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The common carbamate insecticide aldicarb is considered one of the most acutely toxic pesticides. Herein, rational design was used to synthesize two haptens with spacers of different carbon chain lengths. The haptens were then used to immunize mice. The antibodies obtained were evaluated systematically, and a colloidal gold immunochromatographic strip was developed based on an anti-aldicarb monoclonal antibody. The 50% inhibition concentration and linear range of anti-aldicarb monoclonal antibody immunized with Hapten 1 were 0.432 ng/mL and 0.106–1.757 ng/mL, respectively. The cross-reactivities for analogs of aldicarb were all <1%. The limit of detection of the colloidal gold immunochromatographic strip was 30 μg/kg, and the average recoveries of aldicarb ranged from 80.4 to 110.5% in spiked samples. In the analysis of spiked samples, the test strip could accurately identify positive samples detected by the instrumental method in the GB 23200.112-2018 standard but produced some false positives for negative samples. This assay provides a rapid and accurate preliminary screening method for the determination of aldicarb in agricultural products and environments.
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Introduction

Aldicarb, chemically known as [(E)-(2-methyl-2-methylsulfanylpropylidene)amino]N-methylcarbamate, is a carbamate insecticidal, acaricidal, and anti-nematodal compound that is widely used to treat cotton, peanut, corn, and many other crops (1). Although aldicarb is easily degraded, with a half-life of only 5–12 days, degradation products such as aldicarb sulfoxide and aldicarb sulfone have stronger water solubility and environmental toxicity than the parent substance, leading to long-term pollution after dissolution in water (2). Therefore, they can often be detected in soil, air, water, and agricultural products (3–6), which has attracted extensive attention in various countries. For example, in China, the maximum residue limit (MRL) for aldicarb in bulb vegetables, brassica vegetables, and leaf vegetables is 0.03 mg/kg (7). Japan and England have set MRLs of 0.01–0.5 mg/kg for aldicarb in crops and vegetables. Therefore, it is necessary to develop sensitive, accurate, and efficient detection methods for aldicarb in agricultural products and environments.

At present, various instrumental analysis methods, such as gas chromatography and high-performance liquid chromatography–mass spectrometry (HPLC–MS), have been widely used for the detection of aldicarb (8–10). These methods are highly sensitive and provide accurate quantification and simultaneous detection of multiple indicators. However, these methods require expensive instruments, ongoing maintenance, professional technicians, cumbersome sample processing, and long detection times and, furthermore, are unsuitable for on-site detection (11). Immunological techniques are simple, economical, and rapid and thus can circumvent the shortcomings of instrumental methods (12). However, because aldicarb is toxic and unstable in the environment, there are few studies on haptens based on aldicarb. The first aldicarb hapten and associated enzyme-linked immunosorbent assay (ELISA) were developed in 1988 by Brady et al. (13). The aldicarb oxime hapten was prepared from trans-(aminomethyl)-cyclohexanecarboxylate, had high selectivity and was detectable at a low level of 0.3 mg/kg. In 2003, Siew et al. (14) synthesized a hapten based on aldicarb oxime ethyl acetate and coupled it with the carrier proteins bovine serum albumin (BSA) and keyhole limpet hemocyanin (KLH) to form two kinds of immunogens. They obtained two different monoclonal antibodies, but their inhibitory activities were not high (IC50 = 200 ng/mL), and the detection limit of the national standard was not achieved. Zhang et al. (15) designed and synthesized a new aldicarb hapten, aldicarb oxime succinic ester, and coupled it with BSA to prepare a polyclonal antibody. However, further research using an ELISA was not carried out, and the corresponding monoclonal antibody was not obtained. Yao (16) used aldicarb oxime as a raw material in one-step and two-step reactions to prepare two aldicarb haptens, which were then used to produce a monoclonal antibody with an IC50 of 18.505 ng/mL. Dichloromethane, which is a highly toxic solvent with a low boiling point, was used in the costly preparation process to purify the product (17). Although these antibodies have been used for the detection of actual samples, they all have certain limitations, and for samples with complex matrices, they need to be diluted substantially to exclude matrix interference. Liu et al. (18) developed a rapid, simple, and sensitive immunochromatographic strip test to detect aldicarb in cucumber samples. The cutoff limit of the test strip for aldicarb was 100 ng/mL; however, this did not meet the MRL specified in the GB 2763 standard (7). Therefore, it is necessary to further improve the sensitivity of immunoassays using aldicarb haptens.

