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Abstract

Ochratoxin A (OTA) is a common food contaminant that threatens the consumers’ safety and 

health. A sensitive and selective biotin-streptavidin-amplified enzyme-linked immunosorbent 

assay (BA-ELISA) for OTA using a nanobody-AviTag fusion protein (Nb-AviTag) was developed 

in this study. The prokaryotic expression vector Nb28-AviTag-pAC6 for Nb-AviTag was 

constructed, followed by transformation to the AVB101 cells for antibody expression and in vivo 

biotinylation. The purified Nb28-AviTag was used to establish the BA-ELISA and the procedures 

for this Nb-AviTag-based BA-ELISA were optimized. The Nb-AviTag-based BA-ELISA exhibited 

the half maximal inhibitory concentration (IC50) of 0.14 ng mL−1 and the limit of detection (LOD 

= IC10) of 0.028 ng mL−1 for OTA basing on the optimized experiment parameters. The assay 

sensitivity was improved 4.6 times and 4.3 times compared to Nb-based ELISA, respectively. This 

method had LODs of 1.4 μg kg−1 in barley, 0.56 μg kg−1 in oats, and 0.84 μg kg−1 in rice for OTA. 

The average recovery percent was in a range of 84–137%, and the relative standard derivation 

percent ranged from 0.64% to 7.8%. The content of OTA in contaminated cereal samples was 

determined by both the developed Nb-AviTag-based method and liquid chromatography-tandem 

mass spectrometry (LC-MS/MS). The results demonstrated that the Nb-AviTag was a robust and 

promising bioreceptor in highly sensitive detection of OTA and other low molecular weight 

compounds using BA system.
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1. Introduction

Ochratoxin A (OTA) is a toxic molecule from the secondary metabolism of some species of 

Aspergillus and Penicillium. OTA contamination is commonly distrbuted in cereal, coffee 

beans, grape wine, and spices.1–3 OTA has the highest toxicity among OTB, OTC and other 

analogues. Numerous studies have indicated hepatotoxicity, nephrotoxicity, and 

carcinogenicity of OTA on animals and humans.4,5 In addition, the International Agency for 

Research on Cancer categorized OTA as a possible human carcinogen.6 Therefore, OTA 

contamination of food is a serious concern for consumers in any country due to its multiple 

toxic effects. To reduce the exposure of OTA intake from food, strict maximum limits for 

OTA has been set in the European Union, such as 3 μg kg−1 of cereal products and 5 μg kg−1 

of cereal.7 Meanwhile, the OTA regulation is in urgent need of detection techniques with 

high sensitivity and selectivity.

To date, various sophisticated instruments-based methods have been applied to the sensitive 

and accurate detection of OTA, mainly including high performance liquid chromatography, 

gas chromatography, liquid chromatography-mass spectrometry, and combined methods.8–11 

Nevertheless, these methods of instrument are labor-intensive, time-consuming, and costly 

for sample pretreatment and detection. Thus, they can not be used for routine detection of 

numerous samples simultaneously. Alternatively, immunoassays, especially the enzyme-

linked immunosorbent assay (ELISA), have been widely applied to the detection of hazards 

in food because of their easy operation, low cost, and high sensitivity.12,13 Moreover, the 

detection sensitivity of conventional ELISA can be further improved using various signal 

amplification strategies, including biotin-streptavidin-amplified (BA) system, 

chemiluminescence, and fluorescence, and combined methods.14–20 The BA system has 

continued to attract interest of researchers because of the high specificity and affinity 

between streptavidin and biotin.21 Compared to the conventional ELISA, the BA-ELISA 

facilitates the attachment of more horseradish peroxidase, alkaline phosphatase, or other 

reporter molecules for catalytic reaction of substrates and thus improve the detection 

sensitivity.22

Most of the previously reported BA-ELISAs involve the preparation of a conventional 

antibodies chemically labeled with biotin molecules, including monoclonal antibodies and 

polyclonal antibodies.14,23 Nevertheless, the chemical coupling procedure may lead to the 

loss of antibody activity and variability from batch to batch, and thus influence the 
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sensitivity of BA-ELISA.24,25 Advancement in gene engineering technique has provided a 

green biosynthesis method to replace the chemical coupling reactions for labeling 

antibodies, such as single-chain variable fragment-alkaline phosphatase fusions (scFv-AP) 

and scFv-green fluorescence protein fusions.25–28 A recently reported construct of scFv-

