomas to recognize AFBI1 and cross-react to AFBI1 analogs. The gradient
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two-step screening method was used to screen out three positive hybridomas with
strong immunoreactivity, high sensitivity and high specificity of AFB1 mAbs
2A11, 2F6 and 3G2. Among them, the best-performing AFBI mAb 2Al1, the
titers of cell culture supernatant and ascites fluid were 1:(6.4x102) and
1:(5.12x105), respectively, and the IC50 for AFB1 was 6.28 pg/L. The CR with
AFB2, AFG1, AFG2, AFM1 and AFM2 was 4.35%, 2.30%, less than 1.0%, less
than 0.1% and 0.1%, respectively.

In this study, a hybridoma cell screening system was successfully
established. The author believes that the system has four characteristics. First, it
can accurately measure the antibody titer of the cell culture supernatant after cell
fusion and correctly evaluate the immunoreactivity; Second, it is able to fully
recognize AFBI, that is, to exclude the interference of bridge antibodies, and to
correctly evaluate the recognition of antibodies; Third, it can accurately determine
the ability of the antibody to recognize AFBI, determine the IC50 value of the
antibody to AFB1, and correctly evaluate the sensitivity of the antibody; Fourth, it
is able to accurately measure the cross-reactivity of the antibody with AFBI
analogs, and correctly evaluate the specificity of the antibody to AFBI.

(2) Production method of AFBI mAb. In this study, AFBl mAb was
prepared by in vivo ascites-induced method [257]. Freund's incomplete adjuvant
and liquid paraffin were selected as pretreatment reagents for ascites preparation.
The experimental results showed that in the production of ascites, the mice treated
with incomplete Freund's adjuvant produced a total of about 3 mL/mouse, while
the liquid paraffin-treated mice produced a total of about 1.5 mL/mouse. There are
two reasons for this result. First, the volume of ascites extracted in each time, the
mice treated with incomplete Freund's adjuvant were more than the mice treated
with liquid paraffin. Secondly, the mice treated with incomplete Freund's adjuvant
can extract ascites 3-4 times, while those treated with liquid paraffin are mostly 1-3
times. However, the cost of Freund's incomplete adjuvant is much higher than that
of liquid paraffin, and different laboratories can choose to use it according to their

own needs. In addition, it is worth noting that the existing monoclonal antibody
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preparation methods include in vivo induction of ascites, in vitro culture in cell
culture medium, in vitro production in bioreactors, single cell technology, and
phage display technology [258].

Due to the advantages of simple operation, low cost, short cycle, high
antibody concentration and high yield, the in vivo induced ascites method is still
widely used in most laboratories [259]. Nevertheless, this method is still acceptable.
For example, the EU Reference Laboratory for Alternatives to Animal Testing
(EURL ECVAM) clearly states that, "under any circumstances, the use of ascites
for antibody production should no longer be accepted" (Barroso et al., EURL
ECVAM recommendations for antibodies of non-animal origin). Although the in
vivo ascites induction method was still used in this study, the authors suggest that,
for animal protection and animal ethics considerations, the in vitro culture method
should be advocated instead of the in vivo ascites induction method for the
production mAbs in future studies.

(3) Purification of AFBI mAb. In addition to specific antibodies, there are
many non-antibody proteins such as albumin, globulin, and lipids among the
monoclonal antibodies prepared by the in vivo ascites-induced method. Hence
antibodies need to be separated and purified to remove impurities and other
components before use. Currently, commonly used antibody purification methods
include ammonium sulfate precipitation, absolute ethanol precipitation, octanoic
acid-ammonium sulfate precipitation, affinity chromatography and euglobulin
precipitation, etc. The corresponding methods are selected according to different
needs. When the requirements for protein purity are not high, the saturated
ammonium sulfate method can be selected. This method can remove part of the
impurity protein, but the purity is not high, and can also be used as the
pretreatment of other purification methods. Ammonium octanoate sulfate method
has better effect on the extraction of IgG1 and IgG2a, while the effect on 1gG3 and
IgA is relatively weak. The purity of IgG extracted by affinity chromatography is
relatively high, but this method is easier to form affinity-coupled ligands and needs

to be eluted with eluent during the purification process, which may damage the
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activity of antibody proteins, and the cost of affinity column is high. The
euglobulin precipitation method is more suitable for the purification of 1gG3 and
IgM, especially the extraction rate of IgG3 can reach more than 90% [260, 261].
The subtypes of AFB1 mAbs 2A11, 2F6, and 3G2 obtained in this study were
IgG1, IgGl1, and IgG2a, respectively. Therefore, the ammonium caprylate sulfate
method, which has a better effect and lower cost in purifying [gG1 and 1gG2a, was
selected. The principle of octanoic acid sulfuric acid purification is to use octanoic
acid to combine with other proteins except IgG in ascites under acidic conditions
and form a precipitate. The supernatant is mainly IgG, and then the supernatant is
precipitated with ammonium sulfate, IgG with higher purity can be obtained [262].

