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Abstract

A simple and sensitive fluoroimmunoassay (FIA) based on a heavy chain antibody (VHH) 

for rapid detection of fenitrothion was developed. A VHH library was constructed from an 

immunized alpaca and one clone recognizing fenitrothion (namely VHHjd8) was achieved after 

careful biopanning. It was biotinylated by fusing with Avi-tag and biotin ligase to obtain a 

fusion protein (VHHjd8-BT) showing both binding capacity to fenitrothion and streptavidin 

poly-horseradish peroxidase conjugate (SA-polyHRP). Based on a competitive assay format, 

the absorbance spectrum of oxidized 3,3’,5,5’-tetramethylbenzidine (oxTMB) generated by SA-

polyHRP overlapped the emission spectrum of carbon dots, which resulted in quenching of signal 

by inner filter effect. The developed FIA showed IC50 value of 1.4 ng/mL and limit of detection 

(LOD) of 0.03 ng/mL, which exhibited 15-fold improvement compared with conventional 

enzyme-linked immunosorbent assay. The recovery test of FIA was validated by a standard 

GC-MS/MS and the results showed good consistency, indicating the assay is an ideal tool for rapid 

screening of fenitrothion in bulk food samples.
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INTRODUCTION

With the growing population and increasing need for agricultural products, widespread 

usage of pesticides are necessary and inevitable in modern agriculture to ensure crop 

yield. [1, 2] However, improper and excessive usage of pesticides may cause their 

residues in agricultural products as well as soil and water, which may result in pesticide 

exposure and health risk to human beings. [3, 4] Fenitrothion is a kind of broad-spectrum 

organophosphate insecticide widely used for preventing agricultural products from insect 

pests. [4, 5] Many countries and organization have set up strict maximum residue limits 

(MRLs) for fenitrothion in vegetable and fruit, including China (0.5 mg/kg), [6] EU (0.01 

mg/kg), [7] USA (3.0 mg/kg), [8] and FAO (0.5 mg/kg). [9] Conventionally, instrumental 

methods including high-performance liquid chromatography-tandem mass spectroscopy 

(HPLC-MS/MS) and gas chromatography-tandem mass spectroscopy (GC-MS/MS) have 

been well employed for the determination of fenitrothion. [10] Although these methods are 

precise and sensitive, they always require expensive equipment, well-trained operators, and 

are time-consuming. They cannot completely fulfill the increasing needs of rapid screening 

of bulk samples.

Immunoassay is an ideal alternative method for the screening of pesticides owing to the 

advantages of high sensitivity, specificity, and economy. [11] It has been well developed and 

approved as standard screening method. [12] Conventional monoclonal antibodies (mAbs) 

are the main role in the development of immunoassays. Nevertheless, some shortcomings 

such as complicated cell screening, long productive period, single-function, and high 

cost have limited their application. In contrast, engineering antibodies expressed from 

microorganism cells, thereby can be produced on a large scale with a low cost in short 

period. [13, 14] Heavy chain antibody (VHH) or nanobody is the recombinant variable 

domain derived from camelidae, [15, 16] which is the smallest class of antibody fragment 

containing complete antibody function. Unlike other engineering antibodies, such as singe-

chain variable fragment (scFv) and fragment antigen binding (Fab), VHHs exhibit high 

affinity and solubility owing to the avoidance of the complex interaction of heavy chain 

and light chain in prokaryotic expression systems and the structure is closer to its natural 

configuration. [15, 17, 18] Moreover, attributed to the special construction, some VHHs 

were reported to have good stability under extreme conditions like high concentration of 

organic solvent and high temperature. [19, 20] These unique characteristics made VHH 

attractive and have a high potential to be an alternative reagent for the next generation of 

immunoassays.

For the development of VHH-based immunoassay, conventional indirect competitive 

ELISA (icELISA) is the main analysis method, which however still suffer from the 

sensitivity limitation. Fluoroimmunoassay (FIA) is a promising and alternative tool showing 

advantages of high sensitivity, low matrix interference, and wide detection range. [21] 
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For FIA, fluorescent probe is the key role which mainly decide the method sensitivity. 