AviTag fusion protein still retains good antibody activity and is effective in vivo 

biotinylation during protein production, indicating its potential as a novel immunodiagnostic 

reagent.29 However, the drawbacks of scFv, such as low solubility and stability, limit its 

extensive application.30 It has been reported that two novel antibody molecules naturally 

lacking of light chains, heavy chain antibody (HCAb) and immunoglobulin new antigen 

receptor (IgNAR), were found in the camelids and sharks, respectively.31,32 Cloning and 

recombinant expression of the variable domain of the HCAb (VHH) and IgNAR can 

produce a single domain antibody retaining antigen-binding capacity, which is also known 

as a nanobody (Nb) for its nanometer size.33 As an alternative to conventional antibodies, 

Nb’s are more attractive than scFv and provide several unique features. They have high 

thermal stability, high solubility in water, and they can be genetically manipulated in various 

expression systems.33 There are numerous recent reports on the production of Nb’s and their 

derivates for environmental and food analysis.16,34–44 However, few reports have been 

published on the construction and application of Nb-AviTag fusion protein in detection of 

toxic low molecular weight compounds.

This study describes construction of an Nb-AviTag fusion protein and development of a BA-

ELISA for OTA. Information on the construction of the prokaryotic expression vector of Nb-

AviTag, expression and purification of the Nb-AviTag, and establishment of a BA-ELISA 

using the Nb-AviTag for OTA detection in cereal is detailed. Various parameters were used 

to characterize the developed Nb-AviTag-based BA-ELISA, including sensitivity, selectivity, 

accuracy, and precision. To validate the developed method, both of the Nb-AviTag-based 

BA-ELISA and LC-MS/MS were conducted to detect the OTA in contaminated cereal 

samples. The Nb-AviTag-based BA-ELISA selectively and sensitively detected OTA in 

different cereal matrices showing that it will be helpful in food analysis.

2. Material and methods

2.1 Reagent and chemicals

Standards of fumonisin B1 (FB1), ochratoxin A, and ochratoxin C (OTC) were obtained 

from Pribolab Pte. Ltd. (Singapore). Standards of aflatoxin B1 (AFB1) and zearalenone 

(ZEN) were from Fermentek Ltd. (Jerusalem, Israel). Ochratoxin B (OTB) standard was 

procured from Bioaustralis (Smithfield, NSW, Australia). Deoxynivalenol (DON) standard 

was from Sigma-Aldrich (CA, USA). Horseradish peroxidase-labeled streptavidin (SA-

HRP) was purchased from CWBIO (Beijing, China). Primers, non-fat milk powder, 

3,3′,5,5′-teramethylbenzidine (TMB), microplates, d-biotin, and affinity chromatography 

columns (3 mL, 8.9 × 63 mm) were obtained from Sangon Biotech (Shanghai) Co., Ltd. 

(Shanghai, China). Nickel-Nitilotriacetic acid (Ni-NTA) sepharose 6 fast flow (FF) 

suspension and Tween 20 were purchased from Solarbio (Beijing, China). Nco I and Hind 
III were procured from NEB (Beijing) Ltd. (Beijing, China). The coating antigen OTA-BSA 
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and the phagemid vector pHEN1-VHH28 were prepared in our previous studies.34,36 All 

other reagents were of analytical grade.

2.2 Construction of the expression vector Nb-AviTag-pAC6

The expression vector Nb28-AviTag-pAC6 was constructed as follows. Briefly, the Nb28 

fragment was amplified from the pHEN1-VHH28 phagemid vector by using the forward 

primer 5′-CTG CAG CCA TGG CAT GAA AAA GAC AGC TAT CGC GAT TGC-3′ (Nco 
I site underlined) and reverse primer 5′-ATG CAG AAG CTT ATG GTG ATG GTG ATG 

GTG CTG GCC G-3′ (Hind III site underlined). The purified PCR product of Nb28 

fragment was digested with Nco I and Hind III, followed by inserting into the similarly 

digested vector pAC6 at a mole ratio of 3:1. After heat shock transformation of DNA and 

ampicillin resistance screening, positive clones of E. coli DH5α containing Nb28-AviTag-

pAC6 were randomly picked and amplified for plasmid extraction, followed by DNA 

sequencing using primer 5′-CCG GCT CGT ATA ATG TGT GG-3′.

