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ARTICLE INFO ABSTRACT
Keywords: Time-resolved fluorescent lateral immunoassay strip (TRFLIS) is a reliable and rapid method for detecting
Time-resolved fluorescent microsphere acetamiprid. However, its sensitivity is often affected by the structural patterns and stability of the fluorescent

Goat anti-mouse IgG

v bl probe. Researchers have shown significant interests in using goat anti-mouse IgG (GaMIgG) which is indirectly
egetables

. bound to time-resolved fluorescent microsphere (TRFM) and antibody. This allowed for oriented modification of
Immunochromatographic platform . o . C e 3 . .

. . - the antibody. However, the stability of fluorescent probe in this binding mode remained unexplored. Herein, 1-
1-ethyl-(3-dimethylaminopropyl) carbodiimide A A L X K ) o
hydrochloride ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride was innovatively used as a cross-linking agent to

enhance the binding of antibody to GaMIgG, which improved the stability of the fluorescent probe. Under
optimal working conditions, this strategy exhibited a wide linear response range of 5-700 ng/mL. Its limit of
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detection (LOD) was 0.62 ng/mL, the visual LOD was 5 ng/mL, and the limit of quantification (LOQ) of 2.06 ng/
mL. Additionally, under tomato matrix, leek matrix and Chinese cabbage matrix, the linear response ranges were
5-400, 5-300, and 5-700 ng/mL, with LODs of 0.16, 0.60, and 0.41 ng/mL, with LOQs of 0.53, 2.01 and 1.37
ng/mL, respectively. In conclusion, this strategy effectively reduced the dosage of acetamiprid antibody
compared with TRFM directly linking acetamiprid antibody, and greatly increased the sensitivity of TRFLIS.
Meanwhile, it demonstrated outstanding specificity and accuracy in acetamiprid detection and had been suc-
cessfully applied to vegetable samples. This method enables rapid and accurate detection of large-volume
samples by combining qualitative and quantitative methods. As such, it has great potential in the develop-
ment of low-cost and high-performance immunochromatographic platforms.

1. Introduction

Acetamiprid (ACE) is a neonicotinoid insecticide known for its high
efficiency and broad-spectrum effectiveness in agriculture. It is exten-
sively used to control various pests, such as false-eye leafhoppers, thrips,
and aphids [23]. While ACE is beneficial in pest management, the issue
of pesticide residues on vegetables has been receiving significant
attention. Short-term exposure to ACE has the potential to disrupt the
endocrine system [3], while long-term exposure may increase the risk of
cancer and pose detrimental effects on reproductive health [34].

Due to the trace amounts of ACE residues in vegetables, detection
methods must have high sensitivity, precision, stability, and exceptional
specificity. Classical analytical methods for the determination of ACE in
vegetables were mainly liquid chromatography [44], liquid
chromatograph-mass spectrometer [13], and so on. However, these so-
phisticated methods were not suitable for detecting large quantity of
samples in real time administration. For decades, a variety of novel
analytical methods have been developed tremendously and used for the
determination of ACE, including enzyme-linked immunosorbent assay
(ELISA) [7], electrochemiluminescence (ECL) [36], surface-enhanced
Raman spectroscopy (SERS) [6], colorimetry [39] and so on. Howev-
er, the shortcomings of these methods include the relatively high in-
strument cost, complexity of the procedures, relatively long analysis
times. Therefore, these methods are not suitable for on-site examination
of food safety. In contrast, lateral immunoassay strip has simple opera-
tions, fast detection speeds, and maintain high detection accuracy over a
wide range of temperatures and humidities.

Time-resolved fluorescent lateral immunoassay strip (TRFLIS) has
attracted considerable interests among researchers as a simple and cost-
effective on-site detection method [33]. Li et al. developed a ceftiofur
fluorescent probe by coupling a specific antibody directly to
time-resolved fluorescent microsphere (TRFM), and the limit of detec-
tion of ceftiofur was 0.97 ng/mL [20]. The signal probe was created by
combining TRFM with the target antibody, and it bound specific targets
on nitrocellulose (NC) membranes via lateral chromatography reaction
[38]. Under this strategy, antibody bound to TRFM is stochastic, which
leads to the potential for antigenic determinant on antigen-binding
fragment to be covered or spatial site resistance to be affected, result-
ing in a reduced ability to bind antigens [8].