An effective immunoassay method requires antibodies with high affinity and selectivity. To achieve this, a suitable hapten for the immunogen is needed. Aldicarb has a small relative molecular mass and no immunogenicity, and thus it must be conjugated to a macromolecular carrier with immunogenicity (19). To realize coupling to macromolecular substances, the aldicarb hapten molecule must have an active group (such as –NH2, –COOH, –OH, and –SH) that can covalently bind to the carrier, and to enhance the performance of the resulting antibody, the spacer arms of the hapten should be of a certain length (20). Current studies have found that the length and composition of the spacer arm affect the ability of the antibody to recognize the analyte, that is, the affinity of the antibody for the analyte, because the spacer arm affects the properties and structures of small pesticide molecules in artificial antigen molecules (21–23).

In this study, two aldicarb haptens differing in the carbon chain length of the spacer arm were used to prepare highly specific and highly sensitive anti-aldicarb monoclonal antibodies with an IC50 of 0.432 ng/mL. Compared with other antibodies (13–16, 18), the prepared monoclonal antibodies have significantly improved sensitivities. The immunological properties of the two antibodies were compared. In addition, a simple, rapid colloidal gold immunochromatographic method was developed, and its sensitivity and accuracy were evaluated. Specifically, spiked samples were analyzed using both the immunochromatographic method and an instrumental method, and the results from both methods were statistically compared.



Materials and methods


Reagents and apparatus

BALB/c mice (license number: SCXK2019-0010) were procured from SPF Biotechnology Co., Ltd. (Beijing, China). Standard materials (aldicarb, aldicarb sulfone, aldicarb sulfoxide, thiofanox, oxamyl, methomyl, metolcarb, isoprocarb, and carbofuran) were acquired from Dr. Ehrenstorfer GmbH (Augsberg, Germany). Freund’s complete adjuvant and Freund’s incomplete adjuvant, phosphate buffered saline (PBS; 10×), KLH, ovalbumin (OVA), N,N-dimethylformamide (DMF), 1-ethyl-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), and goat anti-mouse IgG secondary antibody were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). A mouse monoclonal antibody subtype identification ELISA kit was purchased from Sino Biological Co., Ltd. (Beijing, China).

UPLC–MS (Acquity UPLC, Waters, Milford, MA, United States and QTRAP 4000, SCIEX, Framingham, MA, United States) was used to identify the hapten structure. Hydrogen nuclear magnetic resonance (1H NMR; AVANCE III-600, Bruker, Germany) spectra were also obtained to identify the hapten structure. Ultraviolet–visible (UV–Vis; UV-3600, Shimadzu, Japan) spectra were used to verify the coupling of haptens to carrier proteins. Other equipment included a GT-810 colloidal gold reader (Beijing Kwinbon Biotechnology Co., Ltd., Beijing, China).



Preparation of aldicarb hapten

Because the length and composition of the spacer arm in the hapten structure determine the specificity and sensitivity of the resultant monoclonal antibodies, in this study, spacer arms with different carbon chain lengths at the same position on the aldicarb molecule were used to prepare two haptens (Hapten 1 and Hapten 2). The synthetic processes are illustrated in Figure 1. The MS and 1H NMR data for these haptens are shown in Supplementary Figure 1.
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FIGURE 1
The synthesis routes of aldicarb haptens.