2.3 Preparation and identification of the Nb28-AviTag

The recombinant vector Nb28-AviTag-pAC6 was transformed into the AVB101 chemical 

competent cells by heat shock in 42°C water bath for 90 s. The transformation products were 

then spread on Tryptone-Yeast extract-HEPES (TYH) agar plate with 10 μg mL−1 

chloramphenicol and 100 μg mL−1 ampicillin, and cultured overnight at 37°C. A randomly 

picked positive clone was inoculated into TYH medium 10 μg mL−1 chloramphenicol and 

100 μg mL−1 ampicillin and shaken overnight at 37°C. Subsequently, 2 mL of the overnight 

culture was transferred into 200 mL of TYH medium with 100 μg mL−1 ampicillin and 5 mg 

mL−1 glucose. The mixture was shaken vigorously at 37°C until the OD600 reached 0.7, 

followed by induction expression with 1.5 mM IPTG and biotinylation with 50 μM d-biotin 

(37°C, 3 h). The bacteria was collected by centrifugation (10000 g, 10 min), followed by 

resuspension in PBS (0.01 M, pH 7.4) and ultrasonication. The supernatant was separated by 

centrifugation and filtered through a 0.22 μm membrane filter. Then, the Nb-AviTag in 

filtrate was purified using the Ni-NTA affinity chromatography method according to our 

previous work.38 After quantification with a NanoDrop Lite, the purified Nb28-AviTag was 

stored at −20°C for later use.

Purity identification of the purified Nb28-AviTag was conducted using the sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis according to our previous 

study.38 To identify the effectiveness of the in vivo biotinylation system for Nb28 and the 

antigen binding activity of Nb28-AviTag, a dot immunoassay was conducted as described 

before, except that the HRP-labeled rabbit anti-6× histidinetag polyclonal antibody was 

changed to the SA-HRP solution (0.3 μg mL−1 in PBS).37

2.4 Procedures of the Nb-AviTag-based BA-ELISA

The Nb-AviTag-based BA-ELISA for indirect competitive detection of OTA was conducted 

as follows. Briefly, 100 μL/well of the OTA-BSA (1.0 μg mL−1 in PBS) was added into the 

microplate and incubated (37°C, 2 h). After 3 washes with PBS −0.05% Tween 20 solution 

(PBST), the plate was incubated with 300 μL/well of the 3% (w/v) non-fat milk powder-PBS 

solution to block the non-specific binding sites (37°C, 1 h). The plate was washed and 
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incubated with the competitive reaction system, which was consist of 50 μL of OTA standard 

solution with various concentrations and equal volume of Nb28-AviTag solution (37°C, 45 

min). After 3 washes with PBST, 100 μL/well of the SA-HRP solution (0.5 μg mL−1 in PBS) 

was transferred into the plate and incubated for another 45 min. The plate was rinsed with 

PBST and incubated with 100 μL/well of TMB solution (37°C, 10 min), followed by 

terminating the color reaction with 100 μL/well of 2 M sulfuric acid. The optical density at 

450 nm (OD450) of wells were measured with a microplate reader, and the standard 

competitive inhibition curves for OTA were constructed as described before.36

2.5 Selectivity of the Nb-AviTag-based BA-ELISA

To evaluate the OTA selectivity of the BA-ELISA using Nb28-AviTag, the cross reactivity 

(CR) of Nb28-AviTag with analytes including OTA analogues (OTB and OTC) and several 

other mycotoxins (AFB1, DON, FB1, and ZEN) was determined. The CR was equal to the 

value of (IC50 of OTA/IC50 of the determined analytes)] × 100.

