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A B S T R A C T   

Aflatoxin B1 (AFB1) is a well-known carcinogen for human health, and requires sensitive and rapid methods for 
monitoring. Here, we developed an Avi-tagged nanobody (AviTag-Nb) and incorporated it into the biotin- 
streptavidin-amplified ELISA (BA-ELISA) and magnetic bead-based ELISA (MB-ELISA) to detect AFB1. After 
optimization, BA-ELISA and MB-ELISA achieved 50% inhibitory concentrations (IC50) of 0.28 and 0.53 ng/mL, 
respectively, and provided results within 50 and 26 min, making them more sensitive and time-saving compared 
to the classic ELISA. The detection limits (LODs) of BA-ELISA and MB-ELISA were down to 0.07 and 0.12 ng/mL, 
respectively, ensuring their practical application in AFB1 analysis. Additionally, both assays provided satisfactory 
recoveries (90.0%–97.2%) and favorable relative standard deviation (4.00%–10.5%) when tested with spiked 
cereal samples, aligning well with the results obtained from HPLC. Therefore, the AviTag-Nb shows promise as a 
valuable reagent in immunoassays, and the proposed BA-ELISA and MB-ELISA methods can serve as practical 
analytical tools for determining AFB1 in real samples.   

1. Introduction 

Aflatoxins (AFs) are a group of occurring mycotoxins mainly pro-
duced by Aspergillus flavus and A. parasiticus in cereal grains (Oke-
chukwu, Adelusi, Kappo, Njobeh, & Mamo, 2024). Among them, 
aflatoxin B1 (AFB1) is the predominant form with the highest toxic po-
tential, and has been classified as a group I human carcinogen (Ostry, 
Malir, Toman, & Grosse, 2017). Many countries have set action levels for 
AFB1 in various food and feeds. For instance, the European Commission 
has defined the maximum permissible content of AFB1 in human food as 
not exceeding 2 μg/kg (European Commission, 2010). The quantitative 
detection of AFB1 through sensitive and rapid analytical techniques is 
crucial to mitigate AFB1 contamination levels and associated health 

risks. Currently, AFB1 is commonly detected using instrument-based 
methods such as high-performance liquid chromatography (HPLC) and 
liquid chromatography tandem mass spectrometry (LC-MS/MS) (Wang, 
Chu, Qu, Ding, & Kang., 2024; Yoshinari et al., 2024). However, these 
methods require skilled technicians, long assay time, and cumbersome 
sample pretreatments, which largely limits their application in scenarios 
requiring rapid screening of a large number of samples. As an ideal 
alternative, antibody-mediated immunoassays (e.g., enzyme-linked 
immunosorbent assay (ELISA), immunochromatographic assay (ICA), 
and immunosensor), have been developed for mycotoxin screening with 
the advantages of simplicity, high throughput, cost effectiveness, and 
ease of automation (Chen et al., 2023). 

High-quality antibodies are essential components of immunological 
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assay systems because they guarantee the analytical performance of an 
immunoassay. However, the biological activity of conventional poly-
clonal antibodies (pAbs) and monoclonal antibodies (mAbs) employed 
in the construction of an immunoassay can be easily influenced by 
chemical labeling reactions (e.g., labeling with peroxidase, nano-
particles, and other signal probes) (He et al., 2020; Zuo, Yan, Tang, 
Zhang, & Li, 2023), and also be susceptible to stringent conditions like 
high concentration of organic solvents and high temperatures (Cai et al., 
2023; Liang et al., 2022). Driven by the growth of molecular engineering 
and phage display technology, the discovery of recombinant antibodies 
can provide new recognition elements (Guliy, Evstigneeva, & Dykman, 
2023). The variable domain of heavy chain antibodies (VHHs), also 
known as nanobodies (Muyldermans, 2021), have received widespread 
attention due to their small size (~15 kDa), high expression yields, 
exceptional stability, and simplicity in genetic manipulation. More 
importantly, their single domain conformation facilitates the creation of 
different recombinant chimeric or tagged Nbs. Currently, several 
dual-functional nanobody fusions have been reported, including 
Nb-alkaline phosphatase (Yu et al., 2023), Nb-green fluorescent protein 
(Zuo, Yan, et al., 2023), Nb-luciferase (Wu et al., 2024), and 
Nb-streptavidin binding peptide (Mao et al., 2022), which can avoid the 
problems of decreasing antibody activity caused by random chemical 
modifications and reduce the use of secondary antibodies. Conse-
quently, Nbs are extremely suitable for building robust and facile 
analytical methods for detecting small-molecule pollutants (Wang, 
Mukhtar, Ma, Pang, & Wang, 2018). 