(4) Genetic stability evaluation of AFB1 mAb-positive hybridoma cell lines.
Hybridoma cells are fusion cells of spleen cells and tumor cells, and their ability to
secrete antibodies is easily changed by external factors. Therefore, long-term
evaluation of the genetic stability of the selected hybridoma cell lines is required.
In this study, the hybridoma cell lines were continuously subcultured for 5
generations, and the culture supernatant of hybridoma cells was collected every 10
days, and the stability was determined by competition method. The results showed
that the cell line had better activity and stability, and could secrete antibodies
continuously and stably. Additionally, in order to prepare AFB1 mAb in large
quantities, the cryopreserved hybridoma cell lines were recovered several times in
this study, and were cultured for a long time to collect cells and injected into mice
to prepare ascites in large quantities, and then determine the changes in the 1C50
value of AFB1 mAb in ascites. The results showed that the hybridoma cell line
could stably secrete AFB1 mAD.

(5) Affinity evaluation of AFB1 mAb. The mAb affinity refers to the
binding strength between a single determinant on the surface of an antigen and a
single binding site of the corresponding antibody. It is the most essential
description of the interaction between an antigen and an antibody, and is often
expressed by an affinity constant (Ka). There are various methods to determine Ka,

including equilibrium dialysis, fluorescence quenching, non-competitive ELISA
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saturation method, icELISA method, thiocyanate elution (TCE), etc. [263, 264]. In
recent years, with the development of science and technology and the improvement
of experimental conditions, some new measurement methods such as
reflectometric interference spectroscopy (RIS), electrophoretic band migration
method, surface plasmon resonance (SPR), quartz crystal microbalance (QCM)
have appeared one after another[265, 266]. Among the above methods, the Batty
saturation method is often used to measure the Ka of specific antibodies produced
by small molecule haptens, but this method has been questioned by quite a few
scholars for a period of time after it was proposed. The main problem is that most
scholars believe that the process of antigen immobilization and coating makes the
antigen-antibody complex reaction transferred from the homogeneous pure liquid
phase system to the solid-liquid interface. This makes it possible to alter the
kinetics of the reaction and limit the application of the law of mass action [267].
However, some scholars have proved theoretically and experimentally that the law
of mass action is still applicable when the experimental conditions of the ELISA
reaction are strictly controlled. Moreover, the Ka value of anti-CEA IgG measured
by this method is completely consistent with the Ka value measured by equilibrium
dialysis method. So far, Batty saturation method has been recognized by the world
and is currently the most common method for determination of mAb affinity [268,
269]. In this study, the Ka of AFB1 mAb 2A11, 2F6 and 3G2 determined by Batty
saturation method were 1.05x10°, 9.64x10% and 7.71x10® L/moL, respectively. On
the basis of the evaluation method of mAb affinity[270], high-affinity mAbs with a
Ka of 107 to 10'? L/moL. The three AFB1 mAbs prepared in this study are all high-
affinity mAb.

(6) Establishment and optimization of icELISA method. There are two main
ELISA modes for the analysis of small molecule compounds, one is indirect
competitive ELISA (icELISA). The principle of icELISA is that the antigen is
coated on a solid phase carrier, and the antigen to be tested is mixed and incubated
with a known amount of enzyme-labeled antibody at the same time. Since the

solid-phase antigen and the antigen to be tested have the same epitope, they
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compete with each other indirectly to form an immune complex with enzyme
labeled antibody, and then add enzyme reaction substrate to determine the content
of small molecule hapten to be tested according to the color development degree.
The icELISA mode can be  expressed as: AgtAg*+Ab=Ag
Ab+Ag*Ab+Agt+Ag*+Ab, where Ag is the free antigen to be tested, Ag* is the
coated antigen, and Ab is the specific antibody, Ag Ab is a complex of free antigen
and antibody, and Ag*Ab is a complex of coated antigen and antibody. Ag* is
coated on the solid phase carrier, Ag* and Ag compete for the limited sites on the
Ab, and the excess Ag and Ag* are eluted after the reaction is equilibrated. The
binding of Ag Ab and Ag*Ab was displayed by the enzyme system, and then the
content of Ag in the sample was estimated [271, 272]. The second is direct
competitive ELISA (dcELISA), which is based on the principle that the specific
small molecule compound antibody is coated on the solid phase carrier, and the
drug antigen to be tested is mixed with the known amount of enzyme labeled
antigen for incubation. Among them, the drug to be tested and the enzyme labeled
drug with the same antigenic determinant are competitively combined with the
solid-phase antibody to separate the free and bound enzyme labeled antigen
antibody complex. Add enzyme reaction substrate and determine the content of
small molecular compound to be tested according to the color development degree.
The dcELISA mode is expressed as: AgtAg*+Ab=Ag Ab+Ag*Ab+AgtAg*+Ab,
where Ag is the free antigen to be tested, Ag* is the enzyme-labeled antigen, Ab is
the specific antibody, AgAb is the free antigen and specific antibody complex, Ag
*Ab is the complex of enzyme-labeled antigen and specific antibody. The Ab was
coated on the solid-phase carrier, Ag and Ag * competed for the limited sites on ab.
after the reaction reached equilibrium, the excess Ag and Ag * were eluted. The
binding of Ag AB and Ag * AB was displayed by horseradish peroxidase (HRP)
and its substrate color development system, and then the content of Ag in the
sample was calculated quantitatively [273, 274]. Since the enzyme-labeled
antibodies in the icELISA mode are standardized and commercialized reagents, the

establishment of the icELISA method is relatively simple and stable. However, the



174

enzyme-labeled hapten in the dcELISA mode is a self-made reagent. The cross-
linking method of the hapten and HRP is different, and the activity and stability of
the enzyme are also different. Thus, the establishment of dcELISA method is
difficult and lacks stability. Therefore, this study adopts the established icELISA
method to determine the sensitivity and specificity of the antibody.

