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Abstract

Cry toxins have been widely used in genetically modified organisms for pest control, raising 

public concern regarding their effects on natural environment and food safety. In this work, a 

phage-mediated competitive chemiluminescent immunoassay (c-CLIA) was developed for 

determination of Cry1Ab toxin using anti-idiotypic camel nanobodies. By extracting RNA from 

camels’ peripheral blood lymphocytes, a naive phage-displayed nanobody library was established. 

Using anti-Cry1Ab toxin monoclonal antibodies (MAbs) against the library for anti-idiotypic 

antibody screening, four anti-idiotypic nanobodies were selected and confirmed to be specific for 

anti-Cry1Ab MAb binding. Thereafter, a c-CLIA was developed for detection of Cry1Ab toxin 

based on anti-idiotypic camel nanobodies and employed for sample testing. The results revealed 

that a half-inhibition concentration of developed assay to be 42.68 ± 2.54 ng/mL, in the linear 

range of 10.49–307.1 ng/mL. The established method is highly specific for Cry1Ab recognition, 

with negligible cross-reactivity for other Cry toxins. For spiked cereal samples, the recoveries of 

Cry1Ab toxin ranged from 77.4 % to 127 %, with coefficient of variation of less than 9 %. This 

study demonstrated that the competitive format based on phage-displayed anti-idiotypic 

nanobodies can provide an alternative strategy for Cry toxin detection.
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INTRODUCTION

Bacillus thuringiensis (Bt) is a Gram-positive soil bacterium that produces Cry toxins (e.g., 

Cry1Ab, Cry1F, Cry2A, and Cry3B) in the form of inclusion bodies during its sporulation 

phase.1–3 Cry toxins are widely used for developing genetically modified organisms 

(GMOs) because of their high toxicity to lepidopteran pests. Toxic effects are based on 

disruption of midgut cells of insect pests, resulting in pore formation and ultimately leading 

to death.4–6 Since the toxins are highly specific to insects, they are considered non-toxic to 

humans and animals. However, serious debates and increasing concern arise regarding 

potential and perceived environmental and public health safety issues resulting from the use 

of GMOs. Several countries have implemented appropriate labeling regulations for GMO-

derived products.7, 8 Therefore, it is necessary to develop rapid and reliable methods for 

detecting Cry toxins. Besides, Cry toxins are still the most widely used biological 

insecticides, a reliable assay could also be used as quality control for production, 

distribution, and persistence of the toxin produced by Bt.

At present, various methodologies have been applied for GMO analysis. Among these 

approaches, polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay 

(ELISA) are the two most frequently used formats.9–16 PCR methods are highly sensitive 

and accurate but cannot identify the level of expression of transgenic proteins; and the 

requirements of skilled operator and well-equipped laboratory are non-negligible factors that 

limit their application.17, 18 By contrast, ELISA methods are suitable for detecting 

transgenic proteins expressed in GMOs with the advantages of simplicity, cost-effective and 

high-throughput.19 To date, the most commonly used ELISA method for Cry proteins is 

double antibody sandwich ELISA (DAS-ELISA).20–22 However, the main drawback of 

DAS-ELISA is the difficulty of matching between two antibodies and complicated 

procedures of the assay. Compared with DAS-ELISA, competitive ELISA (c-ELISA) holds 

the advantages of labor-saving, ease of operation and shortened assay time. As for 

competitive immunoassays, an appropriate competitive antigen or antigen mimetic is 

necessary. Several competitive immunoassays have been reported for detecting Cry toxins, 

whereas these approaches commonly use Cry toxin standard both as coating antigen and 

competitive antigen, thus possibly incurring high costs.23, 24
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In recent years, anti-idiotypic nanobodies have been used as antigen mimetics in 

immunoassays for detection.25–27 Nanobodies, which are derived from sera of camelids, are 

the smallest functional antigen-binding fragments completely devoid of light chains.28, 29 

Compared with conventional antibodies, nanobodies contain a longer complementarity 

determining region 3 (CDR3), which can present unique epitopes and bind to the cavities of 

target antibodies, and they have been proven as valuable tools for antigen mimicry.30, 31 In 

addition, nanobodies have the advantages of high solubility, high thermal stability and ease 

of production, which make nanobody valuable involved in rapid method development. Until 

now, no study reported the use of anti-idiotypic nanobodies for detecting Cry toxins in c-

ELISA.

In the present study, anti-idiotypic nanobodies that specifically bind to anti-Cry1Ab 

monoclonal antibodies (MAbs) were successfully selected from a naive phage-displayed 

nanobody library. Subsequently, a phage-mediated competitive chemiluminescent 

immunoassay (c-CLIA) based on anti-idiotypic nanobody was established for the 

determination of Cry1Ab toxin. Accuracy and precision of the assay were evaluated by 

determining cereal samples spiked with Cry1Ab toxin. With anti-idiotypic nanobody as 

competitive antigen mimetic, the proposed c-CLIA may provide an alternative strategy for 

Cry1Ab toxin analysis.

