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Abstract

Acrylamide is toxicant aliphatic amide formed via the Maillard reaction between asparagines 

and reducing sugars during food heat processing. Herein, a specific nanobody termed Nb-7E 

against acrylamide derivative xanthyl acrylamide (XAA) was isolated from an immunized phage 

displayed library and confirmed to be able to detect acrylamide. Firstly, an ic-ELISA was 

established for acrylamide with the limit of detection (LOD) of 0.089 μg/mL and working range 

from 0.23 μg/mL to 5.6 μg/mL. Furthermore, an enhanced electrochemical immunoassay (ECIA) 

was developed based on the optimized reaction conditions. The LOD was low to 0.033 μg/mL, 

3-fold improved than that of ic-ELISA and a wider linear detection range from 0.39 μg/mL to 

50.0 μg/mL was achieved. The average recoveries ranged from 88.29% to 111.76% in spiked 

baked biscuits and potato crisps. Finally, the analytical performance of ECIA was validated by the 

standard ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS).
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Introduction

Acrylamide (AA, Mw 71.08 Da) is a vinylic hazardous chemical, which has inherently toxic 

properties, including neurotoxicity, reproductive toxicity, and carcinogenicity1. Therefore, 

it was listed by the International Agency for Research on Cancer as a probable human 

carcinogen in group 2A2. Since it was found and firstly reported in fired or oven-cooked 

carbohydrate-rich foods in 20023–4, food-borne AA contamination has been getting more 

and more public concern. The survey by Konings et al. showed that the mean amounts of 

AA in the cocktail snacks were the highest among the detected food samples and up to 1060 

μg/kg, then gingerbread with 890 μg/kg and chips with 351 μg/kg5. In 2015, European Food 

Safety Authority (EFSA) regulated that the amount of AA in potato crisps should be below 

the indicative value of 1000 μg/kg6. However, the reference level for AA in potato crisps 

was monitored as 750 μg/kg by the European Union (EU)7. Therefore, given its toxicity and 

high pollution levels, a rapid, portable and highly sensitive detection method for AA would 

be helpful in monitoring the safety of foodstuffs more conveniently and making dietary 

exposure assessment with more extensive coverage.

So far, some methods have been used to quantify AA in foodstuffs. Most of them suffer 

significantly from high instruments cost and complex operations, such as high-performance 

liquid chromatography (HPLC), gas chromatography (GC) and capillary electrophoresis 

(CE) separations8–10. Alternatively, immunoassays based on the specificity of antibodies 

to recognize target antigens are paid more attention for their excellent sensitivity, high-

throughput screening and ease of combination with other detection formats, especially in 

detection of small molecule compounds in foodstuffs. Till now, several immunoassays have 

been reported for AA11–13. For example, Zhu et al. prepared a monoclonal antibody (mAb) 

against the derivative of AA (4-mercaptophenylacetic acid derivatized AA, AA-4-MPA) 

and developed an indirect competitive enzyme-linked immunosorbent assay (ic-ELISA) for 

AA determination14. Furthermore, an electrochemical immunosensor was established with a 
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polyclonal antibody (pAb) specific for AA-4-MPA as recognition element, achieving a 100-

fold improvement in sensitivity and decreasing analysis time in comparison to the original 

ic-ELISA15. Meanwhile, using 9-xanthydrol as derivative, Luo et al. also prepared the 

specific antibodies for 9-xanthydrol derivatized AA (XAA) and developed the fluorescence 

immunoassay for AA with the limit of detection low to 0.16 ng/mL16. However, the 

traditional antibodies have limitations including the unstable quality of pAbs caused by 

the batch-to-batch variation of immunized animals or the specificity loss of mAbs during 

thawing of hybridoma when it expressed additional functional variable regions17. So, a novel 

type of antibody with more excellent characteristics would be urgently demanded.

