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Abstract

The accurate analysis of chemical isomers plays an important role in the study of their different
toxic effects and targeted detection of pollutant isomers in foods. The Alternaria mycotoxins
tenuazonic acid (TeA) and iso-tenuazonic acid (ITeA) are two isomer mycotoxins with the lack
of single analysis methods due to the similar structures. Antibody-based immunoassays exhibit
high sensitivity and superior application in isomer-specific determination. Previously, various
kinds of antibodies for TeA have been prepared in our group. Herein, highly specific nanobodies
(Nbs) against ITeA mycotoxin were selected from immune nanobody phage display library, and
one of Nbs, namely Nb(B3G3) exhibited excellent affinity, thermal stability as well as organic
solvent tolerance. By molecular simulation and docking technology, it was found that stronger
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interaction between Nb(B3G3) and ITeA lead to higher affinity than that for its isomer TeA.
Furthermore, a sensitive indirect competitive enzyme-linked immunosorbent assay (icELISA) was
established with a limit of detection (LOD) of 0.09 ng/mL for ITeA mycotoxin. The recovery

rate of ITeA in spiked samples was analyzed with 84.8%-89.5% for rice, 78.3%-96.3% for

flour, and 79.5%-90.7% for bread. A conventional LC-MS/MS method was used to evaluate the
accuracy of this proposed icELISA, which showed a satisfactory consistent correlation. Since the
convenient strategy for nanobody generation by phage display technology, this study provide new
biorecognition elements and sensitive immunoassay for analysis of ITeA in foods.
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1. Introduction

Different compound isomers can cause completely different toxic effects or other biological
effects in animals and humans, which shows that how the isomers could be accurately
identified is a very important and meaningful topic (Pan et al., 2018; Kachur et al.,

2020). Tenuazonic acid (TeA) and iso-tenuazonic acid (ITeA) are secondary toxic isomer
mycotoxins produced by Alternaria fungi, only with slight difference of a methyl group
position (EFSA, 2011). They could contaminate various kinds of foods with high exposure.
Current studies have shown that the two isomers have similar but different chemical
properties and toxic effects, but the conventional instrument methods have large difficulty
in achieving their accurate identification and analysis (Hickert et al., 2015; Hovelmann
etal., 2016; Kumari et al., 2019). Nowadays, antibody-mediated assays present high
accuracy, specificity, and sensitivity. Importantly, isomer-specific determination could be
performed easily and successfully by immunoassays, such as ofloxacin, styrene oxide

and other small molecule compounds (Shen et al., 2009; Mu et al., 2014). The anti-TeA
polyclonal antibodies (pAbs), monoclonal antibodies (mAbs) and nanobodies (Nbs) have
been prepared with satisfactory specificity in our previous studies (Wang et al., 2018;
Liang et al., 2020; Wang et al., 2020). However, in terms of immunodetection of ITeA
mycotoxin, only one case was reported with the preparation and application of specific
mADb against the complicated derivative of ITeA (Xiao et al., 2018). Thus, development of
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new recognition antibodies and immunoassays could greatly expand the accurate analysis of
ITeA my cotoxin in foods.

Nanobodies derived from camelid heavy chain antibodies could serve as unique antibodies
in immunoassays. In parallel, recent progress in nanobody-based immunoassays are
increasingly reported for specific and sensitive detection of toxic pollutants in foods

(Bever et al., 2016). They could exhibit superior performance in the enhancement of assay
sensitivity, the high stability of thermal treatment, and the tolerance of organic solvent.

In terms of the contamination monitoring of mycotoxins in foods, specific nanobodies
against aflatoxins, ochratoxins, deoxynivalenol, microcystins, and TeA mycotoxin have been
generated and exploited for immunodetection with satisfactory results (Doyle et al., 2008;
He et al., 2014; Liu et al., 2014; Pirez-Schirmer et al., 2017; Wang et al., 2020).