MATERIALS AND METHODS

Materials and reagents

The anti-Cry1Ab MAb used was previously produced in our laboratory.32 Cry1Ab, Cry1Ac, 

Cry1F, Cry2A, and Cry3B toxins were purchased from You Long Bio. Co. Ltd. (Shanghai, 

China). SuperScript III First-Strand Synthesis SuperMix was purchased from Invitrogen 

(Carlsbad, CA, USA). Restriction enzymes and T4 DNA ligase were purchased from NEB 

(Ipswich, MA, USA). Escherichia coli strain TG1 and helper phage M13K07 were obtained 

from MRC (Cambridge, England). Horseradish peroxidase (HRP) conjugated anti-M13 

antibody was purchased from GE Healthcare (Beijing, China). Tetramethylbenzidine was 

purchased from Sigma (St. Louis, MO, USA). SuperSignal ELISA Pico chemiluminescent 

substrate was obtained from Thermo Scientific (Waltham, MA, USA). All other reagents 

used were of analytical grade.

Construction of a naive Bactrian camel nanobody library

The schematic diagram of the construction of a naive nanobody library is presented in 

Figure 1. Briefly, total RNA was extracted from peripheral blood lymphocytes by using the 

TRIZOL reagent (Invitrogen) and used as template for cDNA synthesis via SuperScript III 

First-Strand Synthesis SuperMix Kit. Nanobody genes were amplified by two-step nested 

PCR. In the first PCR, the VH regions were amplified with the specific primers CALL001 

(5’-GTCCTGGCTCTCTTCTACAAGG-3’) and CALL002 (5’-

GGTACGTGCTGTTGAACTGTTCC-3’). After the first PCR fragments of around 700 bp 

were gel-purified, the nanobody genes were re-amplified with VHH-for (5’-

ACTGGCCCAGGCGGCCGAGGTGCAGCTGSWGSAKTCKG-3’) and VHH-back (5’-

ACTGGCCGGCCTGGCCTGAGGAGACGGTGACCWGGGTC-3’) nested primers 
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containing the restriction site sfi I (underlined) in the secondary PCR.33, 34 Final PCR 

products around 400 bp were purified and sub-cloned into the phagemid pComb3x. Then, 

recombinant phagemids were transformed into electrocompetent E. coli TG1 cells, and these 

cells were plated on 2×YT plates containing 100 μg/mL ampicillin. The library diversity was 

measured by calculating the number of colonies and DNA sequencing.

Biopanning and identifying anti-idiotypic nanobodies

In the first round of biopanning, 100 μL of anti-Cry1Ab MAb (100 μg/mL) was coated on 

microplate wells at 4 °C overnight. After washing with phosphate-buffered saline with 0.1 % 

Tween-20 (PBST), wells were blocked with 3 % bovine serum albumin (BSA)-PBS at 37 °C 

for 2 h. Then, 100 μL of naive phage-displayed nanobody library (2 × 1011 pfu) was added 

to the wells and incubated for 1 h at 37 °C. Unbound phages were discarded, and wells were 

washed 10 times with PBST. Bound phages were eluted with 100 μL of elution buffer [0.2 

M glycine-HCl (pH 2.2), and 1 mg/mL BSA] for 8 min at 37 °C with gentle shaking and 

immediately neutralized with 15 μL of 1 M Tris-HCl (pH 9.0). Eluted phages were titered 

and amplified for subsequent round of panning. For the next three rounds of panning, the 

number of input phage libraries remained the same (2 × 1011 pfu), whereas concentrations of 

coated anti-Cry1Ab MAbs gradually reduced to 50, 25, and 10 μg/mL. Meanwhile, the 

elution buffer was replaced with 100 μL of Cry1Ab standard diluted in PBS at 10, 5, and 1 

μg/mL. After four rounds of panning, 95 individual clones from the fourth round of elution 

were randomly picked and identified by phage-ELISA. Subsequently, the coding DNA of 

positive phages was sent for sequencing.

Preparation of phage-displayed nanobodies

The selected clone was cultured in 2×YT medium containing 2 % (v/v) glucose and 100 

μg/mL ampicillin at 37 °C with shaking until optical density at 600 nm reached 

approximately 0.4. The culture was then superinfected with helper phage M13K07 at 37 °C 

for 15 min and incubated at 37 °C with shaking at 250 rpm for 45 min. Cells were harvested 

by centrifugation at 1000 g for 10 min and transferred to fresh 2×YT medium (containing 

100 μg/mL ampicillin and 50 μg/mL kanamycin). Phage-displayed nanobodies were 

produced by growing the culture at 30 °C with shaking (250 rpm) overnight. After the 

culture was centrifuged at 10,000 g for 15 min, supernatant of amplified phages was 

precipitated with 1/6 volume of 20 % (w/v) PEG/NaCl, and the phages were collected by 

centrifugation at 10,000 g for 15 min. Finally, purified phages were suspended in PBS and 

titered by determining colony-forming units.