Nanobodies (Nbs), termed variable heavy chain (VHH) domains, are derived from the 

heavy-chain-only antibody in Camelidae18. Compared with traditional pAbs or mAbs, Nbs 

have unique physiochemical advantages in terms of high robustness to harsh conditions, 

ease of production by prokaryotic expression system19–20. Due to its small size, Nb binds 

to a higher density on the surface of immunosensors, which can increase the signal-to-noise 

ratio, resulting in the enhanced sensitivity. For instance, Liu et al. described a nanobody-

based ECIA for ultra-sensitive detection of AFB1, allowing two orders of magnitude 

improvement in LOD over mAb-based ECIA21. This suggests that Nbs might circumvent 

problems encountered with classical antibodies to detect small molecule contaminants, thus 

creating a novel detection system.

In this study, a phage displayed library derived from an immunized Bactrian camel 

was constructed with the designed XAA-BSA as immunogen, then the specific Nbs 

were screened out and the characteristics were confirmed. Meanwhile, an ic-ELISA was 

established for AA detection based on the optimal Nb. To further improve the assay 

performance, an electrochemical immunoassay was developed under the optimized reaction 

conditions for detecting AA in potato crisps and biscuits samples (Scheme 1). Finally, the 

method was validated by the standard UPLC-MS/MS.

Experimental methods

Materials and reagents

Acrylamide was supplied by Aladdin Chemical Technology Co., Ltd (Shanghai, China). 

Complete and incomplete Freund’s adjuvants, bovine serum albumin (BSA), ovalbumin 

(OVA) and keyhole limpet hemocyanin (KLH) were purchased from Sigma Aldrich (St. 

Louis, MO, USA). Xanthyl acrylamide derivatives (XAA), xanthyl methyl carbamate 

(XMC) and xanthyl ethyl carbamate (XEC)16, XAA-BSA as immunogen and XAA-OVA 

as coating antigen, and anti-XAA mAb were prepared previously in our lab22. The total 

RNA extraction kit was from Guangzhou Gbcbio Technologies Inc. (Guangzhou, China). 

The first strand cDNA synthesis kit was purchased from Takara (Dalian, China). The gel 

extraction and PCR purification kit were from Tiangen Biotech Co., Ltd. (Beijing, China). 

Helper phage M13KO7, restriction enzyme, T4 DNA ligase and others, were obtained from 

New England Biolabs (MA, USA). 9-xanthydrol, other organic solvents and chemicals were 

of analytical grade from Sigma (St. Louis, USA) and Thermo Fisher Scientific (Thermo, 

USA).
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Construction and identification of phage displayed nanobody library

A three-year-old male Bactrian camel was immunized subcutaneously with 500 μg of 

XAA-BSA and Freund’s adjuvant mixture biweekly. The nanobody phage displayed 

library was constructed by using the method described previously18, 23. Briefly, after sixth 

immunization, fresh blood was collected and used for lymphocyte isolation, followed by 

RNA extraction, cDNA synthesis and VHH gene amplification by two-nested PCR. The 

purified PCR product was ligated into pComb3xss phagemid vector digested by restriction 

enzyme Sfi I and then transformed into E.coli TG1 competent cells. All cells plated on 

LBA agar (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, supplemented with 100 μg/L 

ampicillin and 15 g/L agar) were collected and rescued by helper phage M13KO7 to prepare 

an immunized VHH phage displayed library. The capacity and diversity were evaluated by 

sequence analysis of randomly 10 clones.