Carbon dots (CDs) are the type of novel nanosized optical materials, [22] and have attracted 

increasing attention owing to the features of low toxicity, water-solubility, broad sources, 

and easy synthesis, [23–25] which are the ideal fluorescent materials to develop FIA.

In this work, an alpaca was immunized with the fenitrothion immunogen and the VHH 

library was constructed for biopanning. The VHH showed the best performance was fused 

with biotin ligase and Avi-tag to obtain a biotinylation VHH. Streptavidin poly-horseradish 

peroxidase conjugate (SA-polyHRP) was employed for signal amplification. To further 

improve the assay sensitivity, red-emission CDs (rCDs) were synthesized and employed 

to develop FIA. Based on a competitive assay format by using SA-polyHRP, rCDs were 

subsequently added after generation of oxidized 3,3’,5,5’-tetramethylbenzidine (oxTMB) by 

SA-polyHRP. The fluorescent signal of rCDs can be quantitatively quenched by oxTMB 

through inner-filter effect, thereby forming a sensitive signal response to fenitrothion. This 

sensitivity improvement strategy can be easily achieved without extra complex steps, which 

is simple, time-saving, and effective for fenitrothion analysis. Moreover, the developed 

FIA will be carefully optimized and further applied for the real sample test to verify the 

practicality and accuracy.

MATERIALS AND METHODS

Materials and Reagents.

Pesticide standards were purchased from Tanmo Technology Ltd. (Beijing, China). 

Lactoferrin (LF), bovine serum albumin (BSA), Freund’s complete adjuvants, Freund’s 

incomplete adjuvants, and isopropyl-β-d-thiogalactoside (IPTG) were purchased from 

Sigma (St. Louis, USA). Total RNA extraction kit was purchased from Gbcbio Technologies 

(Guangzhou, China). First-strand cDNA synthesis kit was obtained from Thermo Fisher 

Scientific (Shanghai, China). Gel extraction and PCR purification kits were supplied from 

TIANGEN (Beijing, China). Helper phage M13KO7, SfiI restriction enzymes, and T4 DNA 

ligase were purchased from New England Biolabs (Beijing, China). Primary secondary 

amine (PSA) was supplied from Biocomma Limited (Shenzhen, China). The pINQ and 

pCY216 vectors were both generous gifts from Universidad de la Republica de Uruguay. 

Rabbit anti-camelid VHH antibody-HRP (anti-VHH-HRP) was purchased from GenScript 

(Nanjing, China). Streptavidin poly-HRP80 conjugate (SA-polyHRP) was supplied from 

Fitzgerald (Acton, USA). Immunogen (hapten 1-LF), coating antigen (hapten 2-BSA), and 

anti-fenitrothion monoclonal antibody (mAb) were prepared and stored in our lab. [26] The 

structure of haptens and artificial antigens are shown in Figure 1A.

Instruments.

PCR was performed in DNA Engine PCR amplifier and DNA was determined by Mini-Sub 

cell GT system and a Gel imaging system that were all obtained from Bio-Rad (Hercules, 

CA, USA). Electroporation was performed in Gene Pulser Xcell electroporator (Bio-Rad, 

Hercules, CA, USA). OD value was measured in Multiskan MK3 microplate reader 

(Thermo-Fisher, Waltham, MA, USA). Fluorescence intensity was measured in SpectaMax 

i3x micro-titer plate reader (Molecular Devices, Sunnyvale, USA). Characterization of rCDs 
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was performed in Nicolet IS10 FT-IR Spectrometer (Thermo-Fisher, Waltham, MA, USA), 

FEI Talos F200X microscope (Thermo-Fisher, Hillsboro, OR, USA), ESCALAB 250XI 

electron spectrometer (Thermo Scientific, Waltham, MA, USA), and FLS1000/FSS FL 

spectrometer (Edinburgh Instruments Ltd, Livingston, UK).

Construction of phage displayed VHH library.

Immunization was performed on a healthy alpaca in NBbiolab company (Chengdu, China). 

Peripheral blood mononuclear cell (PBMC) was isolated from fresh blood using lymphocyte 

separation medium by density gradient centrifugation. The isolated PBMC was lysed in 

TRNzol. The total RNA was extracted from PBMC and immediately reverse transcribed 

to cDNA using commercial kits. Nested PCR was performed to amplify the VHH genes. 