Phage-mediated competitive chemiluminescent ELISA

A competitive chemiluminescent ELISA for Cry1Ab toxin detection was developed using an 

anti-idiotypic nanobody isolated from the naive nanobody library. First, the wells of a 96-

well microplate were coated with 100 μL of anti-Cry1Ab MAbs overnight at 4 °C and 

blocked with 5 % BSA in PBST for 2 h at 37 °C. Then, 50 μL of selected phage-displayed 

nanobodies and 50 μL of Cry1Ab standard at various concentrations (from 0 ng/mL to 625 

ng/mL) or sample extracts were added to the wells. After incubation at 37 °C for 1 h and 

washing six times with PBST, 100 μL of HRP-conjugated anti-M13 phage antibodies 

(1:5000 diluted in blocking buffer) was added and incubated in wells for 1 h at 37 °C. 

Qiu et al. Page 4

J Agric Food Chem. Author manuscript; available in PMC 2020 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Finally, 100 μL of chemiluminescent substrate was added to the washed wells and incubated 

for 3 min. Chemiluminescence intensity was detected on a luminescence reader Mithras LB 

940 (Berthold, Germany). To measure the optimized dilution of immunoassay reagents, a 

checkerboard assay was conducted using different dilutions of phages and anti-Cry1Ab 

MAbs in advance.

Assessment of competitive chemiluminescent ELISA

The method was validated by evaluating the cross-reactivity (CR) with other Cry toxins and 

by determination of spiked samples. To evaluate CR, various concentrations (from 5 ng/mL 

to 312.5 ng/mL) of other Cry toxins (Cry1Ac, Cry1F, Cry2A, and Cry3B) were applied to 

chemiluminescent ELISA. To measure recovery of the assay, Cry1Ab-free cereal samples 

(rice, wheat, and corn) which collected from our own farm station were spiked with a known 

concentration of Cry1Ab at 500, 1000, 2000, and 5000 μg/kg. Sample extracts and dilution 

methods were performed as follows: 1 g of ground samples were mixed with 1 mL of 

extraction solution (10 mM PBS, pH 7.4, containing 0.05 % Tween-20 and 0.1 % BSA) and 

extracted by gentle shaking at room temperature for 2 h. After centrifugation at 10,000 g for 

15 min, the supernatant was diluted by tenfold PBS for assay analysis.

RESULTS AND DISCUSSION

Construction of a naive phage-displayed nanobody library

Peripheral blood lymphocytes were isolated from 10 non-immunized Bactrian camels. 

Nanobody genes were amplified from lymphocyte cDNA by nested PCR. The first PCR 

fragments displayed evident bands at 700 bp, and these 700 bp fragments were purified as 

templates for re-amplifying nanobody genes (400 bp) in secondary PCR (Figure 2B). After 

digestion with sfi I restriction enzyme, nanobody genes were inserted into phagemid 

pComb3x. The recombinant phagemid was transformed into E. coli TG1 competent cells by 

electroporation transformation to generate the nanobody library. By counting the number of 

colonies in gradient dilution plates, library size calculated was 1.7 × 108, this value can be 

expected to generate sufficient antibody diversity. Twenty clones were randomly selected to 

perform colony PCR, and results revealed 100 % correct insertion rate as shown in Figure 

2C. The results demonstrated that a high quality naive nanobody library was successfully 

constructed, which can be used for selecting anti-idiotypic nanobodies specific to Cry1Ab.

Selection of specific phage-displayed nanobodies

After four rounds of biopanning, output phages increased from 6.0 × 104 pfu to 2.3 × 107 

pfu; this result indicated effective enrichment of specific clones binding to target antibody 

(Figure 3A). A total of 95 phage clones randomly selected from the fourth round of panning 

were analyzed by phage ELISA. Among these phage clones, four (P-22, P-24, P-32, and 

P-48) were identified to specifically bind to anti-Cry1Ab MAbs competing with free 

Cry1Ab. The phage clone P-48 exhibited the highest sensitivity, and was hence selected for 

further research.

The DNA sequencing results showed the presence of four different sequences. As presented 

in Figure 3C, P-22 and P-24 only involved a single amino acid difference, and showed 
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similar sensitivities in immunoassay. Besides, framework regions were conserved among the 

four sequences, whereas the amino acids in CDRs were considerably distinct. Interestingly, 

two amino acids ‘GR’ coexisted in the CDR3 of the four sequences, which may play an 

important role in binding with anti-Cry1Ab MAbs.

Optimization of phage-displayed nanobody based c-CLIA

The purified phage-displayed nanobody P-48 was evaluated for its characterization by 

competitive chemiluminescent immunoassay. To select an appropriate blocking buffer, 5 % 

skim milk, 5 % BSA, 5 % OVA, and 2 % gelatin in 0.05 % PBST, which are commonly used 

as blocking reagents in immunoassay, were each tested to avoid non-specific signals. Results 

showed that 5 % BSA in 0.05 % PBST presented a relatively lower signal than the others 

and was thus used as blocking reagent in development of the assay. The optimal 

concentrations of anti-Cry1Ab MAbs (0.1 μg/mL) and phage-displayed nanobodies (2.5 × 

107 pfu/mL) were then determined by a checkerboard procedure.