The reagents required by the icELISA system used for AFB1 determination
in this study mainly include coated antigen, blocking solution, AFB1 mAb,
enzyme-labeled secondary antibody, enzyme reaction substrate and stop solution.
Afbl-ova was selected as the coating antigen, PBS solution containing 5% porcine
serum as the blocking solution, AFB1 mAb 2A11 specific antibody, GaMIgG-HRP
as the enzyme labeled secondary antibody, TMB as the enzyme reaction substrate
and 2 mol/L H>SOy as the termination solution to establish the detection method of
AFB1 icELISA. Since both AFB1 mAb and GaMIgG-HRP in icELISA are
biologically active substances, therefore, the determination results of icELISA are
easily affected by factors such as the type and concentration of coating antigen,
antibody concentration, enzyme-labeled secondary antibody concentration,
incubation temperature, incubation time, buffer pH, and buffer organic solvent
content [275]. In this study, the parameters of icELISA were optimized, mainly
including four aspects: first, the types of coating antigens were screened by
combination method. AFB1 mAb 2A11 was used as antibody, AFB1-OVA (OAE),
AFB1-OVA (MA), AFB1-OVA (SA), AFBI-OVA (MOA), AFB1-OVA (EP) and
AFB1-OVA (EED) were used as coating antigens, and the IC50 values of AFBI
mAb 2A11 were measured respectively, the combination with the lowest 1C50
value was selected to establish icELISA. The results showed that among the six
coating antigen and antibody combinations, the IC50 of AFB1 mAb 2A11 and
AFBI1-OVA (SA) was the lowest. Therefore, AFGBI-OVA (SA) was selected as
the coating antigen. Second, the checkerboard method was used to determine the
optimal working concentrations of the coating antigen, antibody and enzyme-
labeled secondary antibody, and AFB1-OVA (SA) was selected as the coating
antigen. When the working concentration of AFB1-OVA (SA) was 2.0 ug/mL, the
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working concentration of AFBI mAb 2A11 was 1:3200 and that of GaMIgG-HRP
was 1:1000. The third is to determine the appropriate concentration of methanol,
the organic solvent of the buffer. The appropriate methanol concentration not only
does not affect the sensitivity of icELISA, but also helps to dissolve AFB1. When
the methanol concentration exceeds 30%, the Amax and Amax/IC50 values
decrease, but when the methanol concentration is lower than 30%, the effect is not
significant. The fourth is to determine the appropriate pH value of the buffer.
When the pH of the buffer was between 5.0 and 9.0, there was no significant effect
on Amax/IC50 and Amax, while at pH 7.4, Amax/IC50 and Amax were the
highest, indicating that the antibody was fully bound to the antigen. Thus, it is
appropriate to select PBS with pH value of 7.2 to 7.4 as the buffer in this study.

(7) Sensitivity and specificity evaluation of AFB1 mAb. Sensitivity is one of
the important indicators to evaluate the antigen-antibody reaction pattern,
expressed by IC50 value, the lower the value of IC50, the higher the sensitivity
[276]. In this study, under the optimal assay conditions, the icELISA standard
curve of AFB1 was established, and the IC50 values of AFB1 mAbs 2A11, 2F6
and 3G2 were determined. The results are shown in Table 3.9. The IC50 values of
AFB1 mAbs 2A11, 2F6 and 3G2 were 6.28, 7.85 and 14.36 ug/L, respectively, of
which mAb 2A11 was the most sensitive to AFBI1. Specificity represents the
ability of an antibody to recognize the corresponding antigen or hapten, which is
determined by the complementarity between the spatial structure of the
hypervariable region of the antibody molecule and the antigenic determinant. It is
expressed by the CR value, the lower the value of CR, the stronger the specificity
[277]. Table 3.9 shows the CR values of three AFB1 mAbs, 2A11, 2F6 and 3G2,
the results show that the CR values of mAbs 2A11, 2F6 and 3G2 are 0.1%~4.35%,
0.1%~4.65% and 0.1%~5.44%, respectively. Among them, mAb 2A11 had the
lowest CR value. At the same time, the IC50 value of the three mAbs for ZEN,
DON, T-2 toxin and OTA were all greater than 10000 pg/L, and the CR values
were all less than 1%, indicating that the prepared AFB1 mAbs are CR-free with
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other mycotoxins. Since mAb 2A11 has the lowest IC50 value and lowest CR
values, it was selected for the follow-up study.