Firstly, cDNA was used as templates and CALL001 and CALL002 were used as primers 

to perform PCR amplification. The 750 bp DNA was obtained by gel purification and 

used as the templates of the second amplification with forward primer F-SfiI. For reverse 

primer, R1-SfiI and R2-SfiI were employed for IgG2 and IgG3 genes, respectively. All 

the primer sequences are shown in Table S1. The 450 bp VHH genes were gel-purified 

and cloned into the pComb3X vector by SfiI restriction sites which were introduced by 

primers. Recombinant vectors were transformed into fresh competent cell E. coli TG1 by 

electroporation. The transgenic cells were calculated and amplified on an agarose medium 

with ampicillin and then a portion of cells were cultured and infected by M13KO7 helper 

phage to generate phage library.

Biopanning of fenitrothion selective phage clone.

The genes of fenitrothion selective clones were selected by a simultaneous competition 

panning strategy [27] and the screening was performed by icELISA. All the candidate clones 

were sequenced to identify their amino acid sequence. Details of the protocol are shown in 

Supporting Information.

Preparation of biotinylated VHH.

All the positive clones were transformed into competent cell E. coli BL21(ED3) to express 

VHH through IPTG inducing. The titer, sensitivity, and cross-reactivity (CR) of positive 

clones were studied by icELISA to select the best performance clone. VHH genes of the 

selected clones were cloned into pINQ vector and transferred to E. coli BL21(ED3) carrying 

pCY216 vector with birA genes. Biotinylated VHHjd8 (VHHjd8-BT) were prepared by the 

protocol in Supporting Information. The organic solvent tolerance VHHjd8 and VHHjd8-BT 

were studied and compared with anti-fenitrothion mAb. [26]

Preparation of rCDs.

The synthesis of rCDs was referred to Qu et. al. [28] Briefly, 1 g of citric acid and 2 g 

of urea were dissolved in 10 mL of DMF and then the mixture was transferred to 25 mL 

Teflon-lined autoclave and heated to 160 °C for 6 h. The obtained dark red product was 

mixed with 20 mL NaOH solution (50 mg/mL), and then centrifuged 10 min at 23446×g. 

The precipitate was dissolved in water and centrifuged again to remove residual salts.
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Development of FIA.

The microplate was coated with hapten 2-BSA (500 ng/mL, 100 μL/well) overnight at 37 °C 

and then washed twice with PBST. Afterward, 5% skimmed milk in PBS was added (120 

μL/well) to block the uncoated sites for 3 h at 37 °C and the plates were dried. The series 

concentration of fenitrothion solutions (in PBS) was added to the microplate (50 μL/well) 

and the VHHjd8-BT (12.25 pg/mL in PBS (50 μL/well) was added subsequently. After 

30 min incubation, the wells were washed 5 times by PBST and SA-polyHRP (100 μL/

well) was subsequently added for 30 min incubation. After five times washing with PBST, 

TMB peroxidase substrate (100 μL/well) was added and incubated for 10 min reaction. 

Afterward, NaOH (pH 11, 50 μL/well) was mixed with the reaction products to adjust pH 

and then rCDs (50 μL/well) were subsequently added. One hundred microliter of mixture 

was transferred to opaque microplate and the fluorescence signal was measured with the 

excitation wavelength of 540 nm and emission wavelength of 610 nm.

Determination of samples.

Fenitrothion free samples (tangerines, lettuces, and Chinese cabbages) were verified by 

GC-MS/MS. Samples were homogenized and mixed with 10 mL of acetonitrile in a 50 mL 

polypropylene centrifuge tube. Four grams of MgSO4, 1 g of NaCl, 1 g of sodium citrate, 

0.5 g of sodium dihydrogen citrate, and a ceramic homogenizer were added and the tube was 

shaken vigorously for 1 min, followed by centrifuging for 5 min at 1676×g. Six milliliters of 

the upper layer was transferred to a 15 mL polypropylene centrifuge tube with the addition 

of 900 mg of MgSO4 and 150 mg of PSA, for 1 min vigorously shaken, followed by 

centrifuging for 5 min at 1676×g. The extractions were filtrated by 0.22 μm membrane for 

GC-MS/MS analysis and 20-fold diluted for FIA analysis. The detail of GC-MS/MS was 

summarized in Supporting Information (Table S2).