Recently, many efforts have been made to explore the application of 
Nb-based immunodetection approaches. Various signal amplification 
strategies, including the biotin-streptavidin (BS) system (Sun, Wang, 
Tang, Chen, & Liu, 2019), hybridization chain reaction (Liu et al., 2020), 
cascade enzyme amplification (Su et al., 2021), nanomaterial-mediated 
signal amplification (Li, Zhang, Zhang, Li, & Tang, 2023), and combined 
methods, have been employed to enhance the analytical performance. 
The BS system, in particular, has long been used to develop highly 
sensitive immunoassays due to the strong affinity between streptavidin 

and biotin (Kd ≈ 10− 14− 10− 16 mol/L) (Yang et al., 2020). Relying on 
this system, we have exploited biotin binding with Nb in a chemical 
labeling manner, and a signal molecule of streptavidin-polyHRP conju-
gate was added, thereby catalyzing more substrates to generate more 
signals (Yan et al., 2022). Thus, the BS system offers an efficient method 
for AFB1 detection. Recent studies have shown that Nb can readily fuse 
with the biotin receptor peptide AviTag to generate AviTag-Nb fusion 
protein, which can be biotinylated by BirA biotin ligase in E. coli (Chen 
et al., 2022). This strategy enables site-specific labeling of biotin, 
resulting in biotinylated Nbs with minimal batch-to-batch variation. 
However, there are limited reports on the application of AviTag-Nb 
fusion protein for developing anti-AFB1 immunoassay, and this 
approach holds promise in utilizing its advantages in signal amplifica-
tion to improve the analytical sensitivity of AFB1 monitoring in food. 

In this work, we proposed the use of AviTag/BirA technology to 
obtain a biotinylated AviTag-Nb. We then investigated its application in 
immunoassay development for AFB1 detection. Two simple enzyme 
immunoassays, namely biotin-streptavidin-amplified ELISA (BA-ELISA) 
and magnetic bead-based ELISA (MB-ELISA), were established. The 
performance of these assays was evaluated in terms of sensitivity, 
selectivity, limit of detection, and working range. Finally, the accuracy 
and practicality of these two assays were confirmed by measuring the 
spiked cereal samples and authentic samples. 

2. Materials and methods 

2.1. Materials and reagents 

The anti-AFB1 nanobody named Nb26 was prepared in our previous 
study (He et al., 2022). E. coli BL21(DE3) strain and Nb26/pET32m 
plasmid were stored in our laboratory. All PCR primer synthesis and 
DNA sequencing were conducted at Tsingke Biotechnology Co., Ltd. 
(Beijing, China). Restriction enzymes, T4 DNA ligase, and PCR reagents 
were purchased from Takara Bio Inc. (Dalian, China). The DNA gel 
extraction kit and plasmid extraction kit were purchased from Axygen 

Fig. 1. Production and identification of biotinylated AviTag-Nb fusion proteins. (A) Schematic diagram of the construction of the expression plasmids for AviTag-Nb 
fusion proteins. (B) Agarose gel electrophoresis analysis of the colony PCR. Lane M: DL2000 DNA ladder; Lane 1: unfused Nb26 gene; Lanes 2–4: three colonies 
containing AviTag-Nb26-His and BirA genes (lane 2), Nb26-AviTag-His and BirA genes (lane 3), and Nb26-His-AviTag and BirA genes (lane 4). (C) SDS-PAGE. Lane 
M: protein marker; Lane 1: purified wide-type Nb26; Lanes 2, 5, and 8: whole-cell extracts under noinduced condition; Lanes 3, 6, and 9: whole-cell extracts after 
induction; Lanes 4, 7, and 10: purified biotinylated AviTag-Nb fusions. (D) Identification of the biotinylated AviTag-Nb fusions by icELISA using SA-HRP as the 
detection tracer. 
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(Suzhou, China). pMal-T-Avi-His/BirA plasmid was purchased from 
Nova lifetech Inc. (Hongkong, China). Standards of aflatoxins were ob-
tained from J&K Scientific Ltd. (Beijing, China). The AFB1-BSA conju-
gate was purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-His 
tag mAb conjugated horseradish peroxidase (anti-His-HRP) was pur-
chased from GenScript (Nanjing, China). Streptavidin conjugated HRP 
(SA-HRP) was obtained from AmyJet Scientific (Wuhan, China). 3,3′,5, 
5′-tetramethyl benzidine (TMB), D-Biotin, N-hydroxysuccinimide 
(NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(EDC), and carboxyl magnetic beads (0.5 μm) were obtained from 
Sangon Biotech Co. Ltd. (Shanghai, China). HisTrap HP column was 
purchased from GE Healthcare (Chicago, Illinois, USA). 96-well poly-
styrene microtiter plates were obtained from Corning Inc. (Kennebunk, 
ME, USA). All other chemicals and agents used were of analytical grade 
unless otherwise specified. Optical density (OD) was measured using a 
SpectraMax i3x microplate reader from Molecular Devices (CA, USA). 