Considering that ionic strength and pH can affect the performance of immunoassay, the 

influence of ionic strength (from 5 mM to 40 mM) and pH (from 5.0 to 9.0) were evaluated. 

Maximum relative light unit (RLUmax) showed a slight difference for 5, 10, and 20 mM 

ionic strengths, but the signal decreased when ionic strengths reached 40 mM (Figure 4A). 

The lowest half-inhibition concentration (IC50) value was obtained at a concentration of 10 

mM. At optimal ionic strength, the effect of pH was also examined. The IC50 values showed 

no significant differences within pH 6.0–8.0, and the lowest IC50 was observed at pH 7.4 

(Figure 4B). Therefore, 10 mM ionic strength and pH 7.4 were selected as the optimal 

conditions for the assay.

Development and Evaluation of c-CLIA

Under the optimal conditions, as shown in Figure 5, IC50 of the assay established with P-48 

was 42.68 ± 2.54 ng/mL. The linear range (IC20-IC80) of the assay was 10.49–307.1 ng/mL. 

The limit of detection (LOD) in the immunoassay was estimated from the mean (plus three 

standard deviations) of 10 blank samples and measured 6.45 ng/mL.

Recently, several studies have been conducted on Cry1Ab detection; the LODs in these 

studies ranged from 0.01 ng/g to 0.56 ng/g.35–40 The developed phage-mediated c-CLIA 

exhibits lower sensitivity than those methods, including our previously developed DAS-

ELISA (with LOD of 0.47 ng/mL).32 As is well known, non-competitive ELISA is 

commonly more sensitive than competitive ELISA. In the present work, taking advantage of 

phage-displayed system, thousands of pVIII copies of phage capsid and HRP-conjugated 

anti-M13 pVIII MAb were helpful for the signal amplification. In addition, a 

chemiluminescence system was applied to improve the sensitivity of the assay. To further 

improve sensitivity, molecular modeling and directed evolution technology may be applied 

in further studies. The majority of the reported ELISAs for detecting Cry1Ab toxin were 

DAS-ELISAs, which are based on monoclonal antibodies and polyclonal antibodies. 

However, polyclonal antibodies can bind to multiple epitopes on a protein, resulting in false-

positive results and cross-reactivity. Conversely, excluding the use of polyclonal antibodies, 

the developed competitive assay exhibits a lower blank signal and higher specificity. In 
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addition, compared with conventional DAS-ELISA, the proposed method not only avoids a 

complicated sandwich pairing process but also requires a relatively short assay time. 

Furthermore, phage-displayed anti-idiotypic nanobodies can be easily produced at a large 

scale and may reduce the use of Cry1Ab toxin to conserve costs and to ensure environmental 

safety.

Soluble nanobodies have also been expressed by pET26b plasmid in E. coli and evaluated 

for their performance by c-CLIA. However, comparing with phage-displayed nanobodies, 

less sensitivity and limited linear range for the determination of Cry1Ab toxin have been 

obtained based on these soluble nanobodies (data not shown). Several studies also reported 

similar results, which indicated that sensitivity can be improved by using phage-displayed 

antibodies instead of soluble antibodies41, 42. This result may be explained by the functional 

structure of nanobodies, which cannot be represented well by prokaryotic expression, 

whereas eukaryotic expression may improve the process in future studies; meanwhile, the 

phage-mediated format can favor the performance of nanobodies with functional structure, 

and provide signal amplification over the soluble nanobodies43–45. In this study, phage-

displayed nanobodies, rather than soluble nanobodies, were used in the development of 

immunoassay for Cry1Ab detection. The antigen was intended to be replaced by anti-

idiotypic antibody (nanobody) for detecting Cry1Ab with competition, and required the 

hapten-inhibitable or competitive characteristics of the anti-idiotypic nanobody. Therefore, 

selecting Ab2β anti-idiotypic antibodies with the antigen internal image will be the best 

choice, which rigidly targets the CDR of Ab1 for antigenic determinant recognition46–48. 

Thus, another possibility could be the binding site of selected anti-idiotypic nanobody P-48 

combined with anti-Cry1Ab MAb may not be identical to that of Cry1Ab combined with 

anti-Cry1Ab MAb. Therefore, due to its small size, nanobody P-48 cannot completely 

occupy the binding site of anti-Cry1Ab MAb in the Cry1Ab toxin. By contrast, the large size 

of phage-displayed nanobody simplified inhibition of Cry1Ab binding to anti-Cry1Ab MAb. 

Therefore, using Fab or ScFv for anti-idiotypic nanobodies selection is preferred for 

improving competitive reaction, which would fit in the epitope and completely inhibit the 

binding of MAb to Cry1Ab toxin. Several immunoassay formats have been assembled based 

on the selected anti-idiotypic nanobody, the immunoassay presented here achieved the 

highest sensitivity, which can be explained as described above.