RESULTS

Identification of alpaca antiserum.

An alpaca was immunized subcutaneously with hapten 1-LF (Figure 1A) mixed with 

Freund’s incomplete adjuvant. After the 3rd immunization, the antiserum was characterized 

by icELISA. Results showed that the titer of antiserum reached the top and became stable 

after the 3rd immunization (Figure 1B). The conventional IgG1 and heavy-chain-only IgG2 

and IgG3 were separated by protein A/G using elution buffer with different pH values 

(Figure 1C). The obtained IgG1 and IgG2/3 were further characterized by icELISA. The 

results showed that both conventional IgG1 and IgG2/3 exhibited obvious titer. The inhibition 

rate of IgG1 and IgG2/3 with free fenitrothion (100 ng/mL) was 71% and 67%, respectively. 

This result demonstrated that the heavy chain IgG2/3 showed satisfactory affinity to free 

fenitrothion (Figure 1D). The results indicated that the generation of anti-fenitrothion VHHs 

was successful.

Library construction of VHH library and selection of fenitrothion-specific VHHs.

The total RNA was extracted from the peripheral blood of alpaca and reversely transcribed 

to cDNA using commercial kits (Figure 2A and B). Then DNA of VHHs was amplified 
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by a Nested PCR strategy. In the first amplification, primers were designed from sequences 

coding the heavy chain of camelidae antibodies from heavy chain constant region 3 (CH3) 

to variable regions of all kinds of IgGs. Due to the natural lack of CH1 structural domain, 

the PCR products of IgG2 and IgG3 were only 750 bp while IgG1 products were 1000 bp. In 

the second amplification, primers designed for the variable region and a portion of the hinge 

region of HcAbs [29] were used to amplify 750 bp DNA template to obtain VHH genes 

(Figure 2C).

The VHH genes were then cloned into pComb3X vectors (Figure 2D). The recombinant 

vectors were transformed in E. coli TG1 by electroporation to construct a 107 cfu immune 

library. After phage rescue, a 1012 cfu/mL phage library was obtained for panning. In the 

biopanning process, positive clones were enriched while negative clones and weak affinity 

clones were discarded (Figure 2E).

After careful biopanning, a total of 17 positive clones with different amino acid sequences 

were finally isolated (Figure S1). The 17 clones were further expressed by E. coli 
BL21(DE3) and purified. Most clones exhibited a good affinity to hapten 2-BSA and can 

be inhibited by free fenitrothion at low concentrations (Figure 3A). Some of them showed 

high CR to parathion-methyl, which can be used as a bispecific antibody for simultaneous 

detection of fenitrothion and parathion-methyl (Table S3).

Biotinylation of anti-fenitrothion VHH.

Based on the characterization results of the 17 VHHs, VHHjd8 exhibited the highest 

titer and affinity to fenitrothion and the lowest CR to analogue. The VHHjd8 gene was 

cloned into pINQ vector containing Avi taq, which can realize site-specific biotinylation to 

construct VHHjd8-BT (Figure 3B). The obtained VHHjd8-BTBT and VHHjd8 were further 

characterized by icELISA using SA-polyHRP. As shown in Figure S2A, an OD450 nm value 

of 1.44 was observed for VHHjd8-BT while no titer was observed for VHHjd8 (Figure 

S2A). Lower working concentration (12.25 pg/mL) was used for icELISA to obtain the same 

working titer in comparison with the usage of anti-VHH-HRP, indicating the significant 

amplification of signal by SA-polyHRP. (Figure S2B).

Stability study of VHHjd8, VHHjd8-BT, and mAb.