2.2. Construction of the expression vector of AviTag-Nb fusion proteins 

All the nucleotide sequences of primers used are listed in Table S1. 
Recombinant plasmids containing the AviTag peptide (GLNDI-
FEAQKIEWHE) at different junction sites, encoding three AviTag-Nb26 
fusion proteins (AviTag-Nb26-His, Nb26-AviTag-His, and Nb26-His- 
AviTag). By using specific primers (Table S1), the VHH genes of Nb26, 
along with a flexible peptide linker (Gly4Ser) and restriction sites were 
amplified via PCR (Liu, Chen, et al., 2023). The AviTag gene was syn-
thesized and ligated to the Nb26/pET32m vector by enzyme digestion 
and ligation (Mao et al., 2022). The schematic illustration of the pro-
duction of biotinylated AviTag-Nb fusions was shown in Fig. 1A. 

Taking the construction of recombinant plasmid AviTag-Nb26-His/ 
pET32m as an example, the detailed protocol is as follows. Using NF-1 
and NR-1 primers (Table S1), the Nb26 encoding gene was amplified 
from plasmid Nb26/pET32m by PCR. The NF-1 and NR-1 primers 
contain BamH I and Xho I restriction sites, respectively. The nucleotide 
that encodes for the linker (Gly4Ser) is also included in the forward 
primer. The DNA oligos (AF-1 and AR-1, listed in Table S1) for sense and 
antisense strands of AviTag gene were respectively synthesized, and then 
annealed to obtain the double-stranded DNA with different overhang 
ends. Annealing was accomplished by 10 min of boiling the mixture 
containing identical molar ratio of sense and antisense strands of AviTag 
gene, and then naturally cooling the liquid to room temperature. The 
digested Nb26 DNA and the annealed AviTag DNA were mixed in equal 
molar ratio and then ligated with pET32m vector, which had been 
predigested with Nde I and Xho I enzymes. The resulting recombinant 
plasmid AviTag-Nb26-His/pET32m was confirmed through DNA 
sequencing. 

2.3. Expression, purification, and identification of biotinylated AviTag-Nb 
fusions 

The BirA encoding gene (birA) was amplified from the pMal-T-Avi- 
His/BirA plasmid using gene-specific primers BF and BR (Table S1). A 
stop codon was added at the end of birA to ensure that the enzyme was 
expressed without a His-tag. After digestion with Nco I and Sal I, the 
resulting birA gene was inserted into the pET28a vector, which had been 
doubly digested with the same enzymes. The resulting plasmid BirA/ 
pET28a was confirmed by DNA sequencing. To produce three bio-
tinylated AviTag-Nb fusions, each of the AviTag-Nb recombinant 
plasmid was transformed into E. coli BL21(DE3) cells harboring the 
BirA/pET28a plasmid, enabling Nbs to be biotinylated during expres-
sion (Chen et al., 2022). 

The E. coli cells containing the above plasmids were grown in LB 
broth supplemented with 100 μg/mL ampicillin and 50 μg/mL kana-
mycin at 37 ◦C until the OD600 reached 0.6. Subsequently, a final con-
centration of 0.5 mmol/L isopropyl-β-D-thiogalactopyranoside (IPTG) 
and 200 μmol/L D-biotin were added to induce the expression and 

biotinylation of AviTag-Nb fusion proteins at 20 ◦C for 12 h. The bac-
terial cells were collected by centrifugation and lysed by sonication. The 
lysate was clarified by centrifugation at 20000 rpm for 30 min. The 
supernatant was purified using the ÄKTAxpress™ chromatography 
system (GE Healthcare) with a HisTrap HP column. After repeated 
dialysis against PBS buffer at 4 ◦C, the concentration of purified bio-
tinylated AviTag-Nb fusions was quantified using a NanoPhotometer 
(Implen, Munich, Germany), and their purity was assessed by 15% 
reducing SDS-PAGE. The dual function of the biotinylated AviTag-Nb26 
fusions with AFB1-binding activity and streptavidin-binding activity was 
identified by indirect competitive ELISA (icELISA) with SA-HRP as the 
detection tracer (Liu, He, et al., 2023). 

2.4. Development of BA-ELISA and MB-ELISA based on biotinylated 
AviTag-Nb fusion 

The BA-ELISA protocol was performed according to the method 
described by Yan et al. (Yan et al., 2022). Briefly, a 96-well microtiter 
plate was coated with AFB1-BSA (1.0 μg/mL, 100 μL/well) overnight at 
4 ◦C, followed by blocking with 4% skim milk at 37 ◦C for 1 h. After 
discarding the blocking solution, the plate was washed three times with 
PBST (PBS containing 0.05% Tween 20). Diluted biotinylated 
AviTag-Nb26-His (50 μL/well) and serially diluted AFB1 standard so-
lution (50 μL/well) were added. The plate was incubated for 20 min at 
37 ◦C, washed three times, and then supplied with 100 μL/well of 
SA-HRP in PBST for another 20 min of reaction. After six washes, 100 
μL/well of TMB substrate was added and incubated at 37 ◦C for 10 min. 
The chromogenic reaction was stopped by adding 50 μL/well of 2 mol/L 
H2SO4, and the optical density at 450 nm (OD450) was measured by a 
microplate reader. The standard curve for BA-ELISA was obtained by 
plotting the B/B0 (where B and B0 represent the OD450 in the presence 
and absence of AFB1, respectively) against the logarithm of AFB1 
concentration. 