Cross-reactivity

To determine the specificity of the assay, the cross-reactivity against Cry1Ac, Cry1F, Cry2A, 

and Cry3B was evaluated. Cross-reactivity was calculated using the formula CR %= IC50 of 

Cry1Ab/IC50 of other Cry toxins × 100 %. As shown in Figure 6, negligible cross-reactivity 

was observed with other Cry toxins.

Assay validation

Matrix interference is a common problem in immunoassays. Before sample analysis, three 

GMO-free cereal samples (rice, wheat, and corn) were selected to evaluate the matrix effect. 

Diluted sample extract was used to prepare serial concentrations of Cry1Ab solution as 

described above. No significant matrix effect was observed in the assays with each sample 

matrix (data not shown). Then, accuracy and precision of the anti-idiotypic-nanobody-based 
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c-CLIA were evaluated by spike and recovery analysis. Rice, wheat, and corn samples were 

spiked with different concentration of Cry1Ab (500, 1000, 2000, and 5000 μg/kg), and each 

sample was measured twice for repeatability. As presented in Table 1, the average recovery 

ranged from 81.5 % to 96.6 % and coefficient of variation (CV) ranged from 2.8 % to 6.6 % 

in the rice sample. By contrast, recovery ranged from 77.4 % to 105 % and CV ranged from 

3.2 % to 5.9 % in wheat. Finally, recovery ranged from 86.4 % to 127 % with a CV of 2.6 

%–8.8 % in the corn sample. These results demonstrated that adequate recovery and 

efficiency from cereals were achieved through anti-idiotypic-nanobody-based c-CLIA for 

Cry1Ab detection. In addition, thirty cereal samples randomly collected from local markets 

were analyzed by the nanobody based c-CLIA. All the samples were found negative for 

Cry1Ab by the developed method. These results are in accordance with the results obtained 

from commercial ELISA kit.

In conclusion, we constructed a naive phage-displayed nanobody library. Four anti-idiotypic 

nanobodies specific to Cry1Ab were selected after four rounds of biopanning. The phage-

displayed nanobody P-48, which exhibited the highest sensitivity, was further applied to 

anti-idiotypic-nanobody-based competitive chemiluminescent ELISA for Cry1Ab detection. 

The developed assay showed a working range of 10.49–307.1 ng/mL and LOD of 6.45 

ng/mL. To date, it has not been reported that application of anti-idiotypic nanobodies in 

competitive immunoassay for Cry1Ab. The results of this work indicate that competitive 

immunoassay based on anti-idiotypic nanobodies may provide an alternative strategy for 

detecting Cry and other proteins.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China (General Program) (No. 31371778), 
the NIEHS Superfund Research Program of USA (P42 ES004699), the Special Fund for Agro-scientific Research 
in the Public Interest (201303088), the Jiangsu Province Natural Science Foundation (BK20131333), the Key 
Technology R&D Program of Jiangsu Province (No. BE2014722), the Jiangsu Planned Projects for Postdoctoral 
Research Funds (1701030A), and the Independent Innovation Project of Jiangsu Province (CX (15) 1011).

REFERENCES

(1). Li J; Xu Q; Wei X; Hao Z Electrogenerated chemiluminescence immunosensor for Bacillus 
thuringiensis Cry1Ac based on Fe3O4@Au nanoparticles. J. Agric. Food Chem 2013, 61, 1435–
1440. [PubMed: 23317307] 

(2). Bravo A; Gill SS; Soberón M Mode of action of Bacillus thuringiensis Cry and Cyt toxins and 
their potential for insect control. Toxicon. 2007, 49, 423–435. [PubMed: 17198720] 

(3). Xu C; Zhang X; Liu X; Liu Y; Hu X; Zhong J; Zhang C; Liu X Selection and application of broad-
specificity human domain antibody for simultaneous detection of Bt Cry toxins. Anal. Biochem 
2016, 512, 70–77. [PubMed: 27544649] 

(4). Lu K; Gu Y; Liu X; Lin Y; Yu XQ Possible insecticidal mechanisms mediated by immune 
response related Cry-binding proteins in the midgut juice of Plutella xylostella and Spodoptera 
exigua. J. Agric. Food Chem 2017, 65, 2048–2055. [PubMed: 28231709] 

(5). Xu L; Pan ZZ; Zhang J; Liu B; Zhu YJ; Chen QX Proteolytic activation of Bacillus thuringiensis 
Cry2Ab through a belt-and-braces approach. J. Agric. Food Chem 2016, 64, 7195–7200. 
[PubMed: 27598769] 

(6). Soberón M; Gill SS; Bravo A Signaling versus punching hole: How do Bacillus thuringiensis 
toxins kill insect midgut cells? Cell. Mol. Life Sci 2009, 66, 1337–1349. [PubMed: 19132293] 

Qiu et al. Page 8

J Agric Food Chem. Author manuscript; available in PMC 2020 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(7). Roda A; Mirasoli M; Guardigli M; Michelini E; Simoni P; Magliulo M Development and 
validation of a sensitive and fast chemiluminescent enzyme immunoassay for the detection of 
genetically modified maize. Anal. Bioanal. Chem, 2006, 384, 1269–1275. [PubMed: 16491341] 