Selection and characterization of nanobody against XAA

The procedure of phage biopanning was performed as described before with some 

modifications23. Namely, three wells of microplate were coated overnight with 100 μL of 

XAA-OVA (10 μg/mL) in PBS (0.01 M), and additional one well with 100 μL of mixture 

of 2% KLH, OVA and BSA solution. After washing 5 times with PBST (PBS with 0.1% 

Tween-20), all wells were blocked with 1% fish gelatin at 37 °C for 2 h. Then, 100 μL/well 

of nanobody phage library was added into well coated with mixture of KLH, OVA and BSA 

at 37 °C for 1 h. The unbound phages were dispensed into three antigen-coated wells (100 

μL/well). After incubating for 1 h, the three wells were washed 5 times with 0.1% PBST and 

15 times with PBS respectively. The bound phages were eluted with 100 μL/well of 0.2 M 

Gly-HCl solution (pH 2.2) at 37 °C for 10 min and then immediately neutralized with 12 μL/

well of 1 M Tris-HCl (pH 9.1). The eluent (10 μL) in each round were diluted to determine 

the output titer, and other was amplified for the next round of biopanning. In the following 

second, third and fourth round, competitive elution method was carried out with different 

concentration of XAA (1000, 500 and 100 ng/mL). The concentration of XAA-OVA was 

decreased to 2, 0.4, 0.08 μg/mL, and the content of Tween-20 in PBST increased from 0.2 

to 0.3, and 0.4% respectively. To decrease the nonspecific binding, three kinds of blocking 

buffers including 3% skimmed milk, 1% fish gelatin and 3% skimmed milk were utilized. 

After the fourth-round panning was finished, several clones were randomly picked up from 

the output plates to test their binding ability with XAA by ic-ELISA23. The positive clones 

were sequenced for further analysis.

Expression, purification and identification of anti-XAA Nbs

The vector pComb3xss-Nb was transformed into competent cells E.coli BL21 (DE3). After 

sequencing confirmation, individual clone was selected and cultivated in LBA medium (10 

g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, supplemented with 100 μg/L ampicillin) with 

shaking at 250 rpm overnight. A 6 mL-aliquot of overnight culture was inoculated to 600 

mL of LBA medium and shaken at 37 °C until OD600 value reached around 0.6, followed 

by the addition of 1 mM of isopropyl β-D-thiogalactopyranoside (IPTG) for production of 

nanobody. The supernatant was collected by Sorvall Lynx 4000 centrifuges (Thermo Fisher 

Scientific, USA), and then purified on a 1-mL Ni-NTA resin column. The purified Nb was 
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dialyzed in PBS buffer and identified by SDS-PAGE and western blotting according to 

the standard protocols24, and the concentration was determined by using NanoDrop 2000C 

system (Thermo Fisher Scientific, USA).

Procedure of Nb-based ic-ELISA

The ic-ELISA protocol was performed as described before with minor modifications23. As 

shown in more detail below, 100 μL per well of XAA-OVA in PBS was used to coat a 

96-well microplate overnight at 37 °C. The plate was washed twice with PBST (0.01 M 

PBS containing 0.05% Tween-20) and then blocked with 2% skimmed milk in PBS at 37 

°C for 2 h. After discarding the blocking solution, the plate was dried at 37 °C for 30 min 

and stored at 4 °C until use. A serial of AA standards with different concentrations (0–50 

μg/mL in PBS) were prepared via the following derivatization reaction. First, AA standard 

(0.6 mL) was mixed with 0.4 mL of 9-xanthydrol (4 mg/mL), then 0.1 mL of HCl (0.5 M) 

was added to trigger the reaction. After 30 min, the reaction was finished by adding 0.1 mL 

of NaOH (0.5 M). The mixture solution was used as competitor.. Each well was added with 

50 μL of competitor and 50 μL of Nb solution at optimal concentration. After incubated at 

37 °C for 30 min and washed five times with PBST, the diluted HRP-goat anti-VHH IgG 

(Abcam, Guangzhou) was added to the wells with 30 min incubation at 37 °C, followed 

by a washing step with PBST (five times). Finally, 100 μL/well of TMBZ solution was 

added and the color was stopped after 10 min incubation by addition of 50 μL of 10% 

H2SO4. The absorbance value at 450 nm was measured using a Multiskan MK3 microplate 

reader (Themo Labsystems, USA). Furthermore, the standard curve was obtained with a 

four-parameter fitting module of Origin 9.0. The limit of detection (LOD) was determined 

as AA concentration at 10% of maximum value calculated from standard curve, and the 

detectable concentration range was defined as the AA concentration that inhibited 20–80% 

of maximum value. The rate of cross reactivity was calculated as follows23: CR (%) = IC50 

(XAA, μg/mL) / IC50 (cross-reactant, μg/mL).