2-Methyl-2-(methylsulfanyl)propanaldoxime (1.33 g) was dissolved in 20 mL of DMF, to which 1.94 g of N,N-carbonyldiimidazole was added. The mixture was then stirred, and the reaction occurred at room temperature for 2 h. Then, 5 mL of an aqueous solution containing 2.06 g of aminobutyric acid was added, and the mixture was stirred at room temperature for 4 h. After the reaction was completed, 200 mL of water was added, and the mixture was stirred and transferred to a separatory funnel. Then, 200 mL of ethyl acetate was added, and the mixture was shaken and allowed to stand still. The aqueous phase was separated, and the organic phase was evaporated to dryness to obtain a yellow oily substance, which was passed through a silica gel column (petroleum ether: ethyl acetate = 5:1). Finally, 1.72 g of the carboxy-aldicarb hapten product, Hapten 1, was obtained, and the yield was 65.65%. The product was characterized by ESI-MS and 1H NMR. ESI-MS, m/z: 261.16 [M–H]–; 1H NMR (600 MHz, DMSO): δ12.07 (s, 1H), 7.62 (s, 1H), 3.37 (s, 5H), 3.08 (dd, J = 13.0, 6.6 Hz, 2H), 2.53–2.47 (m, 2H), 2.23 (t, J = 7.4 Hz, 2H), 1.94 (s, 3H), 1.67 (p, J = 7.2 Hz, 2H), 1.40 (s, 6H).

2-Methyl-2-(methylsulfanyl)propanaldoxime (1.33 g) was dissolved in 50 mL of pyridine, to which 1.29 g of succinic anhydride was added. The mixture was stirred, heated to 80°C, and allowed to react for 4 h. After the reaction was completed, the mixture was cooled to room temperature, and pyridine was removed by rotary evaporation. The residue was dissolved in 200 mL of water and 8 mL of 1 M hydrochloric acid, and the pH of the mixture was adjusted to 6. Then, 150 mL of ethyl acetate was added, and the mixture was stirred and transferred to a separatory funnel. The aqueous phase was separated, and the organic phase was evaporated to dryness by rotary evaporation to obtain a crude product, which was passed through a silica gel column (dichloromethane:methanol = 10:1) to obtain 2.12 g of the aldicarb succinate hapten product, Hapten 2, with a yield of 90.99%. The product structure was confirmed by ESI-MS and 1H NMR. ESI-MS, m/z: 232.26 [M–H]–; 1H NMR (600 MHz, DMSO): δ12.23 (s, 1H), 7.75 (s, 1H), 3.33 (s, 12H), 2.62 (dd, J = 7.4, 5.5 Hz, 2H), 2.52 (dd, J = 7.5, 5.5 Hz, 2H), 2.51–2.49 (m, 5H), 1.95 (s, 3H), 1.40 (s, 6H).



Preparation of artificial antigens

Using the active ester method (EDC/NHS) (24), the synthetized haptens were coupled to the carrier proteins KLH and OVA.

To synthesize the first immunogen, 1.74 mg of Hapten 1 was dissolved in 0.3 mL of DMF, to which 3.06 mg of NHS and 5.01 mg of EDC were added. The mixture was stirred at room temperature for 2 h. Then, 10 mg of KLH was dissolved in 1 mL of carbonate–bicarbonate (CB) buffer (0.1 M, pH 9.1), and the hapten reaction solution was slowly added. The mixture was stirred at room temperature for 4 h. After the reaction was completed, the mixture was placed into a dialysis bag for dialysis with 0.02 M PBS for 3 days. The medium was changed three times a day. The dialyzed mixture was centrifuged to obtain the immunogen Hapten 1-KLH, which was stored at –20°C. To synthesize the second immunogen, 1.54 mg of Hapten 2 was dissolved in 0.3 mL of DMF, to which 4.54 mg of NHS and 7.6 mg of EDC were added. The remaining steps were the same as the above operation, which was applied to obtain the immunogen Hapten 2-KLH.