(8). Miraglia M; Berdal KG; Brera C; Corbisier P; Holst-Jensen A; Kok EJ; Marvin HJP; Schimmel H; 
Rentsch J; van Rie JPPF; Zagon J Detection and traceability of genetically modified organisms in 
the food production chain. Food Chem. Toxicol 2004, 42, 1157–1180. [PubMed: 15123385] 

(9). Liu Y; Jiang D; Lu X; Wang W; Xu Y; He Q Phage mediated immuno-PCR for ultrasensitive 
detection of Cry1Ac protein based on nanobody. J. Agric. Food Chem 2016, 64, 7882–7889. 
[PubMed: 27684201] 

(10). Guertler P; Paul V; Albrecht C; Meyer HHD Sensitive and highly specific quantitative real-time 
PCR and ELISA for recording a potential transfer of novel DNA and Cry1Ab protein from feed 
into bovine milk. Anal. Bioanal. Chem 2009, 393, 1629–1638. [PubMed: 19225766] 

(11). Zhu M; Li M; Li G; Zhou Z; Liu H; Lei H; Shen Y; Wan Y Nanobody-based electrochemical 
immunoassay for Bacillus thuringiensis Cry1Ab toxin by detecting the enzymatic formation of 
polyaniline. Microchim. Acta 2015, 182, 2451–2459.

(12). Li M; Zhu M; Zhang C; Liu X; Wan Y Uniform orientation of biotinylated nanobody as an 
affinity binder for detection of Bacillus thuringiensis (Bt) Cry1Ac toxin. Toxins. 2014, 6, 3208–
3222. [PubMed: 25474492] 

(13). Volpe G; Ammid NH; Moscone D; Occhigrossi L; Palleschi G Development of an 
immunomagnetic electrochemical sensor for detection of Bt-Cry1Ab/Cry1Ac proteins in 
genetically modified corn samples. Anal. Lett 2006, 39, 1599–1609.

(14). Gao H; Wen L; Wu Y; Fu Z; Wu G An ultrasensitive label-free electrochemiluminescent 
immunosensor for measuring Cry1Ab level and genetically modified crops content. Biosens. 
Bioelectron 2017, 97, 122–127. [PubMed: 28582707] 

(15). Xu C; Zhang C; Zhong J; Hu H; Luo S; Liu X; Zhang X; Liu Y; Liu X Construction of an 
immunized rabbit phage display library for selecting high activity against Bacillus thuringiensis 
Cry1F toxin single-chain antibodies. J. Agric. Food Chem 2017, 65, 6016–6022. [PubMed: 
28621534] 

(16). Ming H; Wang M; Yin H Detection of Bacillus thuringiensis Cry1Ab protein based on surface 
plasmon resonance immunosensor. Anal. Biochem 2015, 468, 59–65. [PubMed: 25277812] 

(17). Zhang Y; Zhang W; Liu Y; Wang J; Wang G; Liu Y Development of monoclonal antibody-based 
sensitive ELISA for the determination of Cry1Ie protein in transgenic plant. Anal. Bioanal. Chem 
2016, 408, 8231–8239. [PubMed: 27659816] 

(18). Walschus UWE; Witt S; Wittmann C Development of monoclonal antibodies against Cry1Ab 
protein from Bacillus thuringiensis and their application in an ELISA for detection of transgenic 
Bt-maize. Food Agric. Immunol 2002, 14, 231–40.

(19). Albright III VC; Hellmich RL; Coats JR A review of Cry protein detection with enzyme-linked 
immunosorbent assays. J. Agric. Food Chem 2016, 64, 2175–2189. [PubMed: 26949828] 

(20). Paul V; Steinke K; Meyer HHD Development and validation of a sensitive enzyme immunoassay 
for surveillance of Cry1Ab toxin in bovine blood plasma of cows fed Bt-maize (MON810). Anal. 
Chim. Acta 2008, 607, 106–113. [PubMed: 18155416] 

(21). Santos VO; Pelegrini PB; Mulinari F Moura RS; Cardoso LPV; Buhrer-Sekula S; Miller RNG; 
Pinto ERC; Grossi-de-Sa MF A novel immunochromatographic strip test for rapid detection of 
Cry1Ac and Cry8Ka5 proteins in genetically modified crops. Anal. Methods 2015, 7, 9331–
9339.