Herein, a high-quality nanobody library was generated by the successive immunizations
with a Bactrian camel. Then, the improved phage display technology was applied to

select specific nanobodies against ITeA mycotoxin. The performances of these obtained
nanobodies were characterized and molecular simulation was used to illustrate the
recognition mechanism of nanobody-ITeA. At last, a sensitive ELISA was developed with
indirect competitive strategy, and used to evaluate the recovery of ITeA in spiked samples.
The accuracy of the developed assay was validated by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

Materials and methods

Reagents, Materials and Apparatus

ITeA mycotoxin was obtained with a purity of 97.64% (Xiao et al., 2018). Other mycotoxins
including TeA, alternariol monomethyl ether (AME), alternariol (AOH), deoxynivalenol
(DON), and zearalenone (ZEN) were purchased from Toronto Research Chemicals (Ontario,
Canada) and Aladdin Chemical Technology Co., Ltd. (Shanghai, China). The hapten
ITeA-CMO was the carboxymethyloxime derivative of ITeA, which was prepared in our
laboratory (Figure S1). The immunogen ITeA-CMO-ConA (ITeA-CMO conjugated with
carrier protein concanavalin A (ConA)), and the coating antigen 1ITeA-CMO-OVA (ITeA-
CMO conjugated with ovalbumin (OVA)) were used in this study. The secondary antibody
goat anti-HA tag labeled with horseradish peroxidase (anti-HA-HRP) was purchased from
Roche Molecular Systems, Inc. (Indianapolis, USA). Other molecular biology reagents
were purchased from Ghchio Technologies Inc. (Guangzhou, China), Takara (Dalian,
China), QIAGEN (Dusseldorf, Germany) and New England Biolabs (MA, USA). All other
chemicals used in this study were from Sigma (St. Louis, USA). The absorbance value was
measured on a Multiskan MK3 microplate reader (Thermo Labsystems, USA). LC-MS/MS
analysis was conducted on an Agilent SL liquid chromatograph system with 4000 Qtrap
mass spectrometer (Agilent Technologies, Santa Clara, USA).

2.2. Construction of Immune Nanobody Library

A male Bactrian camel was raised and immunized with ITeA-CMO-ConA as described
before (Wang et al., 2020). After five times of immunization, 100 mL fresh blood was
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collected in anticoagulant tubes. The one-step PCR was designed for gene amplification of
nanobody fragment. The primers of PCR were previous described with slight modification
(Li et al., 2012). One-step PCR was conducted with the sense primer P1 (5’-
CATGCCATGACTCGCGGCCCAGGCGGCCGTCCTGGCTGCTCTTCTACAAG G-3'),
two antisense primers P2-1gG2 (5'-
CATGCCATGACTCGCGGCCGGCCTGGCCCGTGCATTCTGGTTCAGGTTTTGGTTG
TGG-3") and P3-IgG3 (5'-
CATGCCATGACTCGCGGCCGGCCTGGCCCTTGCATACTTCATTCGTTCC-3"). The
recombinant plasmid was electrotransformed into competent cells of £. co/iER2738, and
the E. colilibrary was infected with helper phage M13KO07 for preparation of phage display
library. The performance of phage library was assessed for further biopanning.

2.3. Biopanning of Nanobodies against ITeA

The phage-displayed biopanning was designed with four rounds using the coating antigen of
ITeA-CMO-OVA. The procedures of panning were described before with slight modification
(Wang et al., 2020). The detail information was listed in Table 1. A series of gradient
concentration of coating antigen (12.5, 2.5, 0.5, 0.1 pg/mL) were coated in the wells of 96-
well microplate. In order to eliminate the nonspecific binding, two kinds of blocking buffer
including 1% fish gelatin in PBS buffer and 3% skimmed milk in PBS buffer were prepared
for blocking in the four rounds. The specific phages were eluted with the acid buffer of 0.1
mol/L glycine-HCI buffer (pH 2.2) in the first round, and the competitive elution using 1000
ng/mL, 100 ng/mL, and 10 ng/mL of ITeA was used in other rounds. At last, the clones were
picked up from agar plates and cultivated for nanobody expression in deep-well plates. The
expression supernatants were collected and assessed by indirect competitive enzyme-linked
immunosorbent assay (icELISA). The positive clones were sequenced and analyzed for
further study.