So far, there have been several reports using immunogens developed by
OAE and SA methods to obtain AFB1 mAbs with high sensitivity and specificity
for AFBI1. A comparison between mAb 2A11 in this study and other AFB1 mAbs
reported in recent literature is shown in Table 4.1. mAb 2A11 has high affinity,
IC50 value of 6.28 ng/L, high specificity, and CR values ranging from 0.1% to
4.35%, as expected. Therefore, mAb 2All1 can be used to establish an
immunoassay for the analysis of AFBI1 in food and feed. However, as reported by
Li et al.[245], mAb 2A11 has higher IC50 values (0.012 pg/L) than mAb 2F12, but
lower CR values (0.1% to 5.0) than 2F12 [278], mAb 2F12 was derived from the
OAE method. This result suggests that antigen-antibody recognition is based on
interactions generated by steric criteria and molecular electronic properties, so the
positional space or number of epitopes may play an important role in antigen-
antibody interactions [278]. As the dose of the immunogen was increased, the
epitopes became more diverse. Thus, the opportunity to select a variety of
monoclonal antibodies has arisen, which means that low doses of immunogens
help to obtain narrow-spectrum antibody specificities, while high doses of
immunogens help to develop broad-spectrum antibody specificities. Zhang et al.
[279] used the SA method to prepare the immunogen AFB1-BSA (SA) to obtain
AFB1 mAb 3A12 with an IC50 value of 6.1 pg/mL for AFB1. The CR values of
AFB2, AFG1, AFG2, and AFM1 were 7.8%, 20.2%, 0.6%, and less than 0.1%,
respectively, and a highly specific mAb for AFB1 was prepared. It is believed that
AFBI has two characteristic structural regions which are different from AFB2,
AFGI1, AFG2 and AFMI, namely the difuran ring and the cyclopentenone ring.
When AFB1-BSA (OAE) was used as the immunogen, due to the shielding effect
of the carrier protein or the linking arm and the great similarity in the structure of
AFs, the obtained antibody had a high CR value with AFG1 and AFG2. AFB2a is
the hemiacetal form of AFB1, which can exist in the form of dialdehyde phenate in

aqueous solution, and its aldehyde group and the amino group of BSA can generate
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unstable Schiff base. Under the action of reducing agent sodium borohydride
(NaBH), the C=N double bond was reduced to form stable AFB2a-BSA. Because
AFB2a greatly retains the difference structure between B-group cyclopentenone
and G-group lactone, it can effectively induce the body to produce highly specific
AFBI1 antibody and reduce the CR with AFGI1, AFG2, AFMI1, and AFM2.
However, compared with AFB1 mAb 2A11 and 3A12, the CR value of AFBI
mAb 2A11 and AFBI analogs was significantly lower, that is, the specificity of
AFB1 mAb 2A11 was significantly better than that of 3A12. Therefore, the OAE
method was still used in this study to prepare AFB1 highly specific mAb.

Zhang et al. [279] used the SA method to prepare the immunogen AFBI-
BSA (SA) to obtain AFB1 mAb 3A12 with an IC50 value of 6.1 ug/mL for AFB1.
The CR values of AFB2, AFG1, AFG2, and AFM1 were 7.8%, 20.2%, 0.6% and
less than 0.1%, respectively, and AFB1 highly specific mAb was prepared.
Kononenko et al. [195] considered that AFB1 has two characteristic structural
regions that are different from AFB2, AFG1, AFG2 and AFM1, namely the difuran
ring and the cyclopentenone ring. When AFB1-BSA (OAE) was used as the
immunogen, due to the shielding effect of the carrier protein or the linking arm and
the great similarity in the structure of AFs, the obtained antibody had a high CR
value with AFG1 and AFG2. AFB2a is the hemiacetal form of AFB1, which can
exist in the form of dialdehyde phenate in aqueous solution, and its aldehyde group
and the amino group of BSA can generate unstable Schiff base. Under the action of
reducing agent sodium borohydride (NaBH), the C=N double bond was reduced to
form stable AFB2a-BSA. Since AFB2a greatly retains the difference structure
between B-group cyclopentenone and G-group lactone, it can effectively induce
the body to produce highly specific AFB1 antibody and reduce the CR with AFG1,
AFG2, AFM1, and AFM2. Whereas, compared with AFB1 mAb 2A11 and 3A12,
the CR value of AFB1 mAb 2A11 and AFBI1 analogs was significantly lower, that
is, the specificity of AFB1 mAb 2A11 was significantly better than that of 3A12.
Therefore, the OAE method was still used in this study to prepare AFB1 highly
specific mAb.
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Preparation and identification of ZEN mAb
(1) Preparation of ZEN mAb. In this study, a heterologous inELISA against
the immunogen ZEN-BSA (AGA) and AFBI-OVA (FA) as the coating antigen
was used to measure the antibody titer of the cell culture supernatant. Heterologous
iIcELISA was used to determine the ability of positive hybridomas to recognize
ZEN and cross-react to ZEN analogs. The gradient two-step screening method was
used to screen out two positive hybridomas with strong immunoreactivity, high
sensitivity and high specificity, 2B6 and 4D9. Among them, ZEN mAb 2B6 had
the best performance, and the titers of cell culture supernatant and ascites fluid
were 1:(5.12x10%) and 1:(5.12x10°), respectively. The IC50 for ZEN was 10.38
ug/L, and the CRs for a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZON were 1.52%,
1.28%, 2.64%, 1.83% and 4.27%, respectively. Therefore, ZEN mAbs with high
immunoreactivity, high sensitivity and high specificity were obtained in this study.
Table 4.1
Comparison of IC50 and CR of AFBI1 and its analogs by OAE and SA
method in this study and other previously reported AFB1 pAbs and mAbs

References AFBI1 Coupling | Immunoassay IC50 of CR (%) ?
antibody method format AFBI AFB2 | AFG1 | AFG2 | AFMI | AFM2
(ng/L)
This study | AFBI pAb OAE icELISA 10.14 6.32 376 | <1.0 | <0.1 | <0.1
(2021) AFB1 mADb OAE icELISA 6.28 4.35 230 | <1.0 | <0.1 | <0.1
2A11
AFBI1 pAb SA icELISA 19.36 8.14 | 1844 | <1.0 | <0.1 | <0.1
Lietal AFB1 mAb OAE icELISA 0.01 5.0 2.0 0.2 <0.1 | <0.1
(2017) 2F12
[21] AFB1 mAb | OAE icELISA 0.012 4.0 3.0 | <0.1| <o0.1 | <0.1
1B5
Zhanget | AFBI mAb SA icELISA 6.1 7.8 22.2 0.6 <0.1 | <0.1
al. (2011) 3A12
[60]