(22). Zhang X; Xu C; Zhang C; Liu Y; Xie Y; Liu X Established a new double antibodies sandwich 
enzymelinked immunosorbent assay for detecting Bacillus thuringiensis (Bt) Cry1Ab toxin based 
single-chain variable fragments from a naïve mouse phage displayed library. Toxicon. 2014, 81, 
13–22. [PubMed: 24472345] 

(23). Wang Y; Zhang X; Zhang C; Liu Y; Liu X Isolation of single chain variable fragment (scFv) 
specific for Cry1C toxin from human single fold scFv libraries. Toxicon. 2012, 60, 1290–1297. 
[PubMed: 22982116] 

(24). Xu C; Liu X; Zhang C; Zhang X; Zhong J; Liu Y; Hu X; Lin M; Liu X Establishment of a 
sensitive time-resolved fluoroimmunoassay for detection of Bacillus thuringiensis Cry1Ie toxin 

Qiu et al. Page 9

J Agric Food Chem. Author manuscript; available in PMC 2020 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



based nanobody from a phage display library. Anal. Biochem 2017, 518, 53–59. [PubMed: 
27838242] 

(25). Wang Y; Li P; Majkova Z; Bever CRS; Kim HJ; Zhang Q; Dechant JE; Gee SJ; Hammock BD 
Isolation of alpaca anti-idiotypic heavy-chain single-domain antibody for the aflatoxin 
immunoassay. Anal. Chem 2013, 85, 8298–8303. [PubMed: 23965250] 

(26). Qiu YL; He QH; Xu Y; Bhunia AK; Tu Z; Chen B; Liu YY Deoxynivalenol-mimic nanobody 
isolated from a naïve phage display nanobody library and its application in immunoassay. Anal. 
Chim. Acta 2015, 887, 201–208. [PubMed: 26320803] 

(27). Shu M; Xu Y; Wang D; Liu X; Li Y; He Q; Tu Z; Qiu Y; Ji Y; Wang X Anti-idiotypic nanobody: 
A strategy for development of sensitive and green immunoassay for Fumonisin B1. Talanta. 2015, 
143, 388–393. [PubMed: 26078175] 

(28). Hamers-Casterman C; Atarhouch T; Muyldermans S; Robinson G; Hammers C; Songa EB; 
Bendahman N; Hammers R Naturally occurring antibodies devoid of light chains. Nature. 1993, 
363, 446–448. [PubMed: 8502296] 

(29). De Genst E; Silence K; Decanniere K; Conrath K; Loris R; Kinne J; Muyldermans S; Wyns L 
Molecular basis for the preferential cleft recognition by dromedary heavy-chain antibodies. Proc. 
Natl. Acad. Sci 2006, 103, 4586–4591. [PubMed: 16537393] 

(30). Qiu YL; He QH; Xu Y; Wang W; Liu YY Modification of a deoxynivalenol-antigen-mimicking 
nanobody to improve immunoassay sensitivity by site-saturation mutagenesis. Anal. Bioanal. 
Chem 2016, 408, 895–903. [PubMed: 26608283] 

(31). Xu Y; Xiong L; Li Y; Xiong Y; Tu Z; Fu J; Chen B Anti-idiotypic nanobody as citrinin mimotope 
from a naive alpaca heavy chain single domain antibody library. Anal. Bioanal. Chem 2015, 407, 
5333–5341. [PubMed: 25910884] 

(32). Dong S; Zhang X; Liu Y; Zhang C; Xie Y; Zhong J; Xu C; Liu X Establishment of a sandwich 
enzyme-linked immunosorbent assay for specific detection of Bacillus thuringiensis (Bt) Cry1Ab 
toxin utilizing a monoclonal antibody produced with a novel hapten designed with molecular 
model. Anal. Bioanal. Chem 2017, 409, 1985–1994. [PubMed: 28078413] 

(33). Wang P; Li G; Yan J; Hu Y; Zhang C; Liu X; Wan Y Bactrian camel nanobody-based 
immunoassay for specific and sensitive detection of Cry1Fa toxin. Toxicon. 2014, 92, 186–192. 
[PubMed: 25448390] 

(34). Ebrahimizadeh W; Gargari SM; Rajabibazl M; Ardekani S; Zare H; Bakherad H Isolation and 
characterization of protective anti-LPS nanobody against V. cholerae O1 recognizing Inaba and 
Ogawa serotypes. Appl Microbiol Biotechnol. 2013, 97, 4457–4466 [PubMed: 23135228] 

(35). Badea EM; Chelu F; Lacatusu A Results regarding the levels of Cry1Ab protein in transgenic 
corn tissue (MON810) and the fate of Bt protein in three soil types. Rom. Biotechnol. Lett 2010, 
15, 55–62.

(36). Nguyen HT; Jehle JA Quantitative analysis of the seasonal and tissue-specific expression of 
Cry1Ab in transgenic maize Mon810. J. Plant Dis. Prot 2007, 114, 82–87.

(37). Wang Y; Hu H; Huang J; Li J; Liu B; Zhang G Determination of the movement and persistence 
of Cry1Ab/1Ac protein released from Bt transgenic rice under field and hydroponic conditions. 
Soil Biol. Biochem 2013, 58, 107–114.

