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Abstract

:

A sensitive biotinylated indirect competitive enzyme-linked immunosorbent assay (Bic-ELISA) was developed to detect acetamiprid pesticides in pollen, based on the heterogeneous coating antigen and biotinylated anti-acetamiprid monoclonal antibody. Under optimized experimental conditions, the detection limit for the Bic-ELISA was 0.17 ng/mL and the linear range was 0.25–25 ng/mL. The cross-reactivities could be regarded as negligible for the biotinylated antibodies with their analogues except for thiacloprid (1.66%). Analyte recoveries for extracts of spiked pollen (camellia pollen, lotus pollen, rape pollen) ranged from 81.1% to 108.0%, with intra-day relative standard deviations (RSDs) of 4.8% to 10.9%, and the average reproducibility was 85.4% to 110.9% with inter-assay and inter-assay RSDs of 6.1% to 11.7%. The results of Bic-ELISA methods for the Taobao’s website samples were largely consistent with HPLC-MS/MS. Therefore, the established Bic-ELISA methods would be conducive to the monitoring of acetamiprid in pollen.
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1. Introduction


Pollen is a fine to coarse powdery substance, and comprises pollen grains, which are the male microgametophytes of seed plants, producing male gametes (sperm cells) [1]. It is a good, nutritious food and tonic, and has been favored by consumers, especially female consumers, because it is rich in essential nutritional components such as carotenoids, proteins, flavonoids, plant sterols, phytosterols, and active proteases [2,3,4]. Pharmacological studies have shown that active proteases in pollen can decrease blood lipids, enhancing the immune function of the human body to prevent aging; additionally, it has a certain effect on freckle beauty [5]. However, pollen plants suffer from pests and diseases during the planting process [6,7]. Farmers usually use chemicals to control these, thus polluting the pollen and forming a threat to human health and environmental safety.



Over the past decades, the neonicotinoids have been the most widely used insecticide globally [8], acting on soil as well as branches and leaves [9,10]. This systemic insecticide has a unique mode of action of a nicotinic acetylcholine receptor (nAChR) agonist [11], and it is very effective in controlling pests such as aphids, whitefly, thrips, beetles, leafhoppers, and borers [12]. Therefore, acetamiprid is widely used in the control of pollen plant pests. However, the neonicotinoids can have an impact on human health, for example, human exposure to 2,4-D can occur via soil ingestion, inhalation, and dermal contact, and result in some adverse health effects [13,14]. Currently, there are several methods for detecting residues of acetamiprid in pollen, such as GC [15], GC-MS [16], HPLC [17], UPLC/q-TOF MS [18], and HPLC-MS/MS [19,20,21]. These residual analysis methods have superior sensitivity and reliability. However, in experiments, the pretreatment of samples takes a long time and incurs significant costs, requires professional personnel to perform, involves expensive instrumentation, and is not conducive to market and field testing [22,23,24]. Therefore, we urgently need to develop a rapid, easy and high-throughput analysis technology for field detection.



Immunoassay is a user-friendly analytical method that is relatively fast, simple, and economic [25]. There have been several immunoassay methods developed to detect acetamiprid, such as a commercial enzyme-linked immunosorbent assay (ELISA) to determine acetamiprid for residue analysis in peach, apple, strawberry, cucumber, eggplant, and tomato [26]. A direct competitive ELISA is used for the quantitative detection of acetamiprid residues in spinach, welsh onion and Chinese chive [27], and a competitive ELISAs were developed to detect acetamiprid and imidacloprid in cucumber, green pepper, tomato and apple [28]. However, to the best of our knowledge, there is a lack of studies on the immunoassay of chloronicotinyl neonicotinoid insecticide residues in pollen [29,30,31]. This will not be conducive to the market supervision of pollen samples.



Previous work showed that acetamiprid has the highest detection rate of chloronicotinyl neonicotinoid insecticides in pollen samples, reaching 1.7%, and the detected concentration ranged from 5.2 ng/g from 63.6 ng/g [32]. Because pollen is an important bee food and human nutriment, we need a fast, sensitive and high-throughput detection method to ensure the safety of bees and humans. Therefore, the aim of this research was to develop a biotinylated indirect competitive ELISA (Bic-ELISA) for detecting acetamiprid pesticides in pollen. Through the preparation of coating antigens, biotinylation of anti-acetamiprid monoclonal antibody, optimized experimental conditions, and the removal of the pollen matrix, we successfully established a Bic-ELISA method for the detection of acetamiprid residues in pollen.