2.4. Expression, Purification, and Characterization of Nanobodies

The obtained plasmids were transformed to £. coli BL21(DE3). Single clone was picked
up and cultivated in 2xYT medium at 37 °C for nanobody expression. The bacteria
were collected after centrifugation and the cell lysis was conducted by bacterial protein
extraction reagent (B-PER). These obtained Nbs were purified with standard Ni-NTA
affinity chromatography and identified by SDS-PAGE. The performances of them were
characterized by icELISA.

2.5. Thermal Stability and Organic Solvent Tolerance of Nanobodies

The titer of these nanobodies was determined as the optimal concentration by ELISA with 1
ug/mL of coating antigen ITeA-CMO-OVA. To investigate thermal stability of nanobodies,
optimal concentrations of them were separately incubated at 22 °C, 37 °C, 45 °C, 50 °C, 60
°C, 70 °C, 80 °C, 90 °C, and 100 °C for 5 min. For the further study of extreme temperature,
these nanobodies were separately operated at 70 °C, 80 °C, and 90 °C from 10 min to

120 min. The analysis of organic solvent tolerance was conducted with several levels of
methanol (MeOH) and acetonitrile (ACN) in PBS buffer. After the treatment of thermal or
organic solvent, the activity of these nanobodies was analyzed by ELISA and compared with

Food Control. Author manuscript; available in PMC 2023 June 01.
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the original activity. It was calculated that relative activity (%) = (the treatment activity/the
original activity) x 100.

2.6. Development of Sensitive icELISA for ITeA Detection

The proposed icELISA was conducted with an indirect competitive strategy on the basis

of the excellent Nb(B3G3). Firstly, a checkerboard method was used for determination

of optimal concentrations of coating antigen ITeA-CMO-OVA and the corresponding
Nb(B3G3). More specifically, the wells of microplate were operated to do overnight coating
at 37 °C and blocked with 3% skimmed milk for 1 h. After 3-time washing, 50 pL/well of
optimal concentrations of Nb(B3G3) and 50 pL/well of gradient concentration of ITeA were
added in wells for 40 min-incubation at 37 °C. The wells were supplied with 100 pL/well

of anti-HA-HRP (9.1 ng/mL) after washing. The plates were incubated at 37 °C for 40 min,
and then conducted with 3-time washing. 100 uL/well of fresh TMB solution was added and
incubated at 37 °C for further 10 min to produce enzymatic reaction, then the absorbance
values were measured on a Multiskan MK3 microplate reader after the stopping reaction
with 10% H»SO,.

2.7. Sensitivity and Selectivity of icELISA

The performance of icELISA was determinated from the standard curve with a four-
parameter logistic equation using Origin 8.0 (Origin Lab, Northhampton, ME). The half
inhibitory concentration (ICsp) and the limit of detection (LOD, IC4q) were calculated from
the standard curves. The 1Cqq value is the ITeA concentration at 10% of maximum value for
the specific immunoassay. To analyze the selectivity of icELISA, the cross-reactivity (CR)
of Nb(B3G3) with other mycotoxins (TeA, AOH, AME, DON and ZEN) was performed
with the calculation formula CR (%) = (ICsg of ITeA / ICsq of other mycotoxins) x 100.

2.8. Recognition Characteristics of Anti-ITeA Nb(B3G3) by molecular simulation

The 3D model of Nb(B3G3) was built online through the automated protein structure
homology-modelling SWISS-MODEL server (https://swissmodel.expasy.org/), and it was
evaluated by the online SAVES v6.0 server (https://saves.mbi.ucla.edu/). Then the docking
procedures of Nb(B3G3) and ITeA mycotoxin were operated as described before using
the LeadIT 2.1.8 software (Fu et al., 2021). The obtained results were created by PyMOL
(version 2.4.0a0, open-source).