Note. * All of the data were calculated using the CR of AFB1 as 100%.
(2) Identification of ZEN mAbs Genetic stability evaluation. After 5

subcultures, the titer and IC50 value of ZEN monoclonal antibody in cell culture
supernatant and ascites fluid did not change significantly. The results showed that

hybridoma cells had genetic stability. Affinity evaluation. In this study, the Batty
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saturation method was used to determine the Ka of ZEN mAbs 2B6 and 4D9,
which were 7.69 x 10°, and 4.95 x 10° L/mol, respectively, both of which were
high-affinity antibodies. Establishment and optimization of icELISA method. In
this study, the parameters of icELISA were optimized, mainly including four
aspects. First, the types of coated antigens were screened by combination method.
Using Zen mAb 2B2 as antibody and zen-ova (AGA), zen-ova (OAE), zen-ova
(CMA), zen-ova (FA) and zen-ova (BDE) as coating antigen, the IC50 value of
Zen mAb 2b6 was determined, and the combination with the lowest IC50 value
was selected to establish iceelisa. Second, the optimal working concentration of the
coated antigen, antibody and enzyme-labeled secondary antibody was determined
by the checkerboard method. ZEN-OVA (FA) was selected as the coating antigen.
When the working concentration of ZEN-OVA (FA) was 2.0 pg/mL, the working
concentration of ZEN mAb 2B6 was 1:1600, and the working concentration of
GaMIg G-HRP was 1: 1000. The third is to determine the appropriate
concentration of methanol in the buffer, the methanol concentration should be less
than 30%. The fourth is to determine the appropriate pH value of the buffer
solution, when the appropriate pH value of the buffer solution is 7.4. Sensitivity
and specificity evaluation. In this study, the icELISA standard curve of ZEN was
established under the optimal assay conditions, and the IC50 values of ZEN mAb
2B6 and 4D9 were determined, which were 10.38 pg/L and 17.23, respectively.
Obviously, the sensitivity of ZEN mAb 2B6 was significantly better than that of
4D9. The CR assay results showed that the CR of ZEN mAb 2B6 with a-ZAL, B-
ZAL, a-ZOL, B-ZOL and ZON were 1.52%, 1.28%, 2.64%, 1.83% and 4.27%,
respectively. The CR of 4D9 with a-ZAL, B-ZAL, a-ZOL, B-ZOL and ZON were
1.63%, 1.35%, 2.86%, 2.01% and 4.88%, respectively. Apparently, the sensitivity
of ZEN mAb 2B6 is significantly better than that of 4D9. On account of ZEN mAb
2B6 has the lowest IC50 value and lowest CR value, mAb 2B6 was selected for
follow-up studies. A comparison between the monoclonal antibody 2B6 in this
study and other ZEN monoclonal antibodies reported in recent literature is shown

in Table 4.2. The IC50 value of monoclonal antibody 2B6 is 10.38ug/L, which is
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highly sensitive to ZEN. At the same time, the CR value of monoclonal antibody
2B6 was between 1.35-4.88 pg/L, which was highly specific to ZEN and achieved
the expected purpose of the study. Monoclonal antibody 2B6 can be used to
establish immunoassays for ZEN analysis in grain, feed and other samples [211].
In terms of sensitivity, ZEN mAb 2B6 is by far the best compared to antibodies
prepared by similar methods. However, in terms of specificity, ZEN mAb 2B6 has
higher CR values than ZEN pAb reported by Burkin et al. [254], ZEN mAb
reported by Gao et al. [250] and ZEN mAb7-1-144 reported by Teshima et al.[202].
Therefore, the specificity of ZEN mAb 2B6 needs to be further improved. In future
experiments, it is necessary to comprehensively consider the physical and chemical
properties of hapten, immunogen synthesis method, coupling rate, immunization
procedure, antibody screening method and other factors to prepare ZEN mAb with
better sensitivity and specificity.

Table.4.2
Comparison of IC50 values and CR values of ZEN pAbs by the FA and the
AGA method in this study and other previously reported ZEN pAbs and

ZEN mAbs
References ZEN Coupli | Immunoassay | IC50 of CR (%) *?
antibody ng format ZEN o B- o B- 70N
m";ho (mgl) | zaL | zaL | zoL | zoL
This study | ZEN pAb FA icELISA 20.92 0.78 0.81 0.57 | 0.48 0.92
(2021)
[211]
Burkin et | ZEN pAb FA icELISA 31.7 0.12 - 0.15 0.02
al.(2002)
[254]
Gao et al. | ZEN pAb FA icELISA 233.35 2.25 5.65 3.14 1.96 6.79
(2012)
[250]
ZEN mAb FA icELISA 55.72 0.63 092 | 0.65 0.94 1.48
#
Teshima et | 7-1-144 AGA icELISA 11.2 <0.1 | <0.1 0.9 <0.1 4.0
al.  (1990) mAb
[202]

Note. @ All of the data were calculated using the CR of ZEN as 100%. - No data. *

No name.
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4.3 Preparation and performance measurement of AFB1 and ZEN dual
test strip