2. Results and Discussion


2.1. Verification of Hapten


Hapten H1 and H2 were synthesized, and the structure was clarified by 1H-NMR and ESI-MS. The results of 1H-NMR and ESI-MS were described as follows:



Hapten H1: 1H-NMR (600 MHz, DMSO-d6) δ 2.38 (s, 3H), 2.59 (t, J = 12 Hz, 2H), 3.08 (s, 3H), 3.27 (t, J = 12 Hz, 2H), 4.63 (s, 3H), 7.26 (d, J = 8.3 Hz, 1H), 7.51–54 (m, 1H), 8.35 (s, 1H), δ 10.11 (s, 1H). ESI-MS: 292.02.



Hapten H2: 1H-NMR (600 MHz, CDCl3) δ 2.81 (t, J = 6.8 Hz, 2H), 2.87 (s, 3H), 3.39 (t, J = 6.8 Hz, 2H), 4.57 (s, 2H), 4.72 (s, 2H), 4.76 (s, 2H), 7.47 (s, 1H), 8.42 (s, 1H). ESI-MS: 362.05.



The results showed that acetamiprid hapten was successfully synthesized by one step method. The carboxylic acid moieties of hapten will facilitate the binding with carrier proteins to synthesize artificial antigens.




2.2. Optimization of the Bic-ELCIA


There are many parameters that may affect the binding of the antibody to the analytes. In our study, H1-OVA and H2-OVA, the coating antigen and BAb concentration, ionic strength (0–1.6 mol·L−1), and pH (6.5–9.0) of the Bic-ELISA system were optimized. The coating antigen of H1-OVA and H2-OVA were investigated using the noncompetitive and the competitive ELISA, the noncompetitive ELISA indicated that H1-OVA and H2-OVA had a higher titer, and the competitive ELISA was evaluated to select the best sensitivity through the half-maximal inhibition concentration values [IC50 values (ng/mL) of the combination between BAb and coating antigen]. The result shows that the IC50 value of Bab/H1-OVA and Bab/H2-OVA were more than 1 μg/mL and 3.2 ng/mL. Therefore, the H2-OVA were selected for subsequent Bic-ELISA research. Second, in this study, the best working concentration of the coating antigen and Bab were 2.6 μg/mL and 1.2 μg/mL separately, determined by using checkerboard titration. Figure 1 shows the results of ionic strength (Figure 1A) and pH (Figure 1B) of the Bic-ELISA system. The main criterion for evaluating the Bic-ELISA assay was the highest ratio of OD450max/IC50 [33]. Based on the results of Figure 1, the optimized ionic strength and pH conditions for the Bic-ELISA were selected as the ionic strength was 0.4 mol/L, and pH = 8.0.




2.3. Analytical Bic-ELISA for Acetamiprid


Under optimized experimental conditions, the Bic-ELISA analytical performance for the acetamiprid detection was examined with different concentrations (0.025, 0.05, 0.1, 0.25, 0.5, 1.0 2.5, 5.0, 10, 25, 50, 100 ng/mL) of standard acetamiprid in PBST. The results presented in Figure 2 indicated that the developed Bic-ELISA was suitable for the determination of acetamiprid. In Figure 2A, the graph between the acetamiprid concentration and binding (B/B0, B and B0 are the absorbances of the analyte presence and absence, respectively) was plotted. After the conversion of Figure 2A, it was observed that, in Figure 2B, the graph between the logarithm of acetamiprid (ng/mL) concentration and B/B0 was linear in the range of 0.25–25 ng/mL, and the regression equation was y = −0.4102x + 0.5978, R2 = 0.9908. The limit of detection (LOD) was 0.17 ng/mL by the extrapolation of B0-2SD.




2.4. Cross-Reactivity


Acetamiprid, thiacloprid, thiamethoxam, imidacloprid, dinotefuran, nitenpyram, clothianidin and 2,4-D were tested for detecting the specificity of the optimized Bic-ELISA. The results of cross-reactivity were shown in Table 1, the highest cross-reactivity was 1.66%, obtained from thiacloprid. Meanwhile, negligible cross-reactivity (<0.5%) with thiamethoxam, imidacloprid, dinotefuran, nitenpyram, clothianidin and 2,4-D was observed. These results demonstrated that the developed Bic-ELISA had a high specificity and might be applied for the acetamiprid determination.