Construction and development of nanobody-based ECIA for AA

Prior to modification, a portable commercial screen-printed carbon electrode (SPCE, 

Zensor R&D, Taiwan) was electrochemically activated by performing a 15-segment cyclic 

voltammetry scan in 0.2 M KNO3 with a potential range from −0.1 to +0.1 V at a scan rate 

of 50 mV/s, and then the electrode was washed with ultrapure water and dried. Prussian 

blue-chitosan-nanoparticle (PB-CS-NP) film was electrodeposited on SPCE electrode in a 

fresh solution including 2.5 mM FeCl3, 2.5 mM K3[Fe (CN)6], 1 mM KCl, 1 mM HCl and 

0.05% chitosan with potential range of −1 to +1 at a scan rate of 50 mV/s. After rinsed 

with ultrapure water and dried, 5 μL of XAA-OVA was dispersed on the working surface 

of the PB-CS-NP/SPCE and incubated at 4 °C overnight, and the unbound was removed 

by washing with 0.01 M PBS. Subsequently, 5% skimmed milk (5 μL) was coated on the 

electrode surface at 37 °C for 1 h. Finally, the immunosensor was washed thoroughly with 

0.01 M PBS and stored at 4 °C until used. The diluted Nb solution together mixed with 

different concentration of competitor was spotted onto the modified SPCE surface at 37 

°C for 30 min. After the washing steps, 5 μL of HRP-goat anti-VHH IgG was added for 

another 30 min reaction. As for electrochemical detection, the modified immunosensor was 

immersed in 0.01 M PBS containing 1 mM HQ and 6% H2O2 and performed on a CHI660D 
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electrochemical work station (CH Instruments, Shanghai Chenhua Instrument Corporation, 

Shanghai, China). The change in the electrochemical cathodic current before and after the 

addition of H2O2 was used as the signal response (ΔI), and then we could obtain the standard 

curve between the concentrations of AA and ΔI value. Consequently, the limit of detection 

(LOD) was defined as the equation: LOD = Y + 3SD, where Y is the mean signal of the 

blank measurements, and SD is the standard deviation of blank measurements, and a value 

of 3 refers to the equation constant. The lower and upper limits of quantitative concentration 

were defined as linear range25.

Analysis of spiked samples based on ECIA

Biscuits and potato crisps samples were purchased from a local supermarket. The samples 

were first analyzed to obtain the background level of AA and then used to perform the 

recovery test. Briefly, 10 g of sample spiked with different concentration of AA was mixed 

with 40 mL of methanol and homogenized, followed by the defatting step using 5 mL of 

n-hexane and centrifugation at 4500 rpm for 10 min. The supernatants were evaporated 

to dryness and dissolved in 5 mL of distill water. The following derivatizaiton as above 

described and the mixture solution was used for further analysis.

Assay validation by UPLC-MS/MS

The nanobody-based ECIA was validated by UPLC-MS/MS operated at the Guangzhou 

Institute for Food Control, China. The conditions were as follows: the C18 column (150 mm 

× 4.6 mm, 5 μm) was used for chromatographic separation at 40 °C. The mobile phases 

were 0.3% acetic acid and acetonitrile at the ratio of 95: 5 (v/v). The flow rate was 0.5 

mL/min, and the injection volume of each sample was 20 μL. An AB TRIPLE QUAD 4500 

Mass Spectrometer (AB, USA) was operated in ESI mode set as positive ionization multiple 

reactions monitoring (MRM) scanning mode. Other ionization source parameters were also 

optimized and set as follows: source cone temperature: 450 °C, drying gas flow: 6 L/min, 

detection voltage: 5.5 kV, nebulizer gas: 40 psi. The parent and daughter ion of AA were m/z 

72 as well as m/z 55 and 44, respectively.