Previous studies reported that VHHs showed high tolerance to organic solvents. [30–32] 

In this study, the organic solvent tolerance test of VHHjd8, VHHjd8-BT, and mAb was 

performed by using icELISA. In the presence of acetonitrile or acetone, the OD values 

observed for VHHjd8 and VHHjd8-BT were obviously higher than that of mAb (Figure 4A 

and C). It seems that VHHs have superior organic solvent tolerance. However, the inhibition 

rate of both mAb and VHHs decreased as the concentration of organic solvent increased 

(Figure4 B and D), which may attribute to the conformation change of biding pocket of both 

mAb and VHH.

Identification of rCDs.

To develop FIA, rCDs were synthesized and characterized. The rCDs showed a size of 

2.7 nm and the an interplanar spacing of 0.21 nm (Figure S3A). The functional groups 
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on the surface of rCDs were analyzed by Fourier transform infrared spectroscopy (FT-IR) 

spectrum and X-ray photoelectron spectroscopy (XPS). As shown in Figure S3B, the broad 

bands located in 3100–3500 cm−1 are stretching vibration of O-H or N-H, which provided 

abundant hydrophilic groups to ensure the good solubility of rCDs. [28] Weak bands located 

at 2800~3000 cm−1 belong to stretching vibration of C-H. [33] The aromatic C-C (1610 

cm−1) and C=C (1450 cm−1) demonstrate that rCDs have aromatic ring structure. [33, 34] 

The 1350 cm−1 and 1020 cm−1 peak indicate the C-O and C-N, respectively. [33, 35] The 

stretching vibration band of C-O-C located at 1000–1270 cm−1 demonstrated that rCDs have 

ether groups. [34, 36] The chemical composition was further examined by XPS. As shown 

in Figure S3C, the C 1s, N 1s, O 1s, and four Na element peaks (Na 1s, Na 2s, Na 2p, and 

Na KL1) of XPS survey spectrum were observed. The high-resolution XPS spectrum of C 1s 
can be decomposed into three peaks at the binding energy of 284.8 eV, 285.9 eV and 288.3 

eV, corresponds to the groups of C-C/C=C, C-N/C-O/C=N, and O=C-O, respectively (Figure 

S3D). [34] The N 1s is decomposed into two peaks at the binding energy of 397.9 eV and 

399.9 eV, corresponding to pyridine N and pyrrolic N, respectively [37] (Figure S3E). For 

the peak separation of O 1s, tree peaks at the binding energy of 531.5 eV, 533.5 eV, and 

535.5 eV are shown in Figure S3F, which corresponds to the groups of C=O, O=C-O, and 

C-O on the aromatic rings, respectively. [34, 38] All the above results speculate that the 

rCDs might have a conjugation core in pyridine and pyrrolic form, which is the basis of 

long-wavelength fluorescence emission performance. [25, 34] The hydrophilic groups such 

as amino, hydroxyl, and carboxylic group on the surface resulted in the high solubility of 

rCDs.

Development of FIA based on rCDs.

The optical properties of rCDs are shown in Figure S4A, the maximum excitation and 

emission wavelength of rCDs are 540 nm and 610 nm, respectively. The rCDs show two 

absorption peaks at 330 nm and 500 nm. The oxTMB is the product from TMB-HRP 

system and exhibits an absorption peak at 650 nm which can overlap the emission peak 

of rCDs (Figure S4B). Therefore, oxTMB can quench the fluorescence of rCDs to achieve 

a fluorescent quenching response. Moreover, no fluorescent intensity was observed for 

both TMB and oxTMB, suggesting that no background interference was resulted (Figure 

S4C). Additionally, there is no influence to the fluorescence lifetime of rCDs after oxTMB 

addition, indicating that the principle of fluorescence quenching might be inner fitter effect 

[39] (Figure S4D).