Preparation of AFB1 and ZEN dual test strip (1) Technical advantages
and limitations of GICA. Faulk et al. [280] founded colloidal gold
immunochromatography assay (GICA) in 1971. Beggs et al. [281] first applied
GICA technology to detect the small molecule drug human chorionic gonadotropin
(HCG) in 1990 and achieved success. Compared with other detection techniques,
although GICA 1is a semi-quantitative detection method, it has three major
advantages that other techniques do not have. First, it is fast and simple, and the
test results can be obtained within 10 minutes, without any additional equipment
and reagents; second, it can be operated on-site, and can be detected anytime,
anywhere, and is not limited by site, environmental conditions, etc.; third, the
amount of screening samples Large, multiple detection can be achieved. At present,
GICA technology has developed into an important method for the detection of
environmental pollutants such as heavy metal ions, biological toxins, pesticides
and veterinary drug residues in food, and major pathogens such as viruses and
bacteria, and has shown broad application prospects [282]. Nonetheless, in the
realization of multiplex detection, GICA technology still faces three technical
difficulties. First, the specificity of antibodies is poor, and there are different
degrees of cross-reactivity between antibodies, and the test strip cannot effectively
distinguish their respective targets. The second is the poor compatibility of the test
strip buffer system. Different antibodies have different properties and require
different buffer systems. Multiplex test strip require a unified buffer system for
different antibodies, which undoubtedly increases the difficulty of preparing
multiplex test strip. Third, it is difficult to choose the sample processing method.
Different targets have different solubility and different sample extraction methods,
which is also an important factor restricting the development of multiplex detection
test strip [283].

In recent years, the use of GICA technology to achieve multivariate

detection has achieved remarkable results. In terms of realizing multiplex detection



182
using gold-labeled single mAb and single detection line mode, Zeng et al. [284]
reported that a broad-spectrum and specific mAb of sulfonamides was prepared,
and a colloidal gold immunochromatography method was established. It can detect
13 sulfonamides simultaneously with detection limits of 0.42 to 8.64 pg/L.
Similarly, Wang et al. [285] reported that a broad-spectrum specific monoclonal
antibody for nitrofuran drugs was prepared, and a colloidal gold
immunochromatography method was established to simultaneously detect 3-
amino-2-oxazolidinone (AOZ2), semicarbazide (SEM), 3-amino-5-
methylmorpholino-2-oxazolidinone (AMOZ), and 1-aminohydantoin (AHD), the
detection limit of AOZ is 0.5 pg/L, and the detection limit of SEM, AMOZ and
AHD is 0.75 pg/L. In terms of using gold-labeled multiple mAbs and multiple
detection lines to achieve multiplex detection, Zhang et al. [286] reported that
highly specific OTA mAb and ZEN mAb were prepared, respectively, and a dual-
detection colloidal gold immune layer was established. The detection limit of OTA
was 0.32 ng/ml and the detection range was 0.53-12.16 ng/ml, and the detection
limit of ZEN was 0.58 ng/ml and the detection range was 1.06-39.72 ng/ml.
Similarly, Li et al. [287] reported that highly specific AFB1 mAb, OTA mAb and
ZEN mAb were prepared, respectively, and a multi-detection colloidal gold
immunochromatographic method was established. The detection limits for AFBI,
OTA and ZEA were 0.25 ng/mL, 0.5 ng/mL and 1.0 ng/mL, respectively. In this
study, based on the continuous progress and maturity of GICA technology, on the
basis of preparing high-sensitivity and high-specificity monoclonal antibodies
against AFB1 and ZEN, GICA technology was used to establish a double detection
technology method for AFB1 and ZEN, which was used for the detection of AFBI
and ZEN in food and feed. Provide technical support for simultanecous detection of
dual residue.

(2) Selection of GICA technology mode. According to the principle of
antigen-antibody reaction, GICA technology can be divided into two technical
modes: gold-labeled antigen and gold-labeled antibody. The technical principle of

gold-labeled antigen mode is: when there is no drug hapten in the sample, free
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gold-labeled antigen and fixed The monoclonal antibody on the membrane binds to
form a red band; when there is a drug hapten in the sample, it competes with the
free gold-labeled antigen for binding to the monoclonal antibody immobilized on
the membrane. The content of the drug hapten in the sample determines the depth
or presence of the red band on the detection line on the membrane [288]. The
technical principle of the gold-labeled antibody mode is: when there is no drug
hapten in the sample, the free gold-labeled antibody binds to the hapten
immobilized on the membrane to form a red band; when there is a drug hapten in
the sample, it binds to the free The binding of the gold-labeled antibody inhibits
the binding of the gold-labeled antibody to the hapten immobilized on the
membrane. The content of the drug hapten in the sample determines the depth or
presence of the red band on the detection line on the membrane [289]. Since the
sensitivity of the gold-labeled antigen mode is not as sensitive as that of the gold-
labeled antibody mode, the gold-labeled antibody mode is mostly used in
immunoassays. Similarly, this study also used the gold-labeled antibody model to

establish an immunoassay detection method.
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Figure.4.1 Technology model of GICA.
(3) Selection of colloidal gold preparation method. Colloidal gold is a
suspension of many individual gold particles reduced by gold ions. The gold