To construct the MB-ELISA method, the initial step involves pre-
paring the AFB1 antigen-magnetic probe (MBs-AFB1-BSA). This is ach-
ieved by coupling carboxyl functionalized magnetic beads (MBs) with 
AFB1-BSA using the NHS/EDC method (Li et al., 2022), following the 
instructions provided by the supplier (Sangon, Shanghai, China; 
D601013). 300 μL of ultrasonically dispersed MBs (50 mg/mL) were 
washed three times with activation buffer. Subsequently, the MBs were 
incubated with 100 μL of NHS (50 mg/mL) and 100 μL of EDC (50 
mg/mL) for 15 min. They were then separated using a magnetic field 
and resuspended in 2 mL of coupling buffer. AFB1-BSA in the coupling 
buffer was mixed with the activated MBs and incubated for 2 h with 
vigorous shaking. After magnetic separation, the MBs were blocked with 
5 mL of blocking buffer for 30 min and then dispersed in 2 mL of storage 
buffer to obtain MBs-AFB1-BSA. Finally, fluorescence spectra measure-
ments were performed to characterize MBs, AFB1-BSA, and 
MBs-AFB1-BSA. 

The MB-ELISA was conducted following the protocol of Zuo et al. 
(Zuo, Wang, et al., 2023) with minor modifications. In brief, a 96-well 
microplate was blocked with 4% skim milk and incubated at 37 ◦C for 
1 h. After washing with PBST, 15 μg of MBs-AFB1-BSA, 50 μL of serially 
diluted AFB1 standard solution, and 50 μL of diluted biotinylated 
AviTag-Nb26-His solution were mixed into the wells. The plate was then 
incubated at 37 ◦C for 10 min and placed on a magnetic base to pre-
cipitate the complex of MBs-AFB1-BSA-biotinylated Nb26. After mag-
netic separation and washing with PBST, the plate was supplied with 
100 μL/well of SA-HRP in PBST for 8 min of reaction at 37 ◦C. Following 
another separation and washing step, 100 μL of the substrate TMB was 
added and incubated for another 8 min at 37 ◦C. The chromogenic re-
action was stopped with 2 mol/L H2SO4, and the OD450 was measured. 
The standard curve plotting for MB-ELISA was the same as that of 
BA-ELISA above. 
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2.5. Optimization, sensitivity, and selectivity of BA-ELISA and MB-ELISA 

The assay sensitivity was greatly affected by reaction conditions (Cai 
et al., 2023). Thus, several experimental parameters including concen-
trations of coating antigen AFB1-BSA (or MBs-AFB1-BSA) and bio-
tinylated AviTag-Nb26-His, ionic strength, pH value, organic solvent 
content in buffer, and incubation time were investigated to improve the 
sensitivity of immunoassays. The optimal conditions were determined, 
and the data was evaluated using the Origin 8.0 software (Origin Lab, 
Northhampton, ME) to establish standard curves with a four-parameter 
logistic equation. The 50% inhibitory concentration value (IC50) calcu-
lated from the curves was used to evaluate the sensitivity of the assays. 

Additionally, cross-reactivities (CRs) for compounds structurally 
similar to AFB1 were used to evaluate the specificity of the assays. The 
CR values were calculated as follows: CR (%) = (IC50 of AFB1/IC50 of 
analogs) × 100%. 

2.6. Sample analysis and validation 

The preparation and extraction of the cereal samples were described 
as follows (Yan et al., 2022). Briefly, 5 g of milled cereal samples (wheat 
and corn), shown to be AFB1 free by HPLC, were weighed into 50 mL 
centrifuge tubes. Then, 15 mL of 70% methanol-water (v/v) solution 
was added to each tube. The mixture was thoroughly mixed on a vortex 
for 20 min and then centrifuged at 5000 g for 5 min. The resulting su-
pernatant was collected and filtered through a 0.22 μm filter for further 
analysis using BA-ELISA and MB-ELISA. Four naturally contaminated 
cereal samples collected from different parts of China were treated in the 
same manner. 

The sample preparation for HPLC analysis followed the protocol 
described by Li et al. (Li et al., 2019) with slight modifications. Briefly, 
5.0 mL of the extraction supernatant was transferred to a clean centri-
fuge tube and diluted with 15.0 mL of water. Then, 12.0 mL of the 
diluted solution was loaded onto an immunoaffinity chromatography 
column (Cusabio, Wuhan, China). The AFB1 was eluted with 1.0 mL of 
methanol and collected in a 2.0 mL brown vial, then injected into an 
HPLC system equipped with a fluorescence detector. The mobile phase 
consisted of a mixture of HPLC-grade methanol-water (55:45) flowing at 
a rate of 1.0 mL/min. The injection volume was 10.0 μL, and the signal 
(λem: 440 nm) was recorded at an excitation wavelength of 360 nm. 