2.5. Accuracy


The matrix interference of camellia pollen, lotus pollen, and rape pollen on the established Bic-ELISA was investigated. To evaluate the influence of the pollen matrix on the Bic-ELISA, camellia pollen, lotus pollen, and rape pollen were extracted, and diluted at 4-fold for three pollen samples.



The average recoveries and relative standard deviations (RSDs) of acetamiprid in three pollen matrices at 10, 20 and 50 ng/g, and on three consecutive days are shown in Table 2. The average recoveries were 81.1–108.0% with intra-assay RSDs (n = 3) of 4.8%–10.9% and inter-assay RSDs (n = 3) of 6.111.7%. Thus, the recoveries and reproducibility of the Bic-ELISA in our cases were acceptable.




2.6. Analysis of Authentic Samples


Camellia pollen, lotus pollen, and rape pollen were purchased based on the ranking of sales from high to low on Taobao’s website, and we chose the top five pollens in each ranking. According to the results of detection, neither the Bic-ELISA method nor HPLC-MS/MS method detected acetamiprid residues. Based on our research results, the linear detection range of acetamiprid was 5–200 ng/g in the HPLC-MS/MS method [32], and the linear detection range of acetamiprid was 2–200 ng/g in the Bic-ELISA method. That is to say, the residues of acetamiprid in 15 pollen samples were less than the detection range in both methods. However, in crude pollen, the acetamiprid detection rate was 1.7%, and the detected concentration ranged from 5.2 ng/g to 63.6 ng/g [32]. There are two possible reasons for this: on the one hand, there may not be acetamiprid residue in the pollen samples we purchased; on the other hand, pesticide residues in agricultural products during processing will be subjected to a certain degree of digestion [34,35,36], due to the crude pollen need for drying and sterilization, so that the residual acetamiprid degradation is beyond the linear range. Thus, we might try to study effect of processing factors on acetamiprid residues in pollen in future studies.





3. Materials and Methods


3.1. Reagents


The anti-imidacloprid monoclonal antibody was produced in the State & Local Joint Engineering Research Center of Green Pesticide Invention and Application, Nanjing 210095, China [37]. Acetamiprid, thiacloprid, thiamethoxam, imidacloprid, dinotefuran, nitenpyram, clothianidin and 2,4-D were purchased from Dr. Ehrenstorfer (Augsburg, Germany). Horseradish peroxidase (HRP) Conjugated Streptavidin was purchased from Boster Biological Technology Co., Ltd. (Wuhan, China). (+)-biotin N-hydroxysuccinimide ester (BNHS), polyoxyethylene sorbitan monolaurate (Tween-20), 3,3′,5,5′-tetramethylbenzidine (TMB), and Ovalbumin (OVA) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Chemical reagents such as 3-mercaptopropionic acid (3-MPA), dimethyl sulfoxide (DMSO), H2O2, and others were all purchased from Aladdin (Shanghai, China).




3.2. Instruments and Equipment


Polystyrene 96-well microtiter plates were purchased from Costar (Corning, Tewksbury, MA, USA), and washed with ELX405TM (BioTek, Winooski, VT, USA). The coating antigen and antibody protein concentration was determined by a Nanodrop 1000 UV-VIA (Thermo, Waltham, MA, USA). The optical density value of 450 nm ultraviolet wavelength (OD450) was measured with MULTISKAN GO (Thermo Scientific, Boston, MA, USA). Samples were vortex mixed with Genius 3 (IKA, Germany). Centrifugation was performed with a JW-1012 low-speed centrifuge (Jiawen, Hefei, China). HPLC-MS/MS was performed using a Waters ACQUITY UPLC Xevo TQMS instrument (Waters Corp, Milford, MA, USA).




3.3. Preparation of Coating Antigens


The acetamiprid hapten synthetic route [38] is shown in Figure 3. A mixture of 0.45 g of KOH, 0.42 g of 3-MPA and 1.02 g of acetamiprid (or thiamethoxam) were dissolved in 20 mL of ethanol, and then stirred at 80 °C for 2 h. Following the mixture was filtered and concentrated. The residue was dissolved in 50 mL of pure water and adjusted to pH 2 using 1 mol/L HCl. The solution was extracted 3 times with 30 mL of ethyl acetate. The extract was washed 3 times with 30 mL of water, dried over anhydrous Na2SO4, and concentrated. The product was recrystallized using methanol to yield a white solid, which was characterized by NMR.