Results and discussion

Library construction, biopanning and expression

For the molecular weight of AA is too low, until now, the immunoassays for AA mostly 

utilized the antibodies specific for its different derivatives12–13. In the previous study of 

our group, 9-xanthydrol was demonstrated to be efficient to convert AA into XAA with 

simple procedures and the prepared anti-XAA pAb showed the high affinity to XAA16. 

Therefore, XAA-BSA (Figure S1) was still used as immunogen in this work. After the 

sixth immunization to the Bactrian camel, the inhibition rate of the serum for XAA was 

more than 85%, so the peripheral blood lymphocyte was collected and cDNA was extracted 

then to construct the phage displayed library with the reported methods as reference18, 23. 

Considering that an immunized antibody library might possess higher possibility to contain 

the target Nbs, the constructed library with a little low capacity of 1.0×105 cfu/mL was 

still used to select the target Nbs. Actually, after four rounds of panning, 10 positive clones 

were obtained and exhibited binding activity to coating antigen with the inhibition rates for 
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XAA ranged from 46.00% to 77.53% (Figure 1A). By the sequence alignments analysis, all 

Nbs clones have the same length but are slightly different in framework region 1 (FR1) and 

framework region 4 (FR4) (Figure 1B). Therefore, they were comfirmed as the same group 

of Nbs and Nb-7E with the highest inhibition rate was chosen for further analysis. After 

expressed in E.coli BL21 (DE3) host strains, the supernatant containing Nb-7E was purified 

with Ni-NTA affinity columns, and then identified by SDS-PAGE and western blotting. As 

shown in Figure 1C, the size of Nb-7E was approximately 18 kDa, which is consistent with 

the theoretical molecular weight of Nb and the yield was about 7.45 mg/L with the purity 

higher than 90%.

Stability of anti-XAA Nb-7E

Generally, Nbs possess great thermostability and the tolerance to organic solvent. Herein, the 

stability of the obtained Nb-7E was confirmed with the anti-XAA mAb as control. It was 

found that Nb-7E was able to bind to antigen at temperature as high as 95 °C, while mAb 

lost its activity very quickly after 5 min incubation at 80 °C. Even more, Nb-7E retained 

about 100% of binding activity after incubation for 1 h at 85 °C, however, mAb could only 

endure 10 min (Figure 2A–B). Normally, the additional disulfide bonds formed by cysteine 

(Cys) residues existed in Nbs were thought to contribute to reversibly refold and retain 

binding activity when encountering heat-induced denaturation26. According to the sequence 

of Nb-7E, four Cys might form two disulfide bonds, resulting in the robustness to harsh 

conditions.

Meanwhile, methanol and acetonitrile, two kinds of organic solvents commonly used in 

pretreatment of samples were chosen to test the tolerance of Nb-7E. As shown in Figure 2C, 

with increase of methanol concentration, both Nb-7E and mAb gradually lost the activities. 

When the concentration of methanol was up to 70%, Nb-7E could still maintain over 70% 

of binding activity, whereas mAb lost almost all bioactivity. In the contrary, mAb as a 

whole had superior performance than did Nb-7E in tolerance for acetonitrile (Figure 2D). It 

has been reported that some amino acids including Met4, Pro43 and Gly66 of VL or Ile2, 

Leu37, Ile48 and Gly49 of VH might improve the antibodies’ tolerance to acetonitrile27. By 

alignment sequence analysis, we found the mAb just exactly has Met4, Pro44 and Gly66 

in VL, Gly49 in VH (Table S2) yet Nb-7E contains no these residues at the same sites 

(Val2/37/48 and Ala49), therefore exhibited poorer resistance to acetonitrile.

