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ABSTRACT
An immunochromatographic strip was developed for detection of
acetamiprid (AC) and cross-reactivity with thiacloprid (TC) in
cucumber and apple samples. This detection system was developed
based on a sensitive and specific monoclonal antibody produced in
our laboratory. Under optimized conditions, the cut-off limits of the
test strip for AC were found to be 1 and 0.25 ng/mL for TC in
phosphate-buffered saline. Meanwhile, with simple preparation for
detection cucumber and apple samples, the cut-off limits for AC
were found to be 5 and 2.5 ng/mL for TC in cucumber samples. The
immunochromatographic assay also revealed AC cut-off values of
30 and 15 ng/mL in apple samples. Each test can be evaluated
within 5 min. The data indicate that the method is sensitive, rapid,
specific, and has the advantages of simplicity; therefore, this
immunochromatographic assay is a useful screening method for
detection of AC and TC residues in cucumber and apple samples.
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Introduction

Pesticide residues are an important factor in food safety and environmental pollution. Neo-
nicotinoid insecticides have been used globally for the treatment of agricultural pests as a
replacement for organophosphates and represent the fastest growing class of insecticides
introduced to the market since the launch of pyrethroids. The most common neonicotinoid
insecticides include imidacloprid, acetamiprid (AC), nitenoyram, clothianidin, and dinote-
furan (Gbylik-Sikorska, Sniegocki, & Posyniak, 2015; Giroud, Vauchez, Vulliet, Wiest, &
Bulete, 2013; Jeschke, Nauen, Schindler, & Elbert, 2011; Nauen & Denholm, 2005).

As one of the most efficient pesticides, AC (N-[(6-chloro-3-pyridyl)methyl]-N’-cyano-
N-methyl-acetamidine) (Figure 1) is widely used to control various insect pests, of the
orders Hemiptera, Thysanoptera, and Lepidoptera on vegetables, fruits, and tea (“The Pes-
ticide Manual,” 1997). Since its toxicity is known to be relatively low and chronic in
mammals, it has been considered as a replacement insecticide for organophosphorus
and other conventional insecticides. Due to its frequent and extensive usage, AC in
crops such as, vegetables and fruits, as well as in water, will cause a potential risk to
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human health. For this reason, the concentration of AC residue in agricultural products
should be monitored (Fan, Zhao, Shi, Liu, & Li, 2013; Shi, Zhao, Liu, Fan, & Cao, 2013).

AC residues in agricultural products have mainly been analyzed using high-perform-
ance liquid chromatography (Jovanov et al., 2015; Watanabe & Miyake, 2013), gas chrom-
atography (Mateu-Sanchez, Moreno, Arrebola, & Vidal, 2003; Tokieda, Ozawa,
Kobayashi, & Gomyo, 1998), and liquid chromatography-tandem mass spectrometry
(Abdel-Ghany, Hussein, El Azab, El-Khatib, & Linscheid, 2016; Hao, Noestheden,
Zhao, & Morse, 2016; Jovanov et al., 2013; Yamamuro, Ohta, Aoyama, & Watanabe,
2014). However, these methods are time-consuming and expensive due to long clean-
up procedures and sophisticated analytical instruments required.

Practical methods with high sensitivity and selectivity for simple and rapid detection are
crucial for human health. Currently, enzyme-linked immunosorbent assays (ELISAs) (Uchi-
gashima, Watanabe, Ito, Iwasa, & Miyake, 2012; Watanabe, Baba, & Miyake, 2011; Wata-
nabe, Miyake, Baba, Eun, & Endo, 2006) are widely used for detecting pesticide residues
and endocrine disrupting chemicals (Newsome, 1986; Watanabe, Shan, Stoutamire, Gee,
& Hammock, 2001). This method have several advantages, (1) high analyte selectivity
(specificity), (2) high throughput of samples, (3) reduced need for sample-treatment, and
(4) increased cost-effectiveness for large number of samples (Sun, Liu, Song, Kuang, &
Xu, 2016; Xu et al., 2016). However, lateral-flow immunochromatographic assays are
increasingly popular for detecting residues because they are simple, rapid, specific, and sen-
sitive. Compare with ELISAs, lateral-flow immunochromatographic assays have the advan-
tage that all the reagents are included in the strip and the results can be obtained within 5–10
min (Khaemba et al., 2016; Kong, Liu, Song, Kuang, & Xu, 2016; Liu et al., 2014).