2.7. Statistical analysis 

All measurements were performed twice. One-way analysis of vari-
ance (ANOVA) was conducted using R software to evaluate the statis-
tical significance of the data at P < 0.05. 

3. Results and discussion 

3.1. Expression, purification, and characterization of the biotinylated 
AviTag-Nb fusions 

The biotin-streptavidin binding has been extensively used in bio-
analytical research, because of the strong noncovalent interaction and 
high specificity (Sun et al., 2019). In this study, the AviTag/BirA tech-
nology was employed to obtain in vivo biotinylated Nbs in E. coli (Chen 
et al., 2022). The schematic illustration of the production of biotinylated 
AviTag-Nb fusions was outlined in Fig. 1A. Firstly, considering that the 
relative position of the tagged peptide may affect the functional binding 
activity of recombinant chimeras (Liu, Chen, et al., 2023), Nbs were 
fused with AviTag at three different junction sites to construct the re-
combinant plasmids of AviTag-Nb26-His, Nb26-AviTag-His, and 
Nb26-His-AviTag. Subsequently, these three recombinant plasmids were 
separately co-transformed with plasmid BirA/pET28a into E. coli BL21 
(DE3) competent cells to coexpress the AviTag-Nb fusions and BirA. 
Colony PCR was performed to confirm the presence of both plasmids in 

each E. coli cell. The amplified fragments of AviTag-Nb gene (approxi-
mately 550 bp) and BirA gene (approximately 1100 bp) were subse-
quently confirmed by DNA agarose gel electrophoresis, as seen in 
Fig. 1B. 

The expression of three biotinylated AviTag-Nb fusions was charac-
terized through SDS-PAGE analysis (Fig. 1C). The analysis revealed a 
clear single target band of approximately 18 kDa for the biotinylated 
AviTag-Nb fusions (Fig. 1C, Lanes 4, 7, and 10), which was obviously 
larger than that of non-biotinylated Nb26 (Fig. 1C, Lane 1). This due to 
the specific recognition between the AviTag in the recombinant vector 
and biotin. In addition, the presence of the overexpressed BirA enzyme 
with a molecular weight of 36 kDa was also observed in all three induced 
cells (Lanes 3, 6, and 9 in Fig. 1C), which ensures the completion of 
biotinylation of AviTag-Nb fusions in E. coli. The yields of AviTag-Nb26- 
His, Nb26-AviTag-His, and Nb26-His-AviTag were calculated to be 1.9, 
0.95, and 1.1 mg/L, respectively. 

As shown in Fig. 1D, ELISA testing was conducted to further 
demonstrate the activity and specificity of three biotinylated AviTag-Nb 
fusions, which were found to be similar to non-biotinylated Nb26 (He 
et al., 2014). This indicated that their functional properties were no 
influenced by biotinylation. Among the tested fusion proteins, 
AviTag-Nb26-His exhibited a lower IC50 value (0.77 ng/mL) compared 
to Nb26-AviTag-His (1.46 ng/mL) and Nb26-His-AviTag (0.84 ng/mL), 
suggesting that AviTag-Nb26-His had better sensitivity. The differences 
in sensitivity among the AviTag-Nb fusions imply that tethering AviTag 
to the N-terminus of Nb26 is more favorable for retaining the AFB1--
binding activity of the original Nb26. These findings are consistent with 
our previous research on the recognition mechanism of Nb26 binding to 
AFB1, where the active pocket of Nb26 is located near its C-terminus (He 
et al., 2022). Therefore, fusing AviTag at the C-terminus may increase 
steric hindrance of Nb26 to bind AFB1 or partially alter the conformation 
of antibody’s active pocket, resulting in a relatively lower affinity of the 
antibody for the ligand. These results evidenced the successful bio-
tinylation of AviTag-Nb26 fusions and supported the preference for 
using biotinylated AviTag-Nb26-His in the detection method 
development. 

Generally, Nbs possess great physiochemical stability under harsh 
conditions. In this study, the effects of various organic solvents on the 
binding activity of biotinylated AviTag-Nb26-His were investigated. 
Fig. S1 shows that the binding activity of biotinylated AviTag-Nb26-His 
remained at no less than 77.4% when the solvent concentration ranged 
from 0% to 40% for methanol, ethanol, dimethylformamide (DMF), 
acetonitrile, and acetone. However, the binding activity decreased to 
46.4% with increasing dimethylformamide (DMF) concentration up to 
30%, but then increased to 96.5% when the DMSO concentration 
reached 40%. These findings suggested that biotinylated AviTag-Nb26- 
His exhibits a high tolerance to the evaluated solvents, possibly due to 
the stable conformation of the Nb’s binding pocket in the presence of 
high organic solvent content (He et al., 2022). Consequently, the high 
organic tolerance of biotinylated AviTag-Nb26-His allows for its use in 
sample pretreatment without requiring extensive dilution. 