Establishment of ic-ELISA based on Nb-7E

Considering the influence of assay parameters, several factors were optimized to develop 

an ic-ELISA with Nb-7E for AA. After the checkerboard procedure, 2 μg/mL of XAA-

OVA and 3.4 μg/mL of Nb-7E were selected as the optimal concentrations. Other assay 

parameters including an incubation time of 30 min and a dilution of 1: 2500 of HRP-goat 

anti-VHH IgG as well as dilution buffer with 0.01 M PBS were determined (Figure S2). 

Under the optimal reaction conditions, an ic-ELISA was established and the limit of 

detection (LOD) for AA was 0.089 μg/mL with working range from 0.23 to 5.6 μg/mL 

(Figure 2E), which could meet the regulation standard by the EU. Compared to the previous 

reported ic-ELISA based on the other derivative such AA-4-MPA14, the established ic-
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ELISA in this work was more rapid and simpler because the derivatization by 9-xanthydrol 

was more gentle under the room temperature (25 °C) with less time (＜ 30 min).

Additionally, the cross-reactivity (CR) test showed that except for the analog XMC, there 

was negligible CR to XEC and 9-xanthydrol (Figure 2F). By homology modeling of Nb-7E 

and docking with XAA or its analogs, it was found that Nb-7E formed a pocket to recognize 

only XAA and XMC but not XEC or 9-xanthydrol. The interaction forces between Nb-7E 

and XAA or XMC were both mainly induced by the formed three hydrogen bonds (Figure 

S3), however, further bonds distance between Nb-7E and XMC might lead to weaker 

interaction therefore 15.7% of CR.

Enhanced Nb-7E-based ECIA for AA

To further improve the sensitivity of the assay, the enhanced ECIA based on Nb-7E 

was developed. Several analytical parameters were confirmed including XAA-OVA 

concentration, Nb-7E dilution and H2O2 concentration. The higher current response, 

the higher sensitivity of assay. As shown in Figure 3A, the current response increased 

gradually with the increment of XAA-OVA concentration, and the maximum response at 

a concentration of 10 μg/mL was observed. Nevertheless, the higher concentrations of 10 

μg/mL prompted a decline in the current. This may be because steric hindrance of the 

film obstructs the Nb-7E to reach the binding sites and the moving of electrons. Therefore, 

10 μg/mL of XAA-OVA was chosen for subsequent study. Similarly, the other optimized 

conditions included a dilution of 1: 40 of Nb-7E (Figure 3B), and a concentration of 6% 

H2O2 (Figure 3C). Under the optimum conditions, ΔI values of different concentration of 

AA were recorded and a linear calibration curve was obtained in the working range from 

0.39 to 50 μg/mL represented by ΔI (μA) = (4.86 ± 0.01) - (1.4 ± 0.01) × lg CAA (μg/mL) 

with a correlation coefficient of 0.99 (Figure 3D–E). The LOD value of the ECIA was 0.033 

μg/mL, 3-fold lower than that of ic-ELISA, and a wider linear range was also observed 

(Table 1). Besides, the ECIA based on Nb-7E has the advantages over that on traditional 

mAb or pAb in antibodies production, cost and physiochemical stability.

Analysis of spiked samples by ECIA and UPLC-MS/MS

Biscuits (background level of AA was 289.50 ng/g) and potato crisps (background level of 

AA was 74.03 ng/g) were analyzed after spiking with different concentration of AA (25, 

50, and 75 ng/g). Results showed that average recoveries in spiked samples for ECIA were 

88.29% to 111.76% and coefficient of variations (CVs) were all less than 5% (Table 2). 

The detection results were also validated by UPLC-MS/MS and the correlation coefficient 

between ECIA and UPLC-MS/MS was up to 0.997 (Figure 4). It means the proposed ECIA 

based on Nb-7E had a good accuracy for quantitative analysis of AA in foodstuffs.