The coating antigens were prepared using the active ester method [39] as described previously, H1 (synthesized using acetamiprid) and H2 (synthesized using thiamethoxam) were covalently attached through their carboxylic acid moieties to the lysine groups of OVA. The coating antigens of H1–OVA and H2–OVA were purified by dialysis in phosphate buffer saline (0.15 mol/L, pH 7.4).




3.4. Biotinylation of Anti-Acetamiprid mAb


Biotinylated anti-acetamiprid mAb was prepared as described previously [40] with some modifications. Briefly, first, anti-acetamiprid mAb was dialyzed against Carbonate-buffered saline (0.05 mol/L, pH 9.6) for 4 h. Second, BNHS was dissolved in DMSO, and then the dialysis solution was added a 20-fold molar excess of anti-acetamiprid mAb (5.0 mg/mL). And finally, the solution was thoroughly stirred at RT for 6 h. Following the biotinylated anti-acetamiprid mAb (BAb) was dialyzed against 0.01 mol/L phosphate buffer saline, and then stored at 4 °C until required.




3.5. Performance of Biotinylated Indirect Competitive Enzyme-Linked immunosorbent Assay (Bic-ELISA)


The basic steps in the Bic-ELISA process are as follows. Microtiter plates with 96 wells were coated with optimized concentrations of H–OVA in Carbonate-buffered saline (0.05 mol/L, pH 9.6) (50 μL each well) by incubation for 2 h. Plates were then blocked with 1% gelatin in phosphate-buffered saline (0.15 mol/L, pH 7.4) (100 μL each well) by incubation for 1.5 h. Aliquots of 25 μL for each well of analyte were dissolved in working solution and 25 μL for each well of biotinylated anti-acetamiprid mAb (BAb) (diluted with working solution) at a previously optimized concentration. After incubating for 1 h, 50 μL of each well of diluted (1/10,000) HRP–Conjugated Streptavidin in phosphate-buffered saline containing 0.05% Tween-20 (PBST) was added to the plate. The mixture was incubated for 1 h, followed by the addition of 50 μL to each well of a TMB solution (contained 0.4 mmol/L TMB and 3 mmol/L H2O2 in citrate buffer (pH 5.0)). After incubating for 15 min, the reaction was stopped by adding 25 μL 2 mol/L H2SO4, and the TMB termination solution absorbance was measured at 450 nm. All the 96-well microtiter plates were washed five times with PBST (0.15 mol/L phosphate buffer saline containing 0.05% Tween 20, pH 7.4) after each incubation, and incubations were performed at 37 °C, unless specified otherwise.




3.6. Immunoassay Optimization


The selection of the coating antigen/biotinylated anti-acetamiprid mAb (BAb) combination was performed by Bic-ELISA. The optimum combination of coating antigen (H1-OVA, H2-OVA) and BAb was confirmed based on the sensitivity of the Bic-ELISA, and the best working concentration of antigen and BAb determined by checkerboard titration. The dilution ratios of the Bab ranged from 1:200 to 1:25,600 and coating antigen from 1:500 to 1:8000 were confirmed based on the sensitivity of the Bic-ELISA.



The working solutions, used to dilute the acetamiprid standards and were tested using the established Bic-ELISA, were prepared at a series of pH values (ranging from pH 6.5 to pH 9.0) and ionic strengths (from 0.1 to 1.6 mol/L). Selection of Bic-ELISA test working solution with the best sensitivity as the optimization of working solution.




3.7. Cross-Reactivity


Cross-reactivity (CR) was studied for evaluating the selectivity of the Bic-ELISA, using the standard solution of the acetamiprid and thiacloprid, thiamethoxam, imidacloprid, dinotefuran, nitenpyram, clothianidin, and 2,4-D. The CR values were calculated as follows: CR % = (IC50 of acetamiprid/IC50 of analogue) × 100. Here, the CR of acetamiprid was defined as 100%.




3.8. Recovery


The performance of the Bic-ELISA was evaluated by the recovery of spiked pollen samples. Three different pollen samples (camellia pollen, lotus pollen, rape pollen) were chosen to evaluate the accuracy and precision of the Bic-ELISA. Before undertaking spiking and recovery studies, all pollen samples were verified without acetamiprid by HPLC-MS/MS.