3.2. Development and optimization of BA-ELISA 

In order to assess the applicability of AviTag-Nb in immunoassay, a 
biotin-streptavidin-amplified ELISA (BA-ELISA) was initially developed 
using the biotinylated AviTag-Nb26-His as the capture antibody and SA- 
HRP as the detection tracer. Various parameters that can influence the 
detection sensitivity of BA-ELISA were optimized through single-factor 
tests, including the concentration of coating antigen AFB1-BSA (0.125, 
0.25, 0.5, 1.0, 2.0, and 4.0 μg/mL), biotinylated AviTag-Nb26-His (0.02, 
0.03, 0.05, 0.1, 1.0, and 1.5 μg/mL), blocking reagents (1.5% BSA, 1.5% 
OVA, and 4% skim milk), competitive reaction time (20, 40, and 60 
min), SA-HRP incubation time (20, 40, and 60 min), methanol concen-
tration (5, 10, 15, and 20%), pH value (6.0, 7.0, 7.4, 8.0, and 9.0) and 
ionic strength (10, 20, 40, 80, and 160 mmol/L). The optimization 
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evaluation criteria were based on the maximum absorbance value 
(ODmax) of negative control and the lowest IC50 value. The best working 
conditions for further analysis were determined to be 1.0 μg/mL of 
AFB1-BSA, 0.05 μg/mL of biotinylated AviTag-Nb26-His, blocking re-
agent containing 4% skim milk, 20 min of competitive time, 20 min of 
SA-HRP incubation time, 15% methanol content, pH 8.0, and 40 mmol/ 
L NaCl (Fig. 2 and Fig. S2). 

Under optimal conditions, a standard curve for the AviTag-Nb-based 
BA-ELISA was developed at various concentrations of AFB1. As pre-
sented in Fig. 2D, the sensitivity (IC50) of BA-ELISA was determined to 
be 0.28 ng/mL, which was 2.7-fold higher than that of conventional 

ELISA (IC50 = 0.75 ng/mL) (He et al., 2014). Furthermore, the assay 
exhibited a detection limit (LOD = IC10) of 0.07 ng/mL and a linear 
range (IC20-IC80) of 0.12–0.95 ng/mL. Additionally, the detection pro-
cedure for sample analysis was shortened to 50 min compared to the 
135 min required for convenional ELISA (He et al., 2014). The successful 
establishment of the BA-ELISA method showed that the combination of 
biotinylated AviTag-Nb and SA-HRP formed a biotin-streptavidin 
amplification system, which could accelerate the immunoreaction and 
gather more enzyme molecules for substrate catalytic reaction, thereby 
enhancing the analytical performance of the immunoassay (Sun et al., 
2019). 

Fig. 2. Influence of different parameters on the performance of BA-ELISA. (A) Coating antigen and biotinylated AviTag-Nb26-His concentration. (B) Competitive 
reaction time. (C) Methanol concentration. (D) Standard curve of BA-ELISA. Each point represents the mean of three replicates. 

Fig. 3. Influence of different parameters on the performance of MB-ELISA. (A) Amount of MBs-AFB1-BSA and biotinylated AviTag-Nb26-His concentration. (B) 
Competitive reaction time. (C) Incubation time of SA-HRP. (D) Standard curve of MB-ELISA. Each point represents the mean of three replicates. 
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3.3. Development and optimization of MB-ELISA 

To simplify the BA-ELISA process and broaden the practical appli-
cation of AviTag-Nb in rapid screening of AFB1, magnetic beads (MBs) 
were utilized as the solid phase. Compared to microplate-based ELISA, 
the MB-based enzyme immunoassay offers several advantages such as 
easy operation, fast speed, high flexibility, and good portability (Zuo, 
Wang, et al., 2023). The first step in establishing MB-ELISA involves 
preparing antigen-coated MBs. To optimize the process, different 
amounts of AFB1-BSA (10, 30, 50, 70, and 90 μg/mg) were coupled onto 
the surface of 20 μg MB to create MBs-AFB1-BSA. The effect of AFB1-BSA 
immobilization on MBs was evaluated using indirect ELISA (Fig. S3A). 
The results showed that 50 μg/mg of AFB1-BSA reached the saturation 
point and was therefore selected for synthesizing MB-antigen probes for 
subsequent studies. Additionally, the fluorescence spectra of 
MBs-AFB1-BSA and AFB1-BSA conjugate were measured as AFB1 has 
intrinsic fluorescence (Shu, Wu, Wang, & Fu, 2019). Upon excitation at 
365 nm, MBs-AFB1-BSA and AFB1-BSA exhibited maximum emission 
peaks at 446 nm and 458 nm, respectively. In contrast, bare MBs showed 
no emission peaks, confirming the successful formation of 
MBs-AFB1-BSA (Fig. S3B). 