2.9. Analysis of Spiked Samples by icELISA and LC-MS/MS

Commercial samples (rice, flour, and bread) were purchased from local supermarket in
Davis. These samples were analyzed with endogenous content by LC-MS/MS method, and
then spiked with different concentrations of ITeA for recovery study. 1 g of crushed sample
was extracted with 10 mL of 50 % methanol in distilled water and centrifuged at 20000
rpm for 30 min. The supernatants were used in the analysis by ELISA and LC-MS/MS.
Parameters and operation conditions of LC-MS/MS were described before (Wang et al.,
2020). The results were fitted with a correlation analysis between ELISA and LC-MS/MS.

Food Control. Author manuscript; available in PMC 2023 June 01.
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3. Results and Discussion

3.1.

Isolation and Performance Evaluation of Anti-ITeA Nanobodies

After five times of immunization, the titer of camel serum could reach 1.28 x 10° by ELISA
analysis. The one-step PCR was used for amplification of nanobody gene, and the library
capacity was 6.88 x 108 cfu/mL. Specific nanobodies against ITeA mycotoxin were selected
from the nanobody library using phage display technology. After selection of nanobodies,

a total of twenty-five clones were selected and analyzed by non-competitive ELISA. The
results in Figure 1A indicated a total of fourteen clones were obtained with significant
positive/negative binding values (P/N>2.1). Furthermore, these clones were analyzed by
indirect competitive ELISA (Figure 1B), and these positive nanobodies with specificity were
selected from the prepared nanobody library. The results of icELISA showed that the three
nanobodies named Nb(B3G2), Nb(B3G3), and Nb(O3H2) had higher inhibition rate under
1.0 ug/mL ITeA among these clones. The CDR sequences of them were shown in Figure
2A. They were expressed in £. coli BL21(DE3) under the induction of 1.0 mM IPTG and
purified by the traditional Ni-NTA resin. After purification, the identification of these three
nanobodies by SDS-PAGE was shown in Figure 2B. The yield of Nb(B3G2), Nb(B3G3),
and Nb(O3H2) in £. coliBL21(DE3) were 0.38, 3.36, and 1.09 mg/L, respectively. The
sensitivity of them were characterized by icELISA with similar 1Csq values (Figure 2C).

3.2. Thermal Stability and Organic Solvent Tolerance of Nanobodies

In this study, the obtained three nanobodies were firstly treated under various temperature
for 5 min. The activity of them could maintain ~100% of the original activity at 50 °C,
~80% activity at 80 °C, even ~70% activity at 100 °C for 5 min (Figure 3A). During the
treatment of extreme temperature for 10-120 min, these nanobodies were detected with over
50% of antibody activity at 80 °C for 20 min and 100 °C for 10 min (Figure 3B and 3C).
Furthermore, these nanobodies were incubated in PBS buffer containing MeOH or ACN.
Results showed that they had ~100% of antibody activity in 10% MeOH and 5% ACN

in PBS, even possessed ~5% activity in 80% MeOH and 40% ACN (Figure 3D). These
findings were consistent with that of other nanobodies (He et al., 2014; Chen et al., 2016;
Liuetal., 2017; He et al., 2019). It was indicated that these obtained nanobodies had
excellent performance including outstanding thermal stability and organic solvent tolerance,
which were attributed to the unique structure of nanobodies (Muyldermans, 2013; Kunz et
al., 2017; Kunz et al., 2018).