One gram samples were placed in a centrifuge tube I (15 mL) and spiked with known concentrations of acetamiprid standard solution. The samples were thoroughly mixed by vortex and allowed to stand at RT for 1 h. Two and a half milliliters of pure water and 2.5 mL of acetonitrile was added to sample and the samples were shaken thoroughly for 3 min, and then 0.85 g filler A (anhydrous MgSO4: NaOAc = 4: 1) was added, thoroughly shaken for 30 s, and centrifuged at 4500× g for 5 min. One milliliter of the supernatants was then transferred to a centrifuge tube II (15 mL), containing 0.75 g filler B (anhydrous MgSO4: graphitized carbon black: primary secondary amine: octadecyl-bonded silica = 3: 0.15: 1: 1). Following this, 2.5 mL of acetonitrile was added to the centrifuge tube I, thoroughly shaken for 3 min, and centrifuged at 4500× g for 5 min. Two milliliters of the supernatant was transferred to centrifuge tube II and thoroughly shaken for 3 min, and centrifuged at 4500× g for 5 min. Finally, 2 mL of the extract was sampled in a glass cone (10 mL) and was evaporated at 30 °C until dried under a gentle stream of nitrogen. One milliliter of optimal working buffer (10% methanol) was added for Bic-ELISA analysis.




3.9. Real Sample


Authentic samples (including camellia pollen, lotus pollen, and rape pollen) were collected from Taobao-Online retailers. The Bic-ELISA was utilized to investigate the acetamiprid residues in purchased pollen samples. In addition, all the pollen samples were further confirmed by HPLC-MS/MS. The process of HPLC-MS/MS was performed as described previously [32].





4. Conclusions


In summary, this work presents the sensitive Bic-ELISA method for detecting acetamiprid pesticides in pollen samples based on a heterogeneous coating antigen and biotinylated anti-acetamiprid mAb (BAb). Because heterology can significantly improve the sensitivity of the immunoassay [41], the affinity of streptavidin and biotin (the affinity constant is 1015 L/mol) was higher than that of antigen and antibody (the affinity constant is 105−11 L/mol) [24]. Under the optimized the H2-OVA and BAb concentration, the ionic strength and pH of the Bic-ELISA system, the LOD of the Bic-ELISA was 0.17 ng/mL, and the linear range was 0.25–25 ng/mL. Finally, in 15 authentic pollen samples on Taobao’s website, the acetamiprid concentrations were less than the detection range of the HPLC-MS/MS method (5–200 ng/g) and Bic-ELISA method (2–200 ng/g). To achieve the market level, we need more sensitive antibodies or detection techniques, which may require a lot of effort to screen antibodies, or more expensive detection instruments, or more sensitive analytical methods, such as electrochemical analysis, or fluorescence analysis. Although the validity of the method has not been verified by actual samples more directly, we are glad to see that the pollen samples we purchased are safe [The strictest standard of Acetamiprid MRL in agricultural products is cottonseed (MRL: 100 ng/mL), as established by Chinese regulation] for the environmental and human health.







Author Contributions


Methodology, Q.F.; software, D.Z.; validation, Q.Z.; investigation, Q.F.; Q.Z.; P.L.; W.L.; D.Z.; Z.X.; J.F.; X.L. resources, X.H.; P.L. data curation, Q.F.; writing—original draft preparation, Q.Z.; writing—review and editing, Q.F.; supervision, H.C.; project administration, H.C.; funding acquisition, Q.F.




Funding


This research was funded by the National Natural Science Foundation of China (31701808) and the Agro-product Quality Safety Risk Assessment of the Ministry of Agriculture of the People’s Republic of China (GJFP2019011).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, J.; Dong, W.; Luo, Q.; Xiao, H.; Zhang, X.; Fang, X.; Gao, Z.J.; Han, S.M. Lipid oxidation and color degradation kinetics under different storage conditions of pollen. Trans. Chin. Soc. Agric. Eng. 2017, 33, 367–373. [Google Scholar]

	



Fatrcovášramková, K.; Nôžková, J.; Kačániová, M.; Máriássyová, M.; Rovná, K.; Stričík, M. Antioxidant and antimicrobial properties of monofloral bee pollen. J. Environ. Sci. Heal. B 2013, 48, 133–138. [Google Scholar] [CrossRef] [PubMed]

	



Yáñez, K.P.; Bernal, J.L.; Nozal, M.J.; Martin, M.T.; Bernal, J. Determination of seven neonicotinoid insecticides in beeswax by liquid chromatography coupled to electrospray–mass spectrometry using a fused–core column. J. Chromatogr. A 2013, 1285, 110–117. [Google Scholar] [CrossRef]

	



López–Fernández, O.; Rial–Otero, R.; Simal–Gándara, J. High–throughput hplc–ms/ms determination of the persistence of neonicotinoid insecticide residues of regulatory interest in dietary bee pollen. Anal. Bioanal. Chem. 2015, 407, 7101–7110. [Google Scholar] [CrossRef] [PubMed]