The optimization process parameters for MB-ELISA were similar to 
BA-ELISA. The groups of combined MBs-AFB1-BSA and biotinylated 
AviTag-Nb26-His were determined using a checkerboard titration, as 
shown in Table S3. After optimization, the optimal concentrations for 
MB-ELISA were determined to be 15 μg/well of MBs-AFB1-BSA and 0.2 
μg/mL of biotinylated AviTag-Nb26-His (Fig. 3A). The optimal opera-
tion time for MB-ELISA was found to be only 10 min for the competitive 
reaction (Fig. 3B), 8 min for SA-HRP incubation, and 8 min for TMB 
reaction (Figs. S4A and B). In addition, the lowest IC50 value was 
observed at 15% methanol-PBS in MB-ELISA (Fig. 3C), and the best 
performance buffer for MB-ELISA was found at 20 mmol/L PBS in pH 7.4 
(Figs. S4C and D). Under ultimate conditions, the standard inhibition 
curve of AviTag-Nb-based MB-ELISA was established (Fig. 3D). The 
developed method exhibited an IC50 of 0.53 ng/mL and an LOD of 0.12 
ng/mL, with a linear detection range (IC20-IC80) of 0.21–1.37 ng/mL. 
Unexpectedly, we observed that the detection sensitivity of MB-ELISA 
did not show further improvement compared to BA-ELISA. This may 
be attributed to unknown factors that affect the assay performance, such 

as the blocking reagents used to react with the excess free amino groups 
on the MBs surface, which need further optimization (Ecke, Westphalen, 
Hornung, Voetz, & Schneider, 2022). On the other hand, the detection 
process from sample addition to result acquisition by MB-ELISA was 
significantly reduced to 26 min. This reduction in time is mainly due to 
the use of MBs as an immobile phase, allowing the immunoreaction to 
occur in solution. This accelerates the separation and enrichment of 
analytes from complex solutions with the aid of magnetic adhesion, thus 
enhancing the capture efficiency (Zuo, Wang, et al., 2023). 

To summarize, both AviTag-Nb-based BA-ELISA and MB-ELISA 
showed improved detection sensitivity and reduced time requirements 
compared to unfused Nb26-based ELISA. Therefore, they have great 
potential for the sensitive and rapid detection of low concentrations of 
AFB1 in foodstuffs. 

3.4. Selectivity of BA-ELISA and MB-ELISA 

Specific recognition is an essential factor for the detection of AFB1. 
To evaluate the selectivity of the two developed methods, four structural 
analogs of AFB1 (AFB2, AFG1, AFG2, and AFM1) were tested by BA-ELISA 
and MB-ELISA. The chemical structures of the AFB1 analogs and the 
corresponding cross-reactivity (CR) results were listed in Table S4. The 
results showed that the CR with the AFB1 analogs obtained by BA-ELISA 
was less than 5%, and those obtained by MB-ELISA was less than 4%. 
This indicated that the interference of other AFs in the detection of AFB1 
was negligible. Interestingly, the proposed assays demonstrated signif-
icantly improved selectivity in AFB1 analysis compared to conventional 
ELISA, which exhibited a higher CR of 10.75% with AFM1 (He et al., 
2014). This enhancement in selectivity could be attributed to the 
fine-tuning of Nb folding conformation after gene modification, result-
ing in a more structurally compact binding with AFB1 over its analogs. 
To fully comprehend the underlying mechanism, further investigation 
using computer-assisted molecular simulation is warranted (Qiu et al., 
2022). Overall, the high specificity of the developed assays is promising 
for practical applications in avoiding false-positive results. 

3.5. Method validation 

To analyze the actual sample, the impact of the sample matrix on the 

Fig. 4. Standard curves of BA-ELISA for AFB1 in wheat extract (A), and corn extract (B), and MB-ELISA for AFB1 in wheat extract (C), and corn extract (D). Each point 
represents the mean of three replicates. 
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detection system was excluded prior. The two negative wheat and corn 
extracts were diluted to prepare serial concentrations of AFB1 solution 
for BA-ELISA and MB-ELISA. From Fig. 4, it can be observed that any 
negative effects on the sample extracts could be reversed after a 2.5-fold 
dilution. Under ultimate conditions, the developed BA-ELISA had LODs 
of 0.52 and 0.46 μg/kg in wheat and corn, and linear detection ranges of 
0.89–7.07 and 0.82− 7.49 μg/kg in wheat and corn for AFB1, respec-
tively. Similarly, the developed MB-ELISA had an LOD of 1.13 μg/kg in 
wheat with a linear detection range of 1.77–16.1 μg/kg, and an LOD of 
1.22 μg/kg in corn with a linear detection range of 1.89–12.3 μg/kg for 
AFB1, respectively. These results comply with the European Union 
regulatory requirements for AFB1 in maize (5 μg/kg) and most cereal 
products (2 μg/kg). 