3.4. Sensitivity and Selectivity of Nb(B3G3)-based icELISA for ITeA Detection

Considering the yield and sensitivity of the obtained nanobodies, the unique Nb(B3G3) was
selected for establishment of ELISA with indirect competitive strategy. The standard curve
was shown in Figure 4. The ICgq value was calculated as 1.3 ng/mL with the LOD value of
0.09 ng/mL, which was 6-fold improvement compared with that of the previous results for
ITeA detection (Xiao et al., 2018). The selectivity of icELISA was determined by analysis
of cross reactivity of the assay. Other mycotoxins were used for development of standard
curves to compare with the original one with ITeA mycotoxin. As shown in Table 2, there
was no obvious CR with the four mycotoxins (AME, AOH, DON, and ZEN), which were
driven mainly by the obvious difference of their structures (Wang et al., 2018). The CR of
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6.6% with TeA showed that there were weak common binding characteristics and strong
specific uniqueness in the recognition of ITeA and TeA with anti-ITeA Nb. The generated
Nb(B3G3) present excellent sensitivity and specificity, and the developed icELISA was
developed for immunodetection of 1TeA mycotoxin.

3.5. Recognition Characteristics of Anti-ITeA Nb(B3G3) and ITeA Mycotoxin

To investigate the recognition mechanism of Nb(B3G3) against ITeA mycotoxin, the
sequence of Nb(B3G3) was blasted online with SWISS-MODEL workspace and the 3D
structure model was built on the template of crystal structure of the camelid nanobody
(PDB: 4tvs). The obtained model was evaluated with the VERIFY3D, ERRAT and
PROCHECK evaluation. 93.8% of the residues have averaged 3D-1D score over 0.2 in
evaluation of VERIFY3D (Figure S2A). The overall quality factor of ERRAT was 85.714
(Figure S2B). The PROCHECK results of Ramachandran plot indicated that 94.5% of
Nb(B3G3) residues were located in most favoured regions, and there were no residues
located in disallowed regions (Figure S2C). All these results could meet the requirements
of this homology model. This 3D model of Nb(B3G3) was used for ligand docking with
ITeA to obtain key amino acid residues of specific recognition. The recognition mode of
Nb(B3G3) and ITeA was shown in Figure 5A. It was indicated that the ITeA molecule

was deeply buried in the pocket formed by specific residues in FR2, FR3 and CDR3 of
Nb(B3G3) (Figure 5B). The specific binding between Nb(B3G3) and ITeA was driven

by four main hydrogen bonds (Val59, Ala60, Asp70, and Trp122) and some weaker
hydrophobic forces (Gly58, Leu61, and Tyr71). The docking score of Nb(B3G3)-1TeA was
—14.4229 with four stronger hydrogen bonds (2.4, 2.6, 2.8, and 2.9 A). Although TeA had
similar structure with ITeA, it present big difference in molecular electrostatic potential
isosurfaces of them (Wang et al., 2018). The results in Figure 5C showed that the docking
score of Nb(B3G3)-TeA was -12.8947 with only three hydrogen bonds (2.5, 2.6, and 2.8
A). These reasons contributed to the low recognition of anti-ITeA Nb(B3G3) with TeA. The
similar results were obtained for the anti-TeA nanobody with lower reactivity with ITeA by
molecular simulation (data not shown). Meanwhile, highly accurate nanobody against 1TeA
could be generated by phage display technology, which was similar to the specific anti-TeA
nanobody prepared by the similar method (Wang et al., 2020).

3.6. Analysis of Spiked Commercial Samples by icELISA and LC-MS/MS

In order to evaluate practicality of this assay, commercial samples (rice, flour, and bread)
were selected for recovery analysis. Firstly, sample matrix was investigated on the influence
of assay. Different dilutions of sample matrix extract were used for development of standard
curves to be compared with the original one using PBS buffer. It was indicated that a
10-fold dilution could eliminate the matrix effect for rice and flour samples, and bread
samples required a higher 20-fold dilution for removal of matrix interference (Figure 6). The
recovery analysis was conducted on spiked rice and flour samples (6, 20, and 40 ng/g), and
spiked bread (12, 40, and 80 ng/mL). The recoveries for rice, flour, and bread samples were
84.8%-89.5%, 78.3%-96.3%, and 79.5%-90.7% (Table 3). The content of ITeA in spiked
samples was validated by LC-MS/MS method. The linear correlation between the content
of ITeA obtained from icELISA and LC-MS/MS analysis were fitted with a correlation
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coefficient (R2) value of 0.97 (Figure 7). Thus, the developed icELISA on the basis of
Nb(B3G3) present excellent performance for detection of ITeA mycotoxin in food samples.