particle is an icosahedron containing 11 gold atoms composed of a basic crystal
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nucleus and a surrounding double ion layer. The surface of the crystal nucleus is an
inner negative ion, and the outer ion layer is dispersed among the colloids. The
negatively charged layer surrounded by the surface of the gold particles is called
the zeta potential, which can make the colloidal gold particles repel each other and
keep the suspension stable [290]. In immunoassay detection, the color
development is due to the aggregation of colloidal gold on the T-line or C-line. A
particle size that is too small will not produce sufficient color signal, and a particle
size that is too large will create steric hindrance that prevents IgG from
approaching the zeta potential of the gold particles. The gold-labeled complex has
poor stability. The MW of IgG is 16 kDa, the diameter is about 8 nm, and about 4
nm can bind to the surface of gold particles. Molinelli et al. [291] and Shim et
al.[223] reported that selecting gold particles with a particle size of 40 nm can
obtain better labeling effect of antibodies. However, Li et al. [292] and Sun et al.
[293] reported that the effect of selecting gold particles with a particle size of 25
nm to label the antibody was better. In this study, colloidal gold of 21 nm, 25 nm
and 42 nm was prepared and labeled with AFB1 mAb and ZEN mAb, respectively,
and the sensitivity and stability were compared. The results showed that the gold
particles with a particle size of 25 nm had the best effect. Therefore, the particle
size of the gold particles selected in this study was 25 nm.

The particle size of colloidal gold is mostly 1-100 nm, and different reducing
agents and their addition amount are the main factors affecting the diameter of gold
particles. Commonly used reducing agents are white phosphorus, trisodium citrate,
tannic acid, ascorbic acid, sodium borohydride, etc. Among them, trisodium citrate
is the most commonly used reducing agent at present, due to its low price, stable
properties and good reduction effect [294]. In this study, the trisodium citrate
reduction method was also selected, and the prepared colloidal gold was identified
by observation method, ultraviolet scanning method and electron microscope
scanning method. The results showed that 1L of 0.01% chloroauric acid solution

required 17 mL of 1% trisodium citrate solution to determine the optimum dosage.
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(4) Selection of gold-labeled antibody preparation method. There are two
methods to determine the optimal concentration of colloidal gold and IgG. One is
Mey's series stabilization method, that is, adding 0.1 mL of antibodies of different
concentrations to 1 mL of colloidal gold, adding 0.1 mL of 10% NaCl solution
after 5 minutes at room temperature, and observing the color change after 5
minutes. The antibody concentration when the color of the mixture just changes
from red to blue is the optimal concentration. The second is the ultraviolet
scanning method, that is, the labeled complex is scanned in the range of 400-600
nm to obtain the maximum absorption wavelength, and the absorbance of the
complex formed by different antibody concentrations is measured at this
wavelength. The absorbance value was plotted against the antibody concentration,
and the antibody concentration corresponding to the point where the antibody
concentration increased and the absorbance value hardly changed was the optimal
antibody concentration. Although the Mey method has the defect of poor accuracy,
the method is simple and clear, the results are intuitive, and it is easy to operate, so
it is still a good method. In this study, the combination of Mey's series stabilization
method and UV scanning method was used to determine the optimal labeling
concentration of colloidal gold and IgG. The optimal labeling concentration of
AFB1 mAb was 7.0 g/mL, and the optimal labeling concentration of ZEN mAb
was 3.5 g/mL.

(5) Optimization of detection conditions for immunoassays. The
performance of immunoassays mainly depends on the quality and configuration of
all reagents and materials. In order to improve the detection performance of the
immunoassay, this study optimized the detection conditions in five aspects. One is
the choice of nitrocellulose membrane. 10 kinds of NC membranes were tested,
and Millipore 135 membrane was finally selected as the test strip detection area.
The second is the choice of gold-label pads. Four kinds of gold-label pads were
tested, and 8964 glass fiber was finally selected as the gold-label pad. The third is
the selection of sample pads. Two sample pads, SB08 and SB06, were tested, and
SBO08 was finally selected as the sample pad for this test. The fourth is the selection
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of the optimal concentration combination of gold-labeled antibody and coating
antigen. AFB1 mAb and corresponding 6 kinds of immunogens and ZEN mAb and
corresponding 5 kinds of immunogens are tested respectively, and the optimal
dilution of gold-labeled AFB1 mAb is finally determined. The ratio is 1:4, the
working concentration of the immunogen AFB1-BSA (OAE) is 1.0 mg/mL, the
optimal dilution ratio of the gold-labeled ZEN mAb is 1:4, and the working
concentration of the immunogen ZEN-BSA (AGA) is 2.0 mg/mL. The fifth is the
determination of methanol concentration in the sample treatment solution. Through
the determination of 10%, 20%, 30%, 40%, 50%, 60%, 70% series of methanol
concentrations, it is finally determined that the methanol concentration in the
sample treatment solution should not exceed 20%. %.

Performance measurement of AFB1 and ZEN dual test strip

(1) Performance of a single test strip. In this study, we first established a
single immunoassay test method for AFB1 or ZEN. Its sensitivity is determined by
the affinity of the antibody and its corresponding antigen. The mAb used in this
study was developed by ourselves and is a high-affinity mAb. Therefore, a single
immunoassay paper has better sensitivity, the visual detection limit of AFB1 single
test paper is 1.0 ug/L, and the visual detection limit of ZEN single test paper is 5.0
ug/L. Meanwhile, in this study, the sensitivity was determined by Bio Dot-
TSR3000 Test strip reader, the IC50 value of AFB1 was 1.11 pg/L, and the
detection limit was 0.24 pg/L. ZEN has an IC50 value of 4.97 pg/L and a detection
limit of 1.51 pg/L. The specificity is determined by the specificity of the antibody.
In this study, the cross-reactivity test was used to identify the specificity of the test
strip, and the CR values were determined with AFBI mAb and AFBI and its
homologues, ZEN mAb and ZEN and its homologues, respectively. The results
show that the test strip has high specificity and can be used for the residual
detection of AFB1 and ZEN, respectively.