To synthesize the coated hapten, Hapten 1 (11.65 mg) was dissolved in 1 mL of DMF, to which 21 mg of NHS and 35 mg of EDC were added. The mixture was stirred at room temperature for 2 h. Then, OVA (100 mg) was dissolved in 1 mL of CB buffer (0.1 M, pH 9.1). The remaining steps were the same as the above operations, which were applied to obtain Hapten 1-OVA. Similarly, to synthesize the second coated hapten, Hapten 2 (10.3 mg) was dissolved in 1 mL of DMF, to which 20.4 mg of NHS and 33.1 mg of EDC were added. The remaining steps were the same as the above operations, which were applied to obtain Hapten 2-OVA.

The aldicarb haptens, carrier proteins, and conjugates synthesized above were examined using UV spectrophotometry to determine whether the hapten was successfully coupled to the carrier protein.



Preparation and titer detection of antiserum

Healthy 6–8-week-old female BALB/c mice were selected and immunized with the immunogens Hapten 1-KLH and Hapten 2-KLH at a dose of 200 μg. For the first immunization, an equal volume of Freund’s adjuvant was used for emulsification. After emulsification was completed, subcutaneous injection was carried out on the back of the neck at multiple points. Thereafter, the dose was boosted and emulsified with Freund’s incomplete adjuvant, and the mice were immunized once every 14 days for a total of 3 immunizations. On the seventh day after the fourth immunization, the blood of the mice was taken from the severed tail and centrifuged at 5,000 r/min for 5 min to obtain mouse serum. Serum titers were determined by indirect ELISA (25), and the spleen was selected for subsequent experiments.



Preparation of monoclonal antibodies and analysis of their immunological properties

Mouse spleen cells were fused with myeloma cells, and the cell lines that could stably secrete anti-aldicarb monoclonal antibodies were screened through cell culturing, screening, and other steps (26). Ascites antibodies were prepared by in vivo induction, and the anti-aldicarb monoclonal antibody was purified using octanoic acid and saturated sulfuric acid following the ammonium method (27).

A mouse monoclonal antibody subtype identification ELISA kit was used to identify the antibody subtype. Indirect competitive ELISA (icELISA) was used to determine the 50% inhibitory mass concentration (IC50) of the monoclonal antibody against aldicarb, and IC50 was used to measure the sensitivity of the monoclonal antibody (28). Cross-reaction tests were used to determine specificity, in which aldicarb sulfone, aldicarb sulfoxide, thiofanox, oxamyl, methomyl, metolcarb, isoprocarb, and carbofuran were selected as inhibitors. The IC50 of each inhibitor was determined by icELISA, and the IC50 of the monoclonal antibody against aldicarb and the IC50 of the inhibitor were taken as the cross-reaction rate.



Sample preparation

Cabbage and leek samples obtained from local markets were confirmed to be negative for aldicarb using liquid chromatography (LC). The parameters for LC analysis are described in supplementary section 1.

The negative samples were mixed with an aldicarb standard solution to make positive cabbage and leek samples with aldicarb concentrations of 30 and 60 μg/kg, respectively. Each sample was extracted according to the following method. The cabbage and leeks were cut into 1-cm square pieces. The sample (2.00 ± 0.05 g) was mixed with 6 mL phosphate buffer (0.1 M, pH = 7.4), and the mixture was vortexed for 1 min and allowed to stand for 5 min. The upper liquid layer was tested.



Preparation of colloidal gold immunochromatographic test strips

Colloidal gold particles were prepared following the trisodium citrate reduction method (29), and the surface of the gold nanoparticles was labeled with the anti-aldicarb monoclonal antibody by referring to the method of Liu (30). Thereafter, 100 μL of anti-aldicarb monoclonal antibody-labeled colloidal gold was added to the microplate. The microplate was then treated for 3 h in a cold trap at –50°C and vacuum-dried for 15 h to obtain a lyophilized microporous reagent with anti-aldicarb monoclonal antibody-labeled colloidal gold, which was sealed.

The nitrocellulose (NC) membrane was coated with Hapten 1-OVA (1 mg/mL) as the test line (T line) and goat anti-mouse IgG antibody (0.5 mg/mL) as the control line (C line). The coated NC membrane was dried at 37°C for 16 h. The sample pad was immersed in working buffer for 2 h and dried at 37°C for 2 h.