Immunochromatographic lateral-flow testing has applicability because it is rapid,
simple, and effective, and to the best of our knowledge, no immunochromatographic
lateral-flow test device for detection of AC residues has been previously reported. The
aim of this study was to develop an immunochromatographic lateral-flow test strip for
detection of AC in cucumbers and apples

Material and methods

Chemicals and reagents

AC was purchased from J&K Scientific (Shanghai, China). Enzyme immunoassay-grade
horseradish peroxidase (HRP)-labeled goat anti-mouse immunoglobulin was obtained

Figure 1. Chemical structure of acetamiprid.
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from Sigma (St. Louis, MO, USA). QuickAntibody-Mouse 5W was obtained from Biodra-
gon-Immunotech Co., Ltd. (Beijing, China). Gelatin was obtained from Beijing Biodee
Biotechnology Co., Ltd. (Beijing, China). Tetramethylbenzidine and HRP were purchased
from Aladdin Chemistry Co., Ltd. (Shanghai, China). All reagents used for cell fusion were
from Sunshine Biotechnology Co., Ltd. (Nanjing, China). Bovine serum albumin (BSA),
ovalbumin (OVA) and keyhole-limpet hemocyanin (KLH) were obtained from Solarbio
Science & Technology, Co, Ltd. (Beijing, China). All other reagent and chemicals were
obtained from the National Pharmaceutical Group Chemical Reagent Co, Ltd. (Shanghai,
China).

Nitrocellulose (NC) high-flow plus membranes (Pura-bind RP) were obtained from
Whatman-Xinhua Filter Paper Co., Ltd. (Hangzhou, China). Glass fiber membrane
(CB-SB08) used for the sample pad, polyvinylchloride (PVC) backing material and absor-
bance pad (SX18) were supplied by Goldbio Tech Co., Ltd. (Shanghai, China). A BioDot
TSR 3000 Membrane Strip Reader (Gene Company Limited, Shanghai Branch, Shanghai
(China)) was used to test the color intensities of colloidal gold on the test zone. The con-
jugated coating antigens (AC-BSA) and specific monoclonal antibodies (anti-AC mono-
clonal antibody (mAb), No. 1B3) were generated in our laboratory.

All buffer solutions were prepared using ultrapure water (Milli-Q purification system,
Millipore Co., Bedford, MA, USA). The strip cutting instrument was CM 4000 (Gene,
Shanghai, China). The Airjet Quanti 3000TM and Biojet Quanti 3000TM (Xinqidian-
Gene-technology Co., Ltd., Beijing, China) were used as dispensers.

Preparation and characterization of monoclonal anti-acetamiprid antibody

AC was conjugated to BSA, OVA, or KLH using the ester method (Suryoprabowo, Liu,
Peng, Kuang, & Xu, 2015). Briefly, a mixture of AC, carboxyl-reactive carbodiimide
cross linker (1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) (EDC),
and N-hydroxysuccinimide (NHS) were added to N,N-dimethyl formamide and incu-
bated for 24 h (solution 1). KLH or BSA was mixed with 0.01 M phosphate-buffered
saline solution (PBS) (solution 2). Solution 1 was slowly added to solution 2 with stirring
and the mixture was then stirred continuously for 8 h at room temperature. The conju-
gates were dialyzed against distilled water for 3 days and subsequently with 0.01 M PBS
for a further 3 days. Ultraviolet absorption was used to check the conjugation of protein
and AC.