4. Conclusions

In this study, specific nanobodies against ITeA mycotoxin were selected from the immune
nanobody library with gene amplification by one-step PCR. After performance assessment
of them, these Nb(B3G2), Nb(B3G3), and Nb(O3H2) were selected and characterized with
excellent thermal stability and organic solvent tolerance. With the sensitivity comparison of
these nanobodies, the best one named Nb(B3G3) was used for establishment of sensitive
iCELISA. The icELISA showed a sensitive LOD value of 0.09 ng/mL for ITeA. It was
indicated that there was a satisfactory recovery rate of 78.3%-96.3% for ITeA analysis

in spiked samples, and a conventional LC-MS/MS was used to verify the accuracy of

the proposed icELISA with good consistent correlations. The recognition mechanism of
Nb(B3G3) and ITeA mycotoxin was illustrated by molecular simulation, and the key amino
acid residues could form stronger interaction with ITeA that its isomer TeA. Therefore,

the generation of nanobodies and the development of sensitive icELISA not only has great
potential in accurate detection of ITeA mycotoxin in foods, but also provide new strategy for
specific analysis of other chemical isomers.
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Figure 1.

Identification of expression supernatant of clones by ELISA. (A) Positive/negative values
of twenty-five clones analyzed by non-competitive ELISA. (B) the specificity analysis of
fourteen clones with P/N>2.1 analyzed by competitive ELISA.
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Figure 2.
Performance analysis of these Nb(B3G2), Nb(B3G3), and Nb(O3H2). (A) CDR sequences

of anti-1TeA nanobodies, CDR is defined as complementarity determining region of Nb. (B)
SDS-PAGE analysis of purified nanobodies. (C) Sensitivities of icELISA on the basis of
these obatined nanobodies.
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Figure 3.

Assessment of thermal stability and organic solvent tolerance of Nb(B3G2), Nb(B3G3), and
Nb(O3H2) by ELISA. (A) Antibody activity analysis of nanobodies incubated separately at
different temperatures (22 °C, 37 °C, 45 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, and 100

°C) for 5 min. (B) Activity analysis of nanobodies incubated at 80 °C for 10-120 min. (C)
Activity analysis of nanobodies incubated at 90 °C for 10-120 min. (D) Activity analysis of
nanobodies incubated with 5%-80% of MeOH and ACN in PBS buffer.
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Figure 4.
Standard curve of icELISA on the basis of Nb(B3G3) (n=3).
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(A)

Figure 5.
Recognition characteristics of anti-ITeA Nb(B3G3) and ITeA/TeA mycotoxin. (A) 3D

docking map. ITeA was deeply buried in the pocket formed by specific residues in FR2,
FR3 and CDR3 of Nb(B3G3). The Gly58, Val59, Ala60, Leu61 in FR2 region were shown
in red, Asp70 and Tyr71 in FR3 region were shown in yellow, and Trp122 in CDR3 region
was shown in magentas. (B) 2D interaction map of Nb(B3G3) and ITeA. (C) 2D interaction
map of Nb(B3G3) and TeA. The key amino acid residues were shown in stick style, and
these three main hydrogen bonds (Val59, Asp70, and Trp122) were labeled in yellow dotted
line.