The NC membrane coated with capture reagents was pasted in the center of the PVC backing plate and the sample pad, and the absorbent pad was laminated and pasted onto the backing plate. Finally, the plate was cut into 4-mm-wide strips.



Optimization of the test strip

The type of NC membrane and sample pad and the working buffer for the sample pad were optimized to improve the sensitivity of the immunoassay. The immunoassays were evaluated using the coefficient of the T/C value.



Use of test strips and evaluation of performance indicators

The test solution (100 μL) was pipetted into the lyophilized microwell with anti-aldicarb monoclonal antibody-labeled colloidal gold marker, which was slowly aspirated and fully mixed with the reagent in the microwell. Incubation occurred at 25°C for 3 min. Then, the liquid (100 μL) was dropped vertically into the sample hole of the test strip. Timing started when the liquid flowed, and the reaction was performed for 10 min. The color intensities of the T and C lines were read using a colloidal gold reader, and the T/C value was calculated.

The T/C value of the standard solution with aldicarb mass fractions of 0, 1.25, 2.5, 5, and 10 ng/mL was determined. Each mass fraction was tested 3 times in parallel, and the average value was calculated. A standard curve, with the aldicarb mass fraction on the abscissa and the T/C value on the ordinate, was drawn. The sensitivity and linear range of the prepared test strips were obtained from the standard curve. Twenty negative vegetable samples were analyzed, and the corresponding concentration of each sample T/C value was calculated using the standard curve. The detection limit was reported as the average concentration of 20 samples plus 3 times the standard deviation (31).

The positive samples prepared in section “Sample preparation” were measured. Six parallel tests were conducted with three batches of test strips at each level, and the addition recovery and intra-assay coefficient of variation were calculated using the actual measured value of each added mass fraction to judge the test strip accuracy and precision.

Twenty vegetable samples, including samples that were negative and exceeded the standard, were prepared by mixing vegetables with an aldicarb standard solution. The samples were randomly assigned a number between 1 and 20. The samples were tested by aldicarb test strips and an instrumental method to determine the coincidence rate of positive samples. The instrument detection method was carried out with reference to the method of China National Standard GB 23200.112-2018 (32).

The test strips and the lyophilized microporous reagent with anti-aldicarb monoclonal antibody-labeled colloidal gold were stored at 4°C, room temperature, and 37°C, respectively. The test strips were tested on days 1, 3, 6, 9, 12, and 15. The T/C values of cabbage samples with aldicarb concentrations of 0 and 30 μg/kg were investigated to evaluate the stability of the strip.




Results and discussion


Identification of artificial antigens

UV–Vis spectroscopy data were used to identify the coupling of the hapten to the carrier protein (Supplementary Figure 2). Obvious differences in the absorption wavelengths were observed among the conjugates and haptens. The hapten-to-protein molar ratios were estimated at 16.2 and 12.6 for haptens–KLHs and 5.2 and 4.1 for haptens–OVAs.



Titer detection of aldicarb antiserum

After the fourth immunization, the blood of the mice was taken from the severed tail and examined using indirect ELISA. The absorbance at 450 nm (OD450) was measured using a microplate reader. The absorbance value of 0.8–1.2 was selected to calculate the inhibition rate, and the corresponding dilution multiple was used as the antiserum efficacy value. As shown in Table 1, the potency of the antiserum produced by the immunogen Hapten 1-KLH was 10,000, and the inhibition rate was 58.1%. This value was relatively high because Hapten 1 retained the molecular structure of aldicarb, which allowed recognition by immune active cells to the greatest extent and thus stimulation of the body to produce a specific immune response and antibodies with high specificity for the test object (33). Therefore, the antiserum produced using the immunogen Hapten 1-KLH was selected for the next experiment.


TABLE 1    Results for mouse antiserum.