Female BALB/c mice (6–8 weeks old) were used to produce of mAb. The mice were
immunized subcutaneously with an AC-KLH conjugate, prepared from a mixture of
AC-KLH and quick antibody-Mouse 5W. Each mouse’s leg was immunized every 3
weeks with 100 µg for the first immunization and 50 µg each subsequent injection (2–3
times). The antibodies (blood samples) from immunized mice were measured by ELISA
and the mouse with the highest titer was sacrificed and its splenocytes were fused with
Sp 2/0 murine myeloma cells; the resulting hybridomas were then screened using an indir-
ect ELISA. The selected hybridoma cells were expanded and injected into BALB/c mice to
produce the mAb (Deng et al., 2012; Suryoprabowo, Liu, Peng, Kuang, & Xu, 2014). The
ascites was harvested and purified by the caprylic acid-ammonium sulfate precipitation
method (Kuang et al., 2013). The purified antibody solution was stored at −20°C until
further use.
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Development of the immunochromatographic test device

Preparation of colloidal gold particles
All the solvents were prepared with ultrapure water then filtered through a transfer mem-
brane (0.22 µm). Chlorauric acid (25 mL of a 0.1 g/L) solution was heated to boiling under
constant stirring, and then 1% w/v sodium citrate tribasic dihydrate solution (1.0 mL) was
added. The mixture was stirred for 30 min. When the color of the solution turned wine-
red, it was cooled to room temperature, and stored at 4°C. Transmission electron
microscopy analysis showed that the gold nanoparticles had a nearly uniform particle
size of 15 nm.

Preparation of colloidal gold-labeled mAb
The half-maximal inhibitory concentration (IC50) of the anti-AC mAb (no. 1B3) was
0.4 ng/mL and its cross-reactivity with thiacloprid (TC) (IC50 = 0.1 ng/mL) was used.
The pH of 10 mL colloidal gold solution was adjusted to 7.0 with 0.1 M K2CO3. Briefly,
the mAb (0.40 mL) was added to the solution dropwise, and 35 min later, 1 mL of 10%
(w/v) BSA was added, and the mixture was stirred for 2 h. The product was centrifuged
for 45 min at 8000 rpm to remove the gold aggregates. The solution was separated into
two layers, and the lower layer (red gold-labeled mAb) was collected and washed with
0.02 M phosphate buffer containing 5% sucrose, 1% BSA, and 0.5% polyethylene glycol
(PEG) 6000 (pH 7.4). The conjugation products were reconstituted to 1 mL in gold-label-
ing resuspension buffer (0.02 M PBS, 5% sucrose, 2% sorbitol, 1% mannitol, 0.1% PEG,
0.1% tween, and 0.04% NaN3) and stored at 4°C until use.

Preparation of NC capture membranes
The coating antigen (AC-BSA) (Figure 2) and goat anti-mouse IgG antibody were used as
the capture reagent in the control line on the test strip. The antigen and goat anti-mouse
IgG coatings were sprayed onto the NC membrane at 1 µL/cm using a dispenser to
produce the test and control lines on the strip. The capture and control reagent was
sprayed onto the glass fiber membrane to prepare the conjugate pad, which was dried
at 37°C for 2 h. The NC membrane coated with capture reagents was then pasted onto
the center of the plastic backing plate (PVC and the conjugate pad, sample pad, and absor-
bent pad were laminated and pasted onto the back plate. Finally, the plate was cut into
2.8 mm wide strips with a strip cutter.

Test procedure and principle

Before the test, 50 µL of gold-labeled mAb is mixed with 150 µL of sample solution,
allowed to react for about 5 min, than added to sample pad. The solution migrates to
the absorbent pad. The test results are obtained within 5 min. If AC is present in the
sample, it competes with the AC-BSA conjugates embedded in the test line for the
finite amount of anti-AC mAb. When a sufficient amount of AC is present, the free AC
binds all the labeled mAb, preventing the mAb binding to the AC-BSA in the test line.
Therefore, the more AC that is present, the weaker the color of the test line will appear.
If there is no AC, the limited amount of colloidal gold-labeled mAb is trapped by the
immobilized AC-BSA conjugate, and a clearly visible red test line appears.
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The flow must reach the control line, which contains goat anti-mouse IgG antibody,
and also produces an indicator reaction. Therefore, the control line must always appear
in a successful test, whereas the test line will only appear when the sample is negative
(Figure 3(A)). The appearance of the control line alone is a positive result (Figure 3
(B)), whereas if neither the control line nor the test line appears (Figure 3(C)), the test pro-
cedure is incorrect or the strip is invalid, indicating that the test should be repeated with a
new strip.

Figure 2. The UV spectra characterization for AC-BSA, AC, and BSA.