2.6 Sample analysis

For Nb-AviTag-based BA-ELISA analysis, cereal samples (barley, oats, and rice) were 

pretreated as follows. Briefly, 5 g of ground cereal sample was immersed in 10 mL of 50% 

methanol solution. After 20 min of ultrasonic treatment and 10 min of centrifugation (4°C, 

10000 g), the supernatant was separated from the mixture and diluted for analysis. For 

validation study using LC-MS/MS, sample pretreatment and detection were performed as 

described previously.35

3. Results and discussion

3.1 Preparation, identification, and characterization of the Nb28-AviTag

The recombinant expression vector Nb28-AviTag-pAC6 was constructed by subcloning the 

VHH28 gene into the pAC6 vector system (Figure 1A). The C-terminal AviTag contained in 

the pAC6 vector was used for in vivo biotinylation during expression. The expression strain 

AVB101 of the vector Nb28-AviTag-pAC6 has an IPTG inducible vector pBirAcm, which 

contains the BirA gene engineered into pACYC184. The BirA gene encodes the biotin-

protein ligase which can activate the biotin to form biotinyl 5’-adenylate for biotinylation. 

The Nb28-AviTag was expressed by IPTG induction and purified on a Ni-NTA resin 

column. The results of expression and purification of the Nb28-AviTag were characterized 

by SDS-PAGE (Figure 1B). A target protein band of approximately 19 kDa was separated 

from the induced cells (Lane 1). However, it was not found in the non-induced cells (Lane 

2). In addition, high purity of the Nb28-AviTag was obtained since only one band of target 

protein was observed in lane 3. A dot immunoassay was conducted to identify the existence 

of Nb28-AviTag (Figure 1C). The purple dots appeared on the PVDF membrane, indicating 

the successful expression of Nb28-AviTag retaining OTA-binding activity.

To characterize the solvent tolerance of Nb28-AviTag, the performance of Nb28-AviTag 

dissolved in different concentrations of methanol, ethanol, dimethyl sulfoxide (DMSO), and 

dimethyl formamide (DMF) was investigated (Figure S-1 in SI). The retained binding 

activity percent was used to evaluate the solvent effect on the performance of Nb28-AviTag 
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in immunoassay, and was calculated as [OD450 (antibody diluted by PBS buffers containing 

various concentrations of organic solvent)/OD450 (antibody diluted by PBS)] × 100%. Nb28-

AviTag was diluted in each solution and its binding activity with antigen OTA-BSA was 

tested. The retained binding activity percent generally decreased as the concentration of 

organic solvent was increased, since the organic solvent could influence the interaction 

between antibody and antigen. As the solvent concentration was increased from 0% to 2.5%, 

an obvious reduction of the binding activity was observed except for acetonitrile. The 

binding activity of Nb28-AviTag increased from 63% to 83% as the methanol concentration 

was increased from 2.5% to 10%, while it decreased to 22% as the methanol concentration 

was up to 60% (Figure S-1A in SI). Similar result was observed for acetonitrile except that 

the binding activity was no less than 115% with the acetonitrile concentration ranging from 

2.5% to 20% (Figure S-1E in SI). Ethanol, DMSO, and DMF had considerable and 

comparable effects on Nb28-AviTag, but a better tolerance of Nb28-AviTag to DMF was 

observed as the solvent concentration did not exceed 40% (Figure S-1B, S-1C, and S-1D in 

SI). The Nb28-AviTag showed the best tolerance to acetone among these tested solvents, and 

maintained 103% of its binding activity at 60% of acetone (Figure S-1F in SI). Thus the 

effects of various organic reagents on the activity of Nb28-AviTag were evaluated. The 

results indicated the better tolerance of Nb28-AviTag to methanol, acetonitrile, and acetone 

than to ethanol, DMF, and DMSO, since no less than 55% of its binding activity were 

retained at 40% of methanol, acetonitrile, and acetone. In addition, a better tolerance of 

antibody to organic solvents could lead to a less dilution of sample extract and high 

sensitivity of detection when the matrix effect is ignorable.45

3.2 Optimization of the Nb-AviTag-based BA-ELISA

A checkboard titration was firstly implemented to obtain the optimal concentration of the 

OTA-BSA (0.5 μg mL−1) and the corresponding antibody Nb28-AviTag (40 ng mL−1) as 

shown in Table S-1 in SI. To achieve the optimal performance of the Nb-AviTag-based BA-

ELISA, various experimental conditions were optimized (Figure S-2 in SI). The OD450 of 

the negative control (ODmax) and IC50 were applied to evaluate assay performance. 