[image: Table 1]



Immunological characteristics of anti-aldicarb monoclonal antibody

Three mice were immunized with the immunogen Hapten 1-KLH, and three positive cell lines were obtained after three immunizations, one booster immunization, and fusion cloning. The subtypes of the three cell lines were identified as MC-28, MC-54, and MC-65, all of which were IgG1. Analysis of the supernatant showed that the MC-54 cell line had the highest inhibition rate (Supplementary Table 2). Therefore, the MC-54 antibody was selected to develop colloidal gold immunochromatographic test strips in the subsequent experiments.

The sensitivity of the anti-aldicarb monoclonal antibody was determined using icELISA. An indirect competitive inhibition curve, with the logarithm of the standard concentration as the abscissa and the Logit value of the percent absorbance at 450 nm (A/A0) as the ordinate, was drawn using GraphPad Prism 7.02 (Figure 2). The best fit had a correlation coefficient R2 of >0.99. The IC50 of the anti-aldicarb monoclonal antibody was 0.432 ng/mL, and the linear range (IC20–IC80) was 0.106–1.757 ng/mL.


[image: image]

FIGURE 2
Indirect competitive inhibition curve of the anti-aldicarb monoclonal antibody.


Antibody specificity is the ability of the antibody to bind to a specific antigen in preference over antigen analogs. The cross-reactivity rate is often used as an evaluation standard because an inverse relationship exists between the cross-reactivity rate and the specificity of the antibody. In this study, we selected aldicarb sulfone, aldicarb sulfoxide, thiofanox, oxamyl, methomyl, metolcarb, isoprocarb, and carbofuran, with chemical structures similar to that of aldicarb, for the specificity analysis. The results showed that the monoclonal antibody was specific to aldicarb and had no significant cross-reactivity with aldicarb sulfone, aldicarb sulfoxide, thiofanox, oxamyl, methomyl, metolcarb, isoprocarb, or carbofuran (<1%) (Table 2).


TABLE 2    Cross-reactivity rates of anti-aldicarb monoclonal antibodies.
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Optimization of the test strip

Test strips were assembled with three different types of NC membranes (Milipore 90, Unisart CN 140, and Nupore 70) and used to detect the negative sample extract. The relative standard deviations (RSDs) of the T/C values were compared. Each NC membrane was tested 15 times. The RSD of Unisart CN 140 was lower than that of the other two membranes (Supplementary Table 4), and it was selected as the optimum NC membrane.

Similar experiments were performed to screen the working buffer for the sample pad. The lowest RSD was obtained with working buffer #5 (Supplementary Table 5). Therefore, the optimum working buffer for the sample pad was 0.02 M PBS (pH 7.4) containing 0.5% BSA, 0.05% Triton X-100, and 5.0% sucrose.

Next, sample pads prepared using different materials (nonwoven fabric, glass fiber, and whole blood filtration membrane) were treated with buffer #5 and used to assemble the test strip. Among these materials, the whole blood filtration membrane showed the fastest absorption rate for the sample solution (Supplementary Table 6). The glass fiber and nonwoven fabric had the same absorption rate, but the nonwoven fabric had the lowest RSD. Therefore, nonwoven fabric was selected as the best material for the sample pad.



Evaluation of performance indicators of colloidal gold immunochromatographic test strips

The sensitivity of the assay was investigated with a series aldicarb standards. Figure 3 shows that the signal color on the test lines changed from strong (0 ng/mL) to weak and finally disappeared completely at 10 ng/mL aldicab. In the quantitative assay, the color intensities of the T and C lines were read using a colloidal gold reader, and the T/C value was calculated. Then, an indirect competitive inhibition curve, with the logarithm of the standard concentration as the abscissa and the T/C value from the T- and C-line color intensity of the colloidal gold readout (ODT/ODC) as the ordinate, was drawn using GraphPad Prism 7.02 (Figure 4). There was a good linear relationship between the T/C value of the test strip and the logarithm of the aldicarb concentration in the range of 1.25–10 ng/mL (Figure 4). The linear equation of the best fit was Y = –0.8403X + 1.08, and the correlation coefficient R2 was 0.9649. The T/C values of the samples were determined using the same method, and the aldicarb concentration in each sample was calculated using the standard curve.
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FIGURE 3
Colloidal gold immunochromatography assay for aldicarb in standard solution.
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FIGURE 4
Standard curve of the colloidal gold immunochromatographic test strip.