In this study, specific Nbs against acrylamide derivative xanthyl acrylamide (XAA) were 

for the first time isolated from a camel immunized nanobody library. Based on the specific 

Nb-7E, an ic-ELISA for AA was established, furthermore, an enhanced ECIA biosensor 

with a wider linear range and improved sensitivity was constructed. The LODs of these 

two methods were far below 750 μg/kg, the regulation standard by the European Union for 

AA. The accuracy of the proposed ECIA was also testified by the standard UPLC-MS/MS, 
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which suggested the generation of Nbs in this work can be used as a novel reagent in 

immunoassays and the established methods were proved to be effective and prospective for 

AA detection in foodstuffs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) The positive clones identified by ic-ELISA through biopanning. (B) Sequence alignment 

of the selected Nbs, the framework regions (FRs) and complementary termination regions 

(CDRs) were determined by the IMGT database. (C) SDS-PAGE and western blotting 

analysis of purified Nb-7E.
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Figure 2. 
(A) The retention of binding activity of Nb-7E for incubation at different temperatures for 

5 min. (B) The thermostability of Nb-7E after being incubated at 85 °C for 10, 20, 30, 40, 

50 and 60 min. Activity analysis of Nbs incubated with 10%−70% of methanol (C) and 

acetonitrile (D). (E) A standard curve of ic-ELISA based on Nb-7E. (F) Cross-reactivity 

determination of related analogs by ic-ELISA (n = 3).
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Figure 3. 
Optimization and establishment of Nb-7E based ECIA. (A) XAA-OVA concentration, (B) 

Nb-7E dilution and (C) H2O2 concentration. (D) Electrocatalytic current responses of Nb-

based ECIA for the detection of different concentrations of AA: 0.39 μg/mL (a), 0.78 μg/mL 

(b), 1.56 μg/mL (c), 3.125 μg/mL (d), 12.5 μg/mL (e), 25 μg/mL (f), 50 μg/mL (g). (E) 

Calibration curve of Nb-based ECIA between the different concentrations of AA and ΔI 

values (n = 5).

Liang et al. Page 13

J Agric Food Chem. Author manuscript; available in PMC 2023 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Correlations analysis between Nb-7E based ECIA and UPLC-MS/MS for AA in spiked 

samples.

Liang et al. Page 14

J Agric Food Chem. Author manuscript; available in PMC 2023 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Workflow of selection of nti-XAA Nb from an immunized Bactrian camel and development 

of ic-ELISA and ECIA based on anti-XAA Nb.
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Table 1

Analytical characteristic of the ic-ELISA and ECIA based on Nb-7E for AA.

Parameters ic-ELISA ECIA

Coating antigen (ng) 200/well 50

Competition time (min) 30 30

Dilution of Nb-7E 1: 250 1: 40

LOD (μg/mL) 0.089 0.033

Linear range (μg/mL) 0.23–5.6 0.39–50

Assay time (min) 70 60
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Table 2

Recovery analysis of AA in spiked samples by Nb-based ECIA (n = 3).

Samples Background level (ng/g) Spiked level (ng/g) Found
a
 ± SD

b
 (ng/g) Recovery

c
 ± CV

d
 (%)

Biscuits 289.50 25 22.07 ± 0.69 88.29 ± 3.13

50 55.88 ±1.11 111.76 ± 1.99

75 75.66 ± 1.15 100.88 ± 1.52

Potato crisps 74.03 25 25.91 ± 0.11 103. 64 ± 0.42

50 50.79 ± 2.43 101.58 ± 4.78

75 74.66 ± 3.48 99.55 ± 4.66

a
Found value is calculated using measurement value to subtract background level

b
SD: standard deviation

c
Recovery = Found / Spiked level

d
CV: coefficient of variation = SD / Found
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