Based on the fluorescent response mechanism, the FIA was developed by using SA-

polyHRP and rCDs (Figure 5A). To be noticed, the fluorescent intensity of rCDs was 

affected by pH value. [34] The fluorescence intensity of rCDs in alkaline solution was 

significantly higher than that in the acidic solution (Figure 5B). However, the best pH 

value for the activity of HRP was 3.8, which would cause a decrease in fluorescent 

intensity of rCDs (Figure 5C). To achieve a higher response signal, serial pH solutions 

were added after the generation of oxTMB. As a result, the highest intensity response of 

rCDs to TMB was observed at the pH value of 11 (Figure 5D) and the maximum emission 

wavelength shift to 610 nm. Based on icELISA using SA-polyHRP, rCDs were added 

to oxTMB and fluorescence quenching was achieved. The fluorescent intensity showed a 
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good linear response with fenitrothion concentration from 0.078 ng/mL to 100 ng/mL, with 

correlation coefficient R2=0.991 (Figure 5E). The LOD of the assay calculated by 10% 

increase in maximum of fluorescent intensity (IC10) was 0.03 ng/mL, which was 15-fold 

improvement compared to conventional icELISA (Figure S5). Compared with previous 

studies for fenitrothion immunoassay, the developed FIA based on VHHjd8-BT was more 

sensitive than most of them (Table S4). In specificity study, VHHjd8-BT showed 18.5% 

cross-reactivity (CR) to parathion-methyl and only 1.7% CR to parathion (Table 1). For 

the other six analogues, CRs were less than 0.1%, suggesting the satisfactory specificity of 

VHHjd8-BT.

Recovery test.

The pretreatment procedure is shown in Figure S6A. After the extraction and purification 

steps, the extracting solutions were diluted by PBS. As shown in Figure S6B–D, the 

matrix effect of the three samples was removed after a 20-fold dilution. Correspondingly, 

a calibration curve against fenitrothion was obtained by using 5% acetonitrile. Recovery 

test was further studied and the results are summarized in Table 2. The recoveries of FIA 

and GC-MS/MS were 82.8%−114.5% and 81.8%−120%, with the coefficient of variances 

(CVs) of 5.7%−12.9% and 1.2%−6.3%. The results of FIA showed good agreement to 

GC-MS/MS, indicating good accuracy and practicability of the developed FIA.

DISCUSSION

Conventional mAb is the main element for the development of immunoassay, which 

however suffers from complicated cell screening, long productive period, single-function, 

and high cost. Owing to the excellent features of VHHs, well-designed haptens and artificial 

antigens [26] were employed (Figure 1A) for the generation of VHHs and the development 

of immunoassay. After animal immunization and serum characterization, an immune heavy-

chain-only library was constructed for biopanning, which was the key step to isolate VHHs 

with high sensitivity and specificity. During biopanning, fenitrothion was employed as a 

competitor and the concentration of fenitrothion should be decreased after each round of 

biopanning to obtain VHHs with high sensitivity. After strict and careful biopanning, 17 

VHHs were finally isolated and characterized by using icELISA. As shown in Table S3, 

most of these VHHs showed different specificity and affinity to fenitrothion, which was 

ascribed to the various complementarity-determining regions (CDRs), especially the CDR3 

(Figure S1). Compared to the conserved region, it is obvious that the CDR3 of the 17 clones 

show various sequences and the length mainly ranges from 9–22 amino acids. Fourteen 

of these clones have more than 17 amino acids in CDR3 loop, which is longer than the 

loop in VHs from humans or mice. [40] The long CDR3 can from concave-shaped binding 

sites with framework region 2 (FR2) to accommodate small molecules, [41] leading to high 

affinity to the antigen. [42, 43] To be noticed, the sensitivity of three clones (VHHjd1, 

VHHjd3, and VHHjd5) were obviously lower than other clones. For VHHjd3 and VHHjd5, 

their CDR3 are shorter than that of other colons, which might not provide enough epitope 

concave to bind fenitrothion and thereby resulted in affinity decreasing. For VHHjd1, 

compare with other clones, it was observed that the Pro102 replaced Gly102. The Pro102 

might limit the flexibility of CDR3 loop for docking and thereby resulted in the low affinity 
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to fenitrothion. Amount of them, VHHjd8 exhibited the lowest working concentration, 

indicating the highest titer. Moreover, the sensitivity and specificity of VHHjd8 were 

satisfactory for fenitrothion analysis. Consequently, VHHjd8 was selected for biotinylation 

for the following FIA development.