	



Hou, C.C.; Shen, R.; Liu, D.; Cheng, J.; Bai, D.C. Research progress in pharmacological effects and clinical application of pine pollen. Chin. J. Inf. Tradit. Chin. Med. 2017, 24, 124–127. [Google Scholar]

	



Card, S.D.; Pearson, M.N.; Clover, G.R.G. Plant pathogens transmitted by pollen. Australas. Plant Path. 2007, 36, 455–461. [Google Scholar] [CrossRef]

	



Van Rijn, P.C.J.; Wackers, F.L.; Cadotte, M. Nectar accessibility determines fitness, flower choice and abundance of hoverflies that provide natural pest control. J. Appl. Ecol. 2016, 53, 925–933. [Google Scholar] [CrossRef]

	



Dively, G.P.; Kamel, A. Insecticide residues in pollen and nectar of a cucurbit crop and their potential exposure to pollinators. J. Agric. Food Chem. 2012, 60, 4449–4456. [Google Scholar] [CrossRef]

	



Chen, M.; Collins, E.M.; Tao, L.; Lu, C. Simultaneous determination of residues in pollen and high–fructose corn syrup from eight neonicotinoid insecticides by liquid chromatography–tandem mass spectrometry. Anal. Bioanal. Chem. 2013, 405, 9251–9264. [Google Scholar] [CrossRef]

	



Oliver, J.B.; Fare, D.C.; Youssef, N.; Scholl, S.S.; Reding, M.E.; Ranger, C.M.; Moyseenko, J.J.; Halcomb, M.A. Evaluation of a single application of neonicotinoid and multi–application contact insecticides for flatheaded borer management in field grown red maple cultivars. J. Environ. Hortic. 2010, 28, 135–149. [Google Scholar]

	



Authority, E.F.S. Reasoned opinion on the modification of the existing maximum residue level (mrl) for acetamiprid in apricots and tree nuts. EFSA J. 2013, 11, 3506. [Google Scholar]

	



Matsuo, H.; Tomizawa, M.; Yamamoto, I. Structure–activity relationships of acyclic nicotinoids and neonicotinoids for insect nicotinic acetylcholine receptor/ion channel complex. Arch. Insect Biochem. 1998, 37, 17–23. [Google Scholar] [CrossRef]

	



Jennings, A.A.; Li, Z. Scope of the worldwide effort to regulate pesticide contamination in surface soils. J. Environ. Manag. 2014, 146, 420–443. [Google Scholar] [CrossRef]

	



Li, Z. A health-based regulatory chain framework to evaluate international pesticide groundwater regulations integrating soil and drinking water standards. Environ. Int. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Balsebre, A.; Báez, M.E.; Martínez, J.; Fuentes, E. Matrix solid–phase dispersion associated to gas chromatography for the assessment in honey bee of a group of pesticides of concern in the apicultural field. J. Chromatogr. A 2018, 1567, 47–54. [Google Scholar] [CrossRef]

	



Zhang, X.; Mobley, N.; Zhang, J.; Zheng, X.; Lu, L.; Ragin, O.; Christopher, J.S. Analysis of agricultural residues on tea using d–spe sample preparation with gc–nci–ms and uhplc–ms/ms. J. Agric. Food Chem. 2010, 58, 11553. [Google Scholar] [CrossRef]

	



Watanabe, E.; Iwafune, T.; Baba, K.; Kobara, Y. Organic solvent–saving sample preparation for systematic residue analysis of neonicotinoid insecticides in agricultural products using liquid chromatography−diode array detection. Food Anal. Methods 2016, 9, 1–10. [Google Scholar] [CrossRef]

	



Valverde, S.; Bernal, J.L.; Martín, M.T.; Nozal, M.J.; Bernal, J. Fast determination of neonicotinoid insecticides in bee pollen using quechers and ultra–high performance liquid chromatography coupled to quadrupole time–of–flight mass spectrometry. Electrophoresis 2016, 37, 2470–2477. [Google Scholar] [CrossRef] [PubMed]

	



Kasiotis, K.M.; Anagnostopoulos, C.; Anastasiadou, P.; Machera, K. Pesticide residues in honeybees, honey and bee pollen by lc–ms/ms screening: Reported death incidents in honeybees. Sci. Total Environ. 2014, 485–486, 633–642. [Google Scholar] [CrossRef]