Food Control. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al. Page 16

(A) 1.64 = Standard curve (B) 1.64 s Standard curve (©) 16- ) o
. « Rice matrix-5-fold dilution o Flour matrix-5-fold dilution i » Standard curve o
=~y + Ricematrix-10-fold dilution & Flour matrix-10-fold dilution S .. ::’"3 ‘““:“_“"if:_k: :j,‘;“:?“
].2_ - &8 ' - . 5 u 12_ ¥ ix=20-] PPy ] ~ '_\_ . T, matnx- (4] 1uton
g 3 B2 diwon Elmempr GO ol o e 1237 & O\ & Bread mutrix-20:5ok diltion
LA
7084 S 084 Zos{ "
5 )
L - ]
< 2 2
0.4 << 0.4 =0.41
0.0+ g 0.0+ 0.0
001 01 1 10 100 1000 001 01 1 10 100 1000 001 01 1 10 100 1000
ITeA concentration (ng/ml.) ITeA concentration (ng/mL) ITeA concentration (ng/ml.)
Figure 6.
Studies of sample matrix extracts including rice (A), flour (B), and bread (C) analyzed by
iCELISA.
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Figure 7.
Correlation analysis between icELISA and LC-MS/MS for ITeA in spiked samples.
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Table 1
Panning strategy for anti-ITeA nanobodies by phage display technology

Round  Concentration of coating antigen (ug/mL) Blocking buffer Elution method
1 125 1% fish gelatin in PBS acid elution
2 25 3% skimmed milk in PBS  competitive elution
3 0.5 1% fish gelatin in PBS competitive elution
4 0.1 3% skimmed milk in PBS ~ competitive elution
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Table 2

Cross-reactivity determination with other common mycotoxins by icELISA

ELSIA
Analytes
1Csq (Ng/mL) CR
ITeA 13 100%
TeA 19.8 6.6%
AOH >1000 <1%
AME >1000 <1%
DON >1000 <1%
ZEN >1000 <1%
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Table 3

Recovery study of TeA mycotoxin in spiked samples by the developed icELISA and LC-MS/MS

icELISA LC-MS/MS

Samples  Spiked level (ng/g) Found +SD (ng/g) Recovery (%) CV (%) Found+SD (ng/g) Recovery (%) CV (%)

6 5.3+0.2 88.3 3.8 5.5+0.4 91.7 7.3
Rice 20 17.9+1.4 89.5 7.8 19.3+x2.0 96.5 10.4
40 33.9+2.2 84.8 6.5 31.6+3.0 79.0 9.5
6 4.7+0.2 78.3 43 5.3+0.4 88.3 7.5
Flour 20 16.0+1.1 80.0 6.9 15.3+1.4 76.5 9.2
40 38.5+2.2 96.3 5.7 34.8+3.0 87.0 8.6
12 10.8+0.8 90.0 7.4 10.0+1.1 83.3 11.0
Bread 40 31.8+2.7 79.5 8.5 41.5%2.3 103.8 55
80 72.6+6.5 90.7 9.0 84.7+3.1 105.9 3.7

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Food Control. Author manuscript; available in PMC 2023 June 01.



	Abstract
	Graphical Abstract
	Introduction
	Materials and methods
	Reagents, Materials and Apparatus
	Construction of Immune Nanobody Library
	Biopanning of Nanobodies against ITeA
	Expression, Purification, and Characterization of Nanobodies
	Thermal Stability and Organic Solvent Tolerance of Nanobodies
	Development of Sensitive icELISA for ITeA Detection
	Sensitivity and Selectivity of icELISA
	Recognition Characteristics of Anti-ITeA Nb(B3G3) by molecular simulation
	Analysis of Spiked Samples by icELISA and LC-MS/MS

	Results and Discussion
	Isolation and Performance Evaluation of Anti-ITeA Nanobodies
	Thermal Stability and Organic Solvent Tolerance of Nanobodies
	Sensitivity and Selectivity of Nb(B3G3)-based icELISA for ITeA Detection
	Recognition Characteristics of Anti-ITeA Nb(B3G3) and ITeA Mycotoxin
	Analysis of Spiked Commercial Samples by icELISA and LC-MS/MS

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2
	Table 3