Previous studies have reported that VHHs show high affinity to free analytes in buffers 

with high concentration of organic solvent. [32, 44, 45] In this study, although VHHjd8 and 

VHHjd8-BT showed high titer by using organic solvents (Figure 4 A and C), no affinity 

improvement to fenitrothion was observed compared with mAb (Figure 4 B and D). It was 

assumed that the high titer observed for VHHs in organic solvents might not be attributed 

to the high affinity to coating antigen, but to be caused by nonspecific adsorption or other 

unclear mechanisms. The binding affinity of both mAb and VHHs to fenitrothion were 

reduced by organic solvent, which might be caused by the structure change [46] or some 

unknown mechanisms. In future work, the computer-assisted molecular simulation will be 

employed to study the corresponding mechanism and site-direct mutagenesis of VHHs will 

be proceeded to improve the sensitivity of VHHs in organic solvent.

Since VHHjd8-BT was not suitable for working in organic solvent, PBS was employed as 

working buffer for the development of FIA. To achieve high sensitivity, probes with higher 

signal amplification capability were required. The generated biotinylation VHHjd8-BT was 

employed for icELISA test by the use of SA-polyHRP instead of conventional secondary 

antibody-HRP and showed higher titer than that of conventional VHHs. To further improve 

the sensitivity of the assay, rCDs which can be quenched by oxTMB were prepared through 

hydrothermal. After icELISA procedure based on VHHjd8-BT-SA-polyHRP system, the 

prepared rCDs were subsequently added for fluorescence quenching response and finally 

developed a FIA method. Compared with conventional icELISA, the developed FIA showed 

the LOD of 0.03 ng/mL, which showed 15-fold sensitivity improvement to icELISA and 

obviously lower than MRLs. [6–9] Moreover, the strategy of FIA required no complicated 

procedure and was convenient for sensitivity improvement. The recovery test verified the 

accuracy and practicability of developed FIA, which was simple, sensitive, and economic for 

the rapid screening of fenitrothion in food samples. However, in the specificity test, VHHj8-

BT showed obvious CR to parathion-methyl, which limited the specificity of VHHjd8-BT 

and its application. In future work, the site-directed evolution of VHHjd8 for specificity 

improvement will be processed based on computer-assisted molecular simulation.
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Figure 1. 
(A) Structure of haptens and artificial antigens for fenitrothion; (B) Characterization of 

alpaca serum by indirect ELISA; (C) SDS-PAGE IgGs subtypes isolated from alpaca serum; 

(D) Characterization of conventional IgG and heavy-chain IgG by icELISA. The inhibition 

rate for fenitrothion of IgG1 and IgG2/3 was 71% and 67%, respectively.
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Figure 2. 
Construction of VHHs gene library and bio-panning procedure. (A) Isolation of PBMC 

isolation; (B) Extraction of RNA; (C) Amplification of VHH genes; (D) Construction of 

expression vectors; (E) Bio-panning and phage display.
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Figure 3. 
(A) Candidate clones identified by indirect competitive ELISA with (100 ng/mL) and 

without (0 ng/mL) the presence of fenitrothion; (B) The principle of production of VHHjd8-

BT.
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Figure 4. 
Stability study of anti-fenitrothion VHHjd8 and the corresponding mAb. Effect of 

acetonitrile on binding activity to (A) hapten 2-BSA and (B) inhibition rate; Effect of 

acetone on binding activity to (C) hapten 2-BSA and (D) inhibition rate.
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Figure 5. 
(A) Protocol of fluorescence immunoassay based on rCDs quenching; (B) Fluorescence 

intensity of rCDs combined with NaOH/HCl with different pH; (C) Effects of pH on HRP 

activity; (D) rCDs quenched by oxTMB with different pH; (E) Calibration curve of the FIA 

assay (n=3).
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Table 1

Cross-reactivity (CR) for fenitrothion and its analogue by VHH-based FIA

Analyte Structure IC50 (ng/mL) CR (%)

Fenitrothion 1.4 100

Parathion-methyl 7.4 18.5

Parathion 82.4 1.7

Chloroyrifos >10000 <0.1

Quintiofos >10000 <0.1

Pirimiphos-methyl >10000 <0.1

Malathion >10000 <0.1

2-Nitrotoluene >10000 <0.1

3-Methyl-4-nitrophenol >10000 <0.1
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