	



Stoner, K.A.; Eitzer, B.D. Using a hazard quotient to evaluate pesticide residues detected in pollen trapped from honey bees (apis mellifera) in connecticut. PLoS ONE 2013, 8, e77550. [Google Scholar] [CrossRef]

	



Yáñez, K.P.; Martín, M.T.; Bernal, J.L.; Nozal, M.J.; Bernal, J. Trace analysis of seven neonicotinoid insecticides in bee pollen by solid–liquid extraction and liquid chromatography coupled to electrospray ionization mass spectrometry. Food Anal. Methods 2014, 7, 490–499. [Google Scholar] [CrossRef]

	



Liu, B.; Feng, J.; Sun, X.; Sheng, W.; Zhang, Y.; Wang, S. Development of an enzyme–linked immunosorbent assay for the detection of difenoconazole residues in fruits and vegetables. Food Anal. Methods 2017, 11, 1–9. [Google Scholar] [CrossRef]

	



Fang, Q.; Wang, L.; Hua, X.; Wang, Y.; Wang, S.; Cheng, Q.; Cai, J.; Liu, F.Q. An enzyme–linked chemiluminescent immunoassay developed for detection of butocarboxim from agricultural products based on monoclonal antibody. Food Chem. 2015, 166, 372–379. [Google Scholar] [CrossRef]

	



Fang, Q.; Wang, L.; Cheng, Q.; Cai, J.; Wang, Y.; Yang, M.; Hua, X.D.; Liu, F.Q. A bare–eye based one–step signal amplified semiquantitative immunochromatographic assay for the detection of imidacloprid in chinese cabbage samples. Anal. Chim. Acta 2015, 881, 82–89. [Google Scholar] [CrossRef]

	



Rey, E.G.; O’Dell, D.; Mehta, S.; Erickson, D. Mitigating the hook effect in lateral flow sandwich immunoassays using real–time reaction kinetics. Anal. Chem. 2017, 89, 5095–5100. [Google Scholar] [CrossRef]

	



Watanabe, E.; Miyake, S.; Baba, K.; Eun, H.; Endo, S. Immunoassay for acetamiprid detection: Application to residue analysis and comparison with liquid chromatography. Anal. Bioanal. Chem. 2006, 386, 1441–1448. [Google Scholar] [CrossRef]

	



Watanabe, E.; Yamasaki, T.; Hirakawa, Y.; Harada, A.; Iwasa, S.; Miyake, S. Organic solvent-free immunoassay for quantitative detection of neonicotinoid acetamiprid residues in agricultural products. Anal. Methods 2018, 10, 3162–3169. [Google Scholar] [CrossRef]

	



Wanatabe, S.; Ito, S.; Kamata, Y.; Omoda, N.; Yamazaki, T.; Munakata, H.; Takashi, K.; Yojiro, Y. Development of competitive enzyme–linked immunosorbent assays (elisas) based on monoclonal antibodies for chloronicotinoid insecticides imidacloprid and acetamiprid. Anal. Chim. Acta 2001, 427, 211–219. [Google Scholar] [CrossRef]

	



Watanabe, E.; Seike, N.; Motoki, Y.; Inao, K.; Otani, T. Potential application of immunoassays for simple, rapid and quantitative detections of phytoavailable neonicotinoid insecticides in cropland soils. Ecotox. Environ. Safe 2016, 132, 288–294. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Liu, Y.; Jiao, S.; Zhao, Y.; Guo, Y.; Wang, M.; Zhu, G. Quantum dot-based lateral flow immunoassay for detection of neonicotinoid residues in tea leaves. J. Agric. Food Chem. 2017, 65, 10107–10114. [Google Scholar] [CrossRef]

	



Watanabe, E.; Miyake, S. Direct determination of neonicotinoid insecticides in an analytically challenging crop such as chinese chives using selective elisas. J. Environ. Sci. Heal. B 2018, 6, 1–6. [Google Scholar] [CrossRef]

	



Tong, Z.; Wu, Y.C.; Liu, Q.Q.; Shi, Y.H.; Zhou, L.J.; Liu, Z.Y.; Yu, L.S.; Cao, H.Q. Multi–Residue analysis of pesticide residues in crude pollens by UPLC–MS/MS. Molecules 2016, 21, 1652. [Google Scholar] [CrossRef] [PubMed]

	