Methanol is commonly used as the solvent of OTA for standard solution and sample 

pretreatment. However, the antibody-antigen interaction can be influenced by methanol.36 

Effect of the assay buffer containing various methanol concentrations on the assay 

performance was assessed (Figure S-2A in SI). As the methanol concentration was 

increased, both the IC50 and ODmax changed significantly. The lowest IC50 and the highest 

ODmax was achieved when the final concentration of methanol was 2.5%. Reaction time (15, 

30, or 45 min) for competition binding to Nb28-AviTag between OTA-BSA and OTA was 

optimized (Figure S-2B in SI). The IC50 increased with increasing time and ODmax changed 

slightly. Reaction time of 15 min was chosen as the optimal time because of the lowest IC50 

(0.39 ng mL−1). The incubation time and dilution factor for SA-HRP were optimized 

similarly (Figure S-2C and S-2D in SI), and 15 min of incubation time and 4000 of dilution 

factor were selected. Ionic strength and pH of the assay buffer are another two key factors 

that can influence the interaction of antibody and antigen.36 Effects of assay buffer 

containing various ionic strength on the assay performance are shown in Figure S-2E in SI. 

Similar values of IC50 (0.094 and 0.090 ng mL−1) were obtained as the ionic strength was 

0.5×PBS and 2.5×PBS. Since the higher ODmax (1.4) was obtained at 0.5×PBS, ionic 
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strength of 0.5×PBS was selected for further optimization. The effects of the buffer with 

various pH values (5.5 to 9.5) on the assay were assessed. The IC50 declined when the pH 

increased from 5.5 to 8.5, followed by increasing slightly from 0.11 to 0.14 as the pH ranged 

from 8.5 to 9.5. The ODmax varied slightly from 0.82 to 0.88 as the pH did not exceed 7.4, 

while it sharply decreased as the pH reached 8.5 and 9.5. The optimal pH was 7.4 

considering the IC50 and ODmax. Thus the conditions for assay performance were optimized 

not only for sensitivity but also to yield an assay giving results that are not sensitive to minor 

alternations in assay conditions.

3.3 Comparison of the Nb-AviTag-based BA-ELISA and Nb-based ELISA

The BA system is known for having one of the strongest noncovalent interactions. It has 

become one of the most extensively applied affinity pairs in biological assays because of the 

strength and specificity of the interaction. Using the optimal working conditions, the 

standard inhibition curve of Nb28-AviTag-based BA-ELISA was established with a linear 

detection range (IC20–80) of 0.051–0.70 ng mL−1 (Figure 2). Meanwhile, the standard 

inhibition curve of unfused Nb28-based ELISA (Nb-ELISA) was also created with a linear 

detection range of 0.23–1.7 ng mL−1 as described previously (Figure 2).36 The Nb-ELISA 

had IC50 of 0.65 ng mL−1 and LOD of 0.12 ng mL−1 for OTA. Thus, the Nb-AviTag-based 

BA-ELISA showed approximately 4.6 times and 4.3 times improvement in both the IC50 

(0.14 ng mL−1) and LOD (0.028 ng mL−1) compared with the Nb-ELISA.36

3.4 Selectivity of the Nb-AviTag-based BA-ELISA

The selectivity study of Nb-AviTag-based BA-ELISA for OTA was performed by 

determining the CR of Nb28-AviTag with several compounds (OTB, OTC, AFB1, ZEN, 

FB1, and DON) (Figure S-3 in SI). The Nb28-AviTag was specific in its recognition of OTA 

and exhibited a low CR with OTB (0.48%) and OTC (3.2%) (Table 1). In addition, 

negligible CR (less than 0.10%) was obtained with AFB1, ZEN, FB1, and DON, which was 

parallel to that of the unfused Nb28 in our previous study.36 However, a higher CR (10%) 

with OTB was detected for unfused Nb28.36 We inferred that the steric hindrance of biotin 

labeled on the Nb28 might contribute to the low CR with OTB for the Nb28-AviTag. Hence, 

these results indicated a good selectivity of Nb-AviTag-based BA-ELISA for OTA.