The detection limits of aldicarb in leek and cabbage samples were 26.11 and 28.39 μg/kg, respectively (Table 3). To ensure the accuracy and stability of the colloidal gold immunochromatographic method and to avoid false negatives, the detection limit of aldicarb in the vegetable samples was set to 30 μg/kg, which met the maximum residue limit specified in GB 2763 (7). The leek and cabbage samples were spiked with the aldicarb standard solution at final aldicard concentrations of 30 and 60 μg/kg. The spiked samples were analyzed with the test strip, and the results are summarized in Figure 5. Moreover, the aldicarb concentrations of the spiked samples were measured using a colloidal gold reader. As shown in Table 4, the average spiked recoveries of the leek and cabbage samples were 80.4%–110.5%, and the intra- and interassay relative standard deviations were <15%, indicating good accuracy and repeatability.


TABLE 3    Test strip detection limit determination results (μg/kg).
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FIGURE 5
Colloidal gold immunochromatography assay for aldicarb in samples. Aldicarb concentration 1, 2, 3 = 0 μg/kg; 4, 5, 6 = 60 μg/kg; 7, 8, 9 = 30 μg/kg. (A) Cabbage. (B) Leek.



TABLE 4    Test strip accuracy and precision test results.

[image: Table 4]

Among the 20 vegetable samples, eight samples were identified as positive by both the GB 23200.112-2018 standard method (32) and the test strip. Only sample 13 was identified as positive by the test strip (41.5 μg/kg) but negative by the instrumental method. Therefore, the test strip can accurately detect positive samples but with some false positives. This method could be applied to the detection and screening of aldicarb in vegetables, although the identification of positive samples needs to be confirmed by instrumental methods.

To evaluate the temperature stability, test strips were stored at 4°C, room temperature, and 37°C for 15 days. After storage, the test strips were used to analyze cabbage samples with aldicarb concentrations of 0 and 30 μg/kg. The T/C values obtained showed no significant changes (Supplementary Figure 3).




Conclusion

Aldicarb is a small molecule without immunogenicity and must be conjugated with carrier proteins to induce an appropriate immune response in animals. To synthesize complete antigens, haptens must be rationally designed to obtain high specificity (34). Two haptens, Hapten 1 and Hapten 2, with spacers of different carbon chain lengths were designed and synthesized using 2-methyl-2-(methylsulfanyl)propanaldoxime as the raw material. Hapten 1 retained more of the aldicarb molecular structure than Hapten 2, and from an analysis of the length of the introduced side chain, the distance of a chain of three carbon atoms ending in the -COOH group on the aldicarb molecule satisfied the distance for minimal interaction between each carrier protein. Effective coupling of aldicarb is required to expose the epitope of the aldicarb molecule, thus improving the specificity of the antibody (35). After immunizing the mice, we successfully obtained a highly specific and highly sensitive anti-aldicarb monoclonal antibody with an IC50 of 0.432 ng/mL and a linear range of 0.106–1.757 ng/mL, which showed no cross-reactivity with other structural analogs. Colloidal gold immunochromatography based on the prepared monoclonal antibody was demonstrated to be a rapid method for the detection of aldicarb residues in vegetables, with a detection limit of 30 μg/kg and a recovery rate of 80.4–110.5%. Moreover, the relative standard deviation between batches was less than 15%. Compared with instrumental analysis methods, colloidal gold immunochromatography has the advantages of simple operation, rapid detection, and low cost. However, owing to the technical limitations of colloidal gold immunochromatography, problems such as false positives may occur, and thus positive samples need to be confirmed through instrumental methods. Nevertheless, as a rapid screening method, this method can be widely used for the on-site screening and detection of aldicarb residues in vegetables and has important economic and social value.
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