Long, F.; Shi, H.C.; He, M.; Sheng, J.W.; Wang, J.F. Sensitive and rapid chemiluminescence enzyme immunoassay for microcystin-LR in water sample. Anal. Chim. Acta 2009, 649, 123–127. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Gu, X.; Dong, F.; Xu, J.; Kong, Z.; Li, Y.; Zheng, Y. Residue behaviour of six pesticides in button crimini during home canning. Food Addit. Contam. Part A 2014, 31, 1081–1088. [Google Scholar]

	



Tonieto, T.A.P.; de Pierri, L.; Tornisielo, V.L.; Regitano, J.B. Fate of tebuthiuron and hexazinone in green-cane harvesting system. J. Agric. Food Chem. 2016, 64, 3960–3966. [Google Scholar] [CrossRef]

	



Lewis, S.E.; Silburn, D.M.; Kookana, R.S.; Shaw, M. Pesticide behavior, fate, and effects in the tropics: An overview of the current state of knowledge. J. Agric. Food Chem. 2016, 64, 3917–3924. [Google Scholar] [CrossRef]

	



Sun, N.; Ding, Y.; Tao, Z.; You, H.; Hua, X.; Wang, M. Development of an upconversion fluorescence dna probe for the detection of acetamiprid by magnetic nanoparticles separation. Food Chem. 2018, 257, 289–294. [Google Scholar] [CrossRef]

	



Wu, J.; Shen, Y.D.; Lei, H.T.; Sun, Y.M.; Yang, J.Y.; Xiao, Z.L.; Wang, H.; Xu, Z.L. Hapten synthesis and development of a competitive indirect enzyme–linked immunosorbent assay for acrylamide in food samples. J. Agric. Food Chem. 2014, 62, 7078–7084. [Google Scholar] [CrossRef]

	



Zhang, Q.; Wu, Y.R.; Wang, L.M.; Hu, B.S.; Li, P.W.; Liu, F.Q. Effect of hapten structures on specific and sensitive enzyme–linked immunosorbent assays for N-methylcarbamate insecticide metolcarb. Anal. Chim. Acta 2008, 625, 87–94. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Q.; Wang, L.; Cheng, Q.; Wang, Y.; Wang, S.; Cai, J.; Liu, F. Quantitative determination of butocarboxim in agricultural products based on biotinylated monoclonal antibody. Food Anal. Methods 2015, 8, 1248–1257. [Google Scholar] [CrossRef]

	



Zhang, Q.; Wang, L.B.; Ahn, K.C.; Sun, Q.; Hu, B.S.; Wang, J.; Liu, F.Q. Hapten heterology for a specific and sensitive indirect enzyme–linked immunosorbent assay for organophosphorus insecticide fenthion. Anal. Chim. Acta 2007, 596, 303–311. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Samples of the compounds are available from the authors.












[image: Molecules 24 01265 g001 550]





Figure 1. Effect of ionic strengths and pH values on the performance of the assay. The standard deviation (SD) of (A) were [0.1 (0.0111), 0.2 (0.0349), 0.4 (0.0282), 0.8 (0.0068), 1.6 (0.0202)]; The SD of (B) were [6.5 (0.0153), 7.0 (0.0267), 7.5 (0.0183), 8.0 (0.0151), 8.5 (0.0450), 9.0 (0.0086)]. 
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Figure 2. Detection curve of acetamiprid by biotinylated indirect competitive enzyme-linked immunosorbent assay (Bic-ELISA) (n = 5). a: binding curves of the detection, b: the detection line converted from (a). The SD of (A) were 0.0475, 0.0147, 0.0179, 0.0571, 0.0197, 0.0194, 0.0179, 0.0219, 0.0071, 0.0022, 0.0034, and 0.0041, respectively. The SD of (B) were 0.0571, 0.0197, 0.0194, 0.0179, 0.0219, 0.0071, and 0.0022, respectively. 
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Figure 3. I: the chemical structure of acetamiprid; II: the chemical structure of thiamethoxam; III: the synthetic route to the acetamiprid hapten; IV: the active ester method. 
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Table 1. The cross-reactivity (CR) of acetamiprid toward other analogues.
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	Compound
	Chemical Structure
	IC50 (ng/mL)
	CR (%)





	Acetamiprid
	 [image: Molecules 24 01265 i001]
	1.7
	100



	Thiacloprid
	 [image: Molecules 24 01265 i002]
	102.6
	1.66



	Thiamethoxam
	 [image: Molecules 24 01265 i003]
	>400
	<0.5



	Imidacloprid
	 [image: Molecules 24 01265 