3.5 Matrix effect

The matrix effect concerns the accuracy and sensitivity of immunoassays for food analysis 

since it can interfere the interaction between antibody and antigen, and cause false positive 

or negative results. Fortunately from a screening or regulatory perspective, false positive 

results are far more likely. The food matrix effect can be eliminated by various ways, such as 

diluting the sample extract, cleaning up the sample extract using solid phase extraction, and 

masking the matrix effect with BSA.3,36,46 The dilution method is commonly used for the 

elimination of food matrix effect, while a high dilution might result in low sensitivity. To 

evaluate the matrix effect, a standard inhibition curve generated in 5% methanol-0.5×PBS 

(MeOH-PBS) was compared with those using the diluted OTA-free cereal (barley, oats, and 

rice) extract. The variations in the ODmax and IC50 of the assays with serially diluted sample 

matrix extracts were shown in Figure 3. The cereal matrix effects were elimiated as the 

cereal extract was diluted 50 times for barley (Figure 3A), 20 times for oats (Figure 3B), and 
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30 times for rice (Figure 3C), and the corresponding standard inhibition curves coincided 

well with the one generated in MeOH-PBS. Therefore, the sample matrix extract was diluted 

50 times for barley, 20 times for oats, and 30 times for rice to overcome the matrix effect for 

sample analysis. Considering the dilution factor, the developed Nb-AviTag-based BA-ELISA 

has LODs of 1.4 μg kg−1 in barley with a linear detection range of 2.5–35 μg kg−1, 0.56 μg 

kg−1 in oats with a linear detection range of 1.0–14 μg kg−1, and 0.84 μg kg−1 in rice with a 

linear detection range of 1.5–21 μg kg−1 for OTA, respectively. These results well meet the 

EU requirement of regulatory limits for OTA in cereal (5 μg kg−1) and cereal products (3 μg 

kg−1).

3.6 Assay validation

The spiking and recovery study was performed to evaluate the accuracy and precision of the 

Nb-AviTag-based BA-ELISA for cereal sample analysis. The cereal samples (barley, oats, 

and rice) spiked with various concentrations of OTA standard (3, 5, 10, and 20 μg kg−1) 

were pretreated by extraction. The content of recovered OTA in extracting solution was 

determined by the Nb-AviTag-based BA-ELISA (Table 2).The average recovery and the 

relative standard deviation (RSD) of intra-assay ranged from 84% to 137% and from 0.64% 

to 4.6%, respectively. In respect of inter-assay, the average recovery and RSD were in the 

range of 86%−133% and 0.88%−7.8%, respectively. To further assess the effectiveness of 

the developed method, six OTA contaminated samples were detected by the Nb-AviTag-

based BA-ELISA, and the results were validated by LC-MS/MS (Table 3). The OTA content 

of six cereal samples tested by the developed method ranged was in a range of 1.1–7.2 μg kg
−1, and correlated well with that tested by LC-MS/MS35 (Figure S-4 in SI). The OTA 

content of oats sample No. 2 tested by both methods exceeded the maximum level of OTA in 

cereal (5 μg kg−1) regulated by the European Union. Thus, the above experiments showed an 

accurate and precise BA-ELISA using the Nb-AviTag for detecting OTA in cereal.