(38). Gruber H; Paul V; Meyer HH; Muller M Determination of insecticidal Cry1Ab protein in soil 
collected in the final growing seasons of a nine-year field trial of Bt-maize MON810. Transgenic 
Res. 2012, 21, 77–88. [PubMed: 21499757] 

(39). Tank JL; Rosi-Marshall EJ; Royer TV; Whiles MR; Griffiths NA; Frauendorf TC; Treering DJ 
Occurrence of maize detritus and a transgenic insecticidal protein (Cry1Ab) within the stream 
network of an agricultural landscape. Proc. Natl. Acad. Sci 2010, 107, 17645–17650. [PubMed: 
20876106] 

(40). Gruber H; Paul V; Guertler P; Spiekers H; Tichopad A; Meyer HH; Muller M Fate of Cry1Ab 
protein in agricultural systems under slurry management of cows fed genetically modified maize 
(Zea mays L.) MON810: a quantitative assessment. J. Agric. Food Chem 2011, 59, 7135–7144. 
[PubMed: 21604675] 

Qiu et al. Page 10

J Agric Food Chem. Author manuscript; available in PMC 2020 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(41). Goldman ER; Liu JL; Bernstein RD; Swain MD; Mitchell SQ; Anderson GP Ricin detection 
using phage displayed single domain antibodies. Sensors. 2009, 9, 542–555. [PubMed: 
22389616] 

(42). Sherwood LJ; Osborn LE; Carrion R Jr.; Patterson JL; Hayhurst A Rapid assembly of sensitive 
antigen-capture assays for marburg virus, using in vitro selection of llama single-domain 
antibodies, at biosafety level 4. J. Infect. Dis 2007, 196, S213–219. [PubMed: 17940952] 

(43). Hayhurst A; Happe S; Mabry R; Koch Z; Iverson BL; Georgiou G Isolation and expression of 
recombinant antibody fragments to the biological warfare pathogen. Brucella Melitensis. J. 
Immunol. Methods 2003, 276, 185–196. [PubMed: 12738372] 

(44). Goldman ER; Anderson GP; Bernstein RD; Swain MD Amplification of immunoassays using 
phage-displayed single domain antibodies. J. Immunol. Mehods 2010, 352, 182–185.

(45). Peltomaa R; López-Perolio I; Benito-Peña E; Barderas R; Moreno-Bondi MC Application of 
bacteriophages in sensor development. Anal. Bioanal. Chem 2016, 408, 1805–1828. [PubMed: 
26472318] 

(46). Jerne NK; Roland J; Cazenave PA Recurrent idiotopes and internal images. EMBO J. 1982, 1, 
243–247. [PubMed: 6985352] 

(47). Wang Y; Li P; Majkova Z; Bever CRS; Kim HJ; Zhang Q; Dechant JE; Gee SJ; Hammock BD 
Isolation of alpaca anti-idiotypic heavy chain single domain antibody for the aflatoxin 
immunoassay. Anal. Chem 2013, 85, 8298–8303. [PubMed: 23965250] 

(48). Shu M; Xu Y; Liu X; Li Y; He Q; Tu Z; Fu J; Gee SJ; Hammock BD Anti-idiotypic nanobody-
alkaline phosphatase fusion proteins: Development of a one-step competitive enzyme 
immunoassay for fumonisin B1 detection in cereal. Anal. Chim. Acta 2016, 924, 53–59. 
[PubMed: 27181644] 

Qiu et al. Page 11

J Agric Food Chem. Author manuscript; available in PMC 2020 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Outline of strategies to select the anti-idiotypic nanobodies from a naive nanobody library 

and to develop a c-CLIA for Cry1Ab.
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Figure 2. 
Construction of the naive nanobody library. (A) The first PCR fragments displayed a band 

around 700 bp. (B) The nanobody genes were amplified by secondary PCR with a band of 

400 bp. (C) The correct insertion rate of the library detected by PCR of 20 individual clones.
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Figure 3. 
(A) Number of phage output in each round of panning. (B) Four positive clones selected 

from phage-ELISA. (C) The amino acid sequences of the positive clones.
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Figure 4. 
Effects of (A) ionic strength and (B) pH on the performance of phage-mediated c-CLIA 

based on anti-idiotypic nanobody.
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Figure 5. 
Standard competitive inhibition curve for Cry1Ab analysis under the optimized conditions. 

The error bars represent the standard deviation (n =5).
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Figure 6. 
Cross-reactivity of the c-CLIA with other Cry toxins.
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Table 1.

Recovery analysis of Cry1Ab in rice, wheat, and corn samples by c-CLIA

Matrix Spike level (μg/kg)
c-CLIA (n=3

a
)

Mean±SD (μg/kg) Recovery (%) CV (%)

Rice 500 483.2±32.1 96.6 6.6

1000 903.8±37.5 90.4 4.1

2000 1686±46.7 84.3 2.8

5000 4075±120 81.5 2.9

Wheat 500 427.1±25.4 85.4 5.9

1000 774.3±32.0 77.4 4.1

2000 2102±89.1 105 4.2

5000 4504±142 90.1 3.2

Corn 500 635.2±23.2 127 3.6

1000 1114±98.3 111 8.8

2000 1984±51.6 99.2 2.6

5000 4320±305 86.4 7.1

a
Each assay was performed thrice on the same day, and each reading was taken by the same person.
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