Figure 3. Illustration of typical strip test results. If the sample is negative (A), a positive result could be
indicated only if the control line appears (B), and if the control and test line does not appears (invalid)
(C).
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Determination of performance

Sensitivity of the test strip
The sensitivity of the test strip was determined by testing AC samples. The AC standard
was diluted to concentration of 0, 0.25, 0.5, 1, and 2.5 ng/mL in 0.01 M PBS (pH 7.4) and
the detection limit was determined. The sample solution (100 µL) was mixed with 50 µL
gold-labeled mAb, allowed to react for 5 min and then added to the sample pad. After 5
min, the test strip reader recorded the color intensities of the different strips. The lowest
detection limit (LDL) that could be detected with the naked eye was defined at the amount
of AC that produced a color reaction on the strip that clearly visibly differed in intensity
from the result of 0 ng/mL AC. Six replicate samples for each concentration were analyzed
on the same day.

Detection of AC in cucumber and apple samples
The detection of AC in cucumber and apple samples was assessed using cucumber and
apple samples that bought in the local market. The samples (40 g) were crushed, and
only the liquid from the cucumber and apple was tested. For apple samples, a simple
pretreatment was used, which involved diluting the apple juice three-fold in extraction
buffer (0.01 M PBS pH 7.4). The samples to be analyzed were spiked with the AC stan-
dard solution (10 µg/mL, prepared with 0.01 M PBS, pH 7.4). The AC concentrations in
cucumber were 0.1, 0.25, 0.5, 1, 2.5, and 5 ng/mL and in apple samples were 0.5, 1, 2.5, 5,
and 10 ng/mL. For TC, the concentrations in cucumber were 0.1, 0.25, 0.5, 1, and 2.5 ng/
mL and apple samples were 0.25, 0.5, 1, 2.5, and 5 ng/mL. An un-spiked (blank) sample
was used as the control. Six replicates of each concentration were analyzed with the test
strips.

Results and discussion

Optimization of the strip test

The sensitivity of an immunochromatographic strip is mainly affected by the coating anti-
gens and gold nanoparticle mAbs. The coating antigens were synthesized in our labora-
tory. Coating antigen consisted of OVA and BSA linked to AC at different ratios
(OVA: AC-NHS, m/m); 1:30 and 1:60; (BSA: AC-NHS, m/m); 1:30 and 1:60. Their ultra-
violet absorption spectra were determined (Figures 2 and 4).

Different ratios of coating antigen were sprayed onto the T line at 0.5 mg/mL. The
strips were evaluated with 0.01 M PBS pH 7.4 containing 0 or 20 ng/mL of AC. Based
on the results shown in Figure 5, we found that coating antigen conjugated to OVA
resulted in no color development on the T line, but coating antigen conjugated to BSA
produced a strong color intensity at the T line in the negative samples. Both the
coating antigen conjugated to OVA and that conjugated to BSA in the positive
samples (20 ng/mL), resulted in no color development at the T line. Therefore, a
coating antigen that consisted of BSA: CA (1:60) was selected for further immuno-
chromatographic strip assays as a result of the stronger color intensity of the T line
with the negative sample and the absence of color on the T line with the positive
sample.
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Evaluation of the strip test

The assay sensitivity was investigated with a series of diluted AC standards. The LDL with
the naked eye was set at the amount of AC producing a clearly visible in intensity of the
test strip in comparison with that when no AC was added in the sample as a negative
control. As shown in Figure 6, the signal color on the test lines changed from strong to

Figure 4. The UV absorption spectra of hapten-OVA conjugate.

Figure 5. Optimization of the immunochromatographic strip by using different coating antigen. (1) AC:
OVA (1:60); (2) AC:BSA (1:60); (3) AC:BSA (1:30); and (4) AC: OVA (1:30). 0 = 0 ng/mL and 20 = 20 ng/mL.
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weak and disappeared completely at 1 ng/mL. Under the optimized detection conditions, a
scanning reader was used to measure the intensity of the signal on the test zone and the
corresponding optical responses curves are shown in Figure 7.