Conclusions

Thus, we reported a rapid, sensitive, and selective BA-ELISA using an Nb-AviTag fusion 

protein for rapid detection of OTA in cereal. This study exhibits the advantages of Nbs on 

detecting low molecular weight compounds. Nbs are more economical to develop and 

produce than conventional monoclonal antibodies, and still retain the advantages of 

monoclonal antibody technology. Nb is ease of genetic manipulation by recombinant DNA 

technology as demonstrated here. Moreover, we have also demonstrated the AviTag fusion 

molecules can work as ideal probes in immunoassays for analysis of low molecular weight 

compounds. Not only does the AviTag fusion technology yield homogeneous biotinylated 

binding agents with a defined analyte/reporter molar ratio by using an in vivo biotinylation 

strategy, but the high specificity and affinity between streptavidin and biotin can increase the 

sensitivity of the procedure.
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Figure 1. 
Preparation and identification of the Nb28-AviTag. (A) Plasmid map of Nb28-AviTag-pAC6. 

(B) SDS-PAGE and coomassie brilliant blue staining analysis of Nb28-AviTag. Lane M: 

Prestained protein marker. Lane 1: Whole cell protein under non-induced condition. Lane 2: 

Whole cell protein under induced condition. Lane 3: Ni-NTA sepharose-purified Nb28-

AviTag. (C) Identification of Nb28-AviTag by dot immunoassay. The assay was performed 

in triplicate.
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Figure 2. 
Comparison of the standard inhibition curves of the Nb28-based ELISA and the Nb28-

AviTag-based BA-ELISA. The error bars represent the standard deviation of triplicate tests.
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Figure 3. 
The standard inhibition curves of Nb28-AviTag-based BA-ELISA in 5% methanol-0.5×PBS 

(MeOH-PBS), barley extracts (A), oats extracts (B), and rice extracts (C). The error bars 

represent the standard deviation of triplicate tests.
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Table 1.

CR of Nb28-AviTag with OTA analogues and common mycotoxins

Analyte IC50 (ng mL−1) CR (%)

OTA 0.14 100

OTB 29 0.48

OTC 4.3 3.2

AFB1 > 200 < 0.10

ZEN > 200 < 0.10

FB1 > 200 < 0.10

DON > 200 < 0.10
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Table 2.

Recoveries of OTA tested by the Nb-AviTag-based BA-ELISA

Matrix OTA spiked (μg/kg) Mean ± SD (μg/kg) Recovery (%) RSD (%)

Intra-assay (n = 3)
a

barley 3 3.5 ± 0.12 117 3.4

5 4.2 ± 0.060 84 1.4

10 10 ± 0.14 100 1.4

20 25 ± 0.72 125 2.9

oats 3 3.1 ± 0.020 103 0.64

5 4.8 ± 0.11 96 2.3

10 8.8 ± 0.28 88 3.2

20 23 ± 0.45 115 1.9

rice 3 4.1 ± 0.060 137 1.5

5 5.2 ± 0.18 104 3.5

10 9.2 ± 0.42 92 4.6

20 20 ± 0.50 100 2.5

Inter-assay (n = 3)
b

barley 3 3.4 ± 0.050 113 1.5

5 4.4 ± 0.050 88 1.1

10 10 ± 0.34 100 3.4

20 25 ± 0.22 125 0.88

oats 3 3.0 ± 0.060 100 2.0

5 4.6 ± 0.080 92 1.7

10 8.6 ± 0.11 86 1.3

20 23 ± 0.67 115 2.9

rice 3 4.0 ± 0.17 133 4.2

5 5.2 ± 0.07 104 1.3

10 9.9 ± 0.67 99 6.8

20 18 ± 1.4 90 7.8

a
Each assay was conducted three times on the same day.

b
The assays were conducted on three different days.
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Table 3.

Sample analysis by the Nb-AviTag-based BA-ELISA and LC-MS/MS

Sample Nb-AviTag-based BA-ELISA(Mean ± SD, n = 4) RSD (%) LC-MS/MS35 (Mean ± SD, n = 3) RSD (%)

barley

1 2.3 ± 0.10 4.3 1.8 ± 0.14 7.8

oats

1 1.1 ± 0.050 4.5 0.82 ± 0.10 12

2 7.2 ± 0.50 6.9 7.5 ± 0.11 1.5

rice

1 1.9 ± 0.050 2.6 2.0 ± 0.090 4.5

2 1.7 ± 0.10 5.9 1.8 ± 0.17 9.4

3 1.3 ± 0.090 6.9 1.4 ± 0.18 13
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