(2) Performance of double test strip. The ultimate goal of this study is to
establish a dual test strip for simultaneous detection of AFB1 and ZEN. It was

determined that the results could be read within 10 min by the double-coupled test
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paper, and the visual detection limit of the double-coupled test paper for AFB1 was
1.0 pg/L, and the visual detection limit for ZEN was 5.0 pg/L. The visual
sensitivity of OTA and ZEN in grains was 6 ng/mL and 20 ng/mL, respectively; At
the same time, the sensitivity was determined by Bio Dot-TSR3000 Test strip
reader in this study. The IC50 value of AFB1 was 1.15 pug/L, and the detection
limit was 0.23 pg/L. The IC50 value of ZEN was 4.91 ng/L, and the detection limit
was 1.53 pg. /L. By confirming with HPLC-MS/MS, the double test paper
prepared in this study for the simultaneous detection of AFB1 and ZEN can be
used for the detection of AFB1 and ZEN contamination in natural samples,
providing technical support for the detection of AFB1 and ZEN contamination in
food and feed. At present, there have been many reports on the GICA method for
single residue detection of AFB1 or ZEN. Hu et al. [295] reported that a single
residue GICA detection method for AFB1 was established with a detection limit of
0.1 png/L. Ji et al [155] reported that a single-residue GICA detection method for
ZEN was established with a detection limit of 15 pg/L. There are also some reports
on the GICA method for the double-residue detection of mycotoxins. Sun et al.
[293] reported that a double-residue GICA detection method for OTA and ZEN
was established. The detection limit for OTA was 6.0 ng/L, and the detection limit
for ZEN was 20.0 pg/L. Zhang et al. [286] reported that a dual-residue GICA
detection method for OTA and ZEN was established, with a detection limit of 0.32
ng/L for OTA and a detection limit of 0.58 pg/L for ZEN. However, so far, to our
knowledge, there is no report on the establishment of a dual-residue GICA assay
for AFB1 and ZEN. Nevertheless, we should further improve the quality of
antibodies, immunogens, colloidal gold, gold labeled antibodies and other reagents
in subsequent tests, and further optimize the detection conditions such as NC
membrane, gold labeled pad, sample pad, buffer and sample treatment solution, so

as to improve the performance of AFB1 and ZEN dual detection test paper.
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CONCLUSIONS

In the dissertation work, based on research expounded the toxicity and
harmful effects of AFB1 and ZEN on human health, compared and analyzed in
detail the detection methods, advantages and disadvantages of AFB1 and ZEN
double residues in food and feed, and put forward the great significance of
establishing the detection method of AFB1 and ZEN residue colloidal gold
immunochromatographic dual test strip.

1. Six kinds of AFBI and five kinds of ZEN artificial immunogens were
successfully synthesized. Through UV, SDS-PAGE identification and animal
immunization effect analysis, OAE method and AGA method were selected as the
best methods to prepare high specific antibodies to AFB1 and ZEN, respectively.

2. Balb/c mice were immunized with AFBI-BSA (OAE) and ZEN-BSA
(AGA) respectively, and an animal immune method for preparing highly specific
antibodies was established. Three AFB1 mAb and two ZEN mAb cell lines were
successfully obtained by cell fusion and positive hybridoma screening techniques.
The immunological characteristics showed that AFB1 mAbs and ZEN mAbs had
high titer, high sensitivity and high specificity, which could be used for the
establishment of AFB1 and ZEN immunoassay methods.

3. The detection methods of AFBI1 (or ZEN) single residue and AFB1 and
ZEN residue colloidal gold immunochromatographic dual test strip were
successfully established. After performance determination, preliminary application
and HPLC-MS/MS verification, the method could be used for the simultaneous
detection of AFB1 and ZEN residues in food and feed.

4. The research results of this thesis not only realized the rapid detection of
double residues of AFB1 and ZEN, but also provided a reference for the multiple

detection of other small molecular compounds such as mycotoxins.
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PRODUCTION PROPOSALS

1. On the basis of our recearsh Methodological Recommendations
“Implementation of modern methods of Aflatoxin B1 and Zearalenone detection”,
for laboratory, practical classes and independent work for master’s students of
veterinary department from disciplines "Veterinary Microbiology"and “Veterinary
Zoohygiene”, specialties: 211 "Veterinary Medicine", 212 "Veterinary Hygiene,
Sanitation and Expertise". 53pp. (approved by the Scientific Council of SNAU,
protocol No. 5, dated December 29, 2021).

2. We recommend using the materials of the dissertation work when
studying the courses "Veterinary microbiology"”, "and Veterinary sanitary
examination" for masters of the Faculty of Veterinary Medicine of Sumy NAU.
And for the courses "Veterinary internal medicine" for masters of the Henan
Institute of Science and Technology (HIST).

3. We can recommend, we can recommend that the AFB1 and ZEN dual
test strips were suitable for rapid and simultaneous detection of AFB1 and ZEN

contamination in food and feed samples.
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