To estimate the practical application of the proposed analytical 
methods, recovery tests were conducted on wheat and corn samples 
spiked with three levels of AFB1 (5, 10, and 20 μg/kg). As presented in 
Table 1, the average recoveries for BA-ELISA ranged from 91.0% to 
96.7%, with a relative standard deviation (RSD) ranging from 5.05% to 
9.46%. Similarly, the average recoveries and RSD for MB-ELISA were in 
the range of 90.0%–97.2% and 4.00%–10.5%, respectively. Moreover, 
HPLC analysis was employed to validate the accuracy of the developed 
assays. The measurements obtained through BA-ELISA/MB-ELISA 
showed a strong correlation with those from HPLC, as evidenced by 
the statistical P-values being greater than 0.05 via ANOVA (Fig. S5). 
These results indicated the reliability and precision of the two assays in 
accurately quantifying AFB1 in cereals. Additionally, four cereal samples 
(two wheat and two corn samples) naturally contaminated with AFB1 
were subjected to BA-ELISA, MB-ELISA, and HPLC testing. The results, 
depicted in Table S5, revealed a good correlation between BA-ELISA/ 
MB-ELISA and HPLC. Therefore, the developed AviTag-Nb-based BA- 
ELISA and MB-ELISA present promising analytical tools for sensitive, 
simple, and rapid screening of AFB1 in food. 

3.6. Comparison of Nb- or Nb-fusion-based enzyme immunoassays for 
AFB1 analysis 

The single domain nature of Nbs makes them convenient for con-
structing recombinant chimeric or tagged Nbs, which enables novel 
developments and improvements in immunodetection. Currently, there 
have only been a few reported immunoassays based on Nb or Nb-fusion 
protein for AFB1 detection. Table S6 provides a comparison of the 
sensitivity and assay time between this work and previously published 
enzyme immunoassays (Cao et al., 2016; He et al., 2014; Ren et al., 
2019; Zhao et al., 2019). The detection capabilities of BA-ELISA and 
MB-ELISA are comparable to or even better than some previously re-
ported methods for AFB1 (Table S6). Moreover, the total analysis time of 
BA-ELISA and MB-ELISA for real samples is much shorter than other 
microplate-based enzyme immunoassays. Particularly, MB-ELISA dem-
onstrates characteristics of simple operation and flexible application. 
This comparison confirms that BA-ELISA and MB-ELISA, based on 
AviTag-Nb, are favorable enzyme immunoassays for the detection of 

AFB1. It was hopeful to expand the application of AviTag-Nb in immu-
noassay development for rapid and sensitive detection of food contam-
inants. Future work can focus on further improving sensitivity and 
simplicity of these AviTag-Nb-based immunoassays to make them more 
effective. This could involve constructing tandem AviTag repeats fused 
with Nb to generate multivalent biotinylated Nbs, developing 
AviTag-Nb-based fluorescence immunoassays, or exploring the potential 
of immunochromatography (Chen et al., 2022; Gao et al., 2022; Liu, He, 
et al., 2023). 

4. Conclusions 

In this study, we have presented a green biosynthesis approach for 
constructing biotinylated Nbs, which eliminates the need for coupling 
reactions and chemical modification in the fabrication of this functional 
probe. The optimal construct, AviTag-Nb26-His, was successfully uti-
lized to develop BA-ELISA and MB-ELISA methods. After verification, 
both proposed assays demonstrated enhanced detection sensitivity, 
selectivity, and rapidity in determining AFB1 in real samples compared 
to conventional ELISA. Importantly, these results highlight the potential 
of the clonable AviTag-Nb as a cost-effective and versatile probe in the 
development of immunoassays for quantifying AFB1 and other small 
chemical contaminants in practical applications. 
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Table 1 
Recovery analysis of AFB1 in the spiked samples by BA-ELISA, MB-ELISA, and HPLC.  

Cereal 
sample 

Spiked level (μg/ 
kg) 

BA-ELISAa MB-ELISA HPLC 

meanb ± SDc (μg/ 
kg) 

Recovery 
(%) 

RSD 
(%) 

mean ± SD (μg/ 
kg) 

Recovery 
(%) 

RSD 
(%) 

mean ± SD (μg/ 
kg) 

Recovery 
(%) 

RSD 
(%) 

wheat 5 4.56 ± 0.35 91.2 7.68 4.61 ± 0.39 92.2 8.46 4.50 ± 0.31 90.0 6.89 
10 9.67 ± 0.82 96.7 8.48 9.72 ± 0.76 97.2 7.82 9.43 ± 0.61 94.3 6.47 
20 19.0 ± 1.16 95.0 6.11 18.6 ± 1.25 93.0 6.72 19.2 ± 1.87 96.0 9.74 

corn 5 4.55 ± 0.23 91.0 5.05 4.50 ± 0.18 90.0 4.00 4.48 ± 0.28 89.6 6.25 
10 9.51 ± 0.90 95.1 9.46 9.32 ± 0.98 93.2 10.5 9.40 ± 0.80 94.0 8.51 
20 18.7 ± 1.34 93.5 7.17 18.9 ± 1.61 94.5 8.52 19.2 ± 1.28 96.0 6.67  

a If the sample concentration exceeds the range of the assays, the samples extraction should be diluted for detection. 
b Data were average from two repeats. 
c SD, standard deviation. 
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[grant number 2023AFB527]. 
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