The cross-reactivity of the assay was determined by running TC at concentrations of 0,
0.005, 0.01, 0.025, 0.05, 0.1, and 0.25 ng/mL. As shown in Figure 8, a strong color was
observed at 0, 0.005, 0.01, and 0.025 ng/mL and no color at 0.25 ng/mL. The increases
in the intensity of the red color between Figures 6 and 8 were similar on the control
lines of the different strips, indicating the validity of the assay.

Figure 6. Colloidal gold immunochromatography assay for AC. AC concentration (from left to right): 1
= 0 ng/mL, 2 = 0.1 ng/mL, 3 = 0.25 ng/mL, 4 = 0.5 ng/mL, and 5 = 1 ng/mL. C, control line. T, test line.

Figure 7. The result calibration curves of effect AC concentration (0, 0.1, 0.25, 0.5, and 1 ng/mL) with
the color intensity. Each sample was analyzed for six replicates and error bars represent the standard
deviations.
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Detection of AC and TC in cucumber and apple samples

In order to evaluate the feasibility of the developed method for routine analysis, the
method was used to determine AC and TC concentrations in cucumber and apple
samples. Since no AC or TC residues were detected in those samples, they were spiked
with different concentrations of AC and TC.

The liquid from 40 g of crushed cucumber or apple was spiked with the AC and TC
standard (10 µg/mL, prepared with 0.01 M PBS pH 7.4) at final concentrations of AC
in cucumber of 0.1, 0.25, 0.5, 1, 2.5, and 5 ng/mL; meanwhile for TC, the concentrations
used were 0.1, 0.25, 0.5, 1, and 2.5 ng/mL. The spiked series were prepared and analyzed
with the optimized test strips. The results are summarized in Figure 9. The color intensity
decreased as the AC and TC concentration increased. The signal color changed from
strong to weak, and disappeared completely for AC at 5 ng/mL and for TC at 2.5 ng/
mL. Apple is a complex food matrix, which offers disadvantages for the strip test. There-
fore, apple was diluted three-fold with 0.01 M PBS pH 7.4 and then was spiked with

Figure 8. The cross-reaction of the AC test strip with TC (concentrations: 1 = 0 ng/mL, 2 = 0.005 ng/mL,
3 = 0.01 ng/mL, 4= 0.025 ng/mL, 5 = 0.05 ng/mL, 6 = 0.1 ng/mL, and 7 = 0.25 ng/mL). T, test line. C,
control line.

Figure 9. Results of AC and TC detection with colloidal gold immunochromatographic strip assay
spiked in cucumber. (A) Acetamiprid. (B) Thiacloprid. 1 = 0 ng/mL, 2 = 0.1 ng/mL, 3 = 0.25 ng/mL, 4
= 0.5 ng/mL, 5 = 1 ng/mL 6 = 2.5 ng/mL, and 7 = 5 ng/mL.
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different amount of AC (0, 0.5, 1, 2.5, 5, and 10 ng/mL) (Figure 10(A)) and TC (0, 0.25,
0.5, 1, 2.5, and 5 ng/mL) (Figure 10(B)). The test line disappeared with 10 ng/mL of AC
and 5 ng/mL of TC in the three-fold diluted apple juice. Therefore, the cut-off values
were 30 ng/mL of AC and 15 ng/mL of TC in apple.

Conclusions

A sensitive colloidal gold-based lateral-flow immunochromatographic assay was devel-
oped for the rapid detection of AC in cucumber and apple. Ours results demonstrated
that the cut-off limits of the semi-quantitative test strip for AC can be as low as 1 ng/
mL in 0.01 M PBS pH 7.4, 5 ng/mL in cucumber, and 30 ng/mL in apple samples. Mean-
while, there is cross-reactivity with TC which has cut-off limits of 0.25 ng/mL in 0.01 M
PBS pH 7.4, 2.5 ng/mL in cucumber, and 15 ng/mL in apple. In summary, the immuno-
chromatographic strip test assay represents a sensitive, simple, and rapid method for
detecting AC in 0.01 M PBS, cucumber, and apple samples.
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mL). (B) Thiaclorid (1 = 0 ng/mL, 2 = 0.25 ng/mL, 3 = 0.5 ng/mL, 4 = 1 ng/mL, 5 = 2.5 ng/mL, and 6
= 5 ng/mL).
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