To increase the binding efficiency of the target antibody to the
TRFM, a sandwich protein is often introduced. This indirect coupling
mechanism [15,26,42] results in significantly enhanced fluorescence
signal intensity of the detection system compared with the target anti-
body directly coupled to TRFM. Protein A [21], protein G [30] and
secondary antibody [43] are commonly used as sandwich proteins,
targeting the fragment crystallized (Fc) region directly with bio affinity.
Chakraborty et al. [2] and Li et al. [22] significantly improved the
sensitivity of the sensors by introducing protein G and protein A
respectively. Furthermore, research had demonstrated that the resulting
target antibody had the best binding effect on the antigen when the
secondary antibody was oriented to modify the target antibody [14,16].
Li et al. [18], Dong et al. [5], and Sun et al. [35] used a secondary
antibody as a sandwich protein to immobilize the target antibody to
form a fluorescent probe. This strategy improved the sensitivity of the

test strips and reduced the dosage of antibody. However, this strategy
that introduced the secondary antibody did not undergo centrifugation
following the coupling process with the target antibody. This resulted in
that the unbinding target antibody was not being separated from the
probe, potentially impacting the sensitivity of the TRFLIS. The lack of
centrifugation might be the disruption of binding between the secondary
antibody and the target antibody by the mechanical stress of centrifu-
gation [24]. 1-ethyl-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) was a crosslinking agent used in material synthesis to
improve bonding strength [9]. Masoud Salavati’s team used EDC as a
cross-linker during the hydrogel synthesis process to improve the me-
chanical strength and stability of the hydrogels [10]. In the field of
biomolecules EDC was also used as a cross-linking agent to improve
binding strength [12]. Nair et al. [32] employed EDC to enhance the
binding strength between collagens. Bax et al. [1] utilized EDC to
crosslink collagen with elastin. Lou et al. [24] utilized EDC as a
cross-linking agent to enhance the binding strength between protein G
and antibody, and they compared the amount of antibody immobilized
by four distinct synthesis methods. Although some immunosensors uti-
lizing EDC as a cross-linking agent had been developed, it should be
noted that there was nearly no report about EDC as a crosslinking agent
for probe synthesis of sandwich protein with secondary antibodies. High
sensitivity could be expected if such a novel method was used for probe
synthesis.

Herein, a novel cross-linkable fluorescent probe with oriented anti-
body was constructed. The probe utilized goat anti-mouse IgG (GaMIgG)
as a sandwich protein and acetamiprid antibody (AAb) as a sensitive
recognition element. Meanwhile, the formation of covalent bonded be-
tween GaMIgG and AAb in the TRFM-GaMIgG-AAb complex was facil-
itated by the utilization of EDC as a cross-linking agent, thereby
increasing the bonding strength. The optimal preparation process and
working conditions of TRFLIS were optimized and the working curve of
TRFLIS was obtained. The detection performance of TRFLIS was also
evaluated and the TRFLIS was used for testing vegetable samples. Thus,
the proposed TRFLIS based strategy of a novel cross-linkable fluorescent
probe with oriented antibody holds a great application potential for
improving the existing detection of acetamidine. And this strategy has a
wide range of market application potential, especially suitable for
meeting the needs of rapid daily testing.

2. Materials and methods
2.1. Chemical reagents and materials

N-hydroxysuccinimide (NHS) and EDC were procured from Shanghai
McLean Biochemical Technology Co., Ltd. Triton X-100 and acetamiprid
standards were obtained from Aladdin Biochemical Technology Co., Ltd.
PVP-K30 was supplied by Tianjin Bodi Chemical Co., Ltd. Bovine serum
albumin (BSA) was procured from USA Sigma-Aldrich. The complex
solution, coating solution, backing plates, absorbent pads, sample pads,
conjugate pads, NC membranes, and TRFM (concentration: 1 mg/mL,
grain diameter 300 nm, excitation wavelength: 365 nm, emission
wavelength: 610 nm, color: red fluorescence) were procured from
Shandong Landu Biotechnology Co., Ltd. The AAb, acetamiprid antigen
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(ACE-BSA), GaMIgG, and rabbit anti-goat IgG (RaGIgG) were procured 2.2. Instruments

from Beijing Biodragon Immunotechnologies Co., Ltd. Methanol, su-

crose, KCl, NaCl, NayHPO4, and KH;PO4 were procured from Shanghai Fluorescence spectrophotometer (RF-6000) from Japan Shimadzu.
Sinopharm Chemical Reagent Co., Ltd. The microcomputer automatic chopper (ZQ3500), and the XYZ 3D film
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Fig. 1. Synthesis of TRFM-GaMIgG-AAb(A); Assembly of TRFLIS (B); Diagram illustrating the principle of TRFLIS for acetamiprid detection(C).
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sprayer (HM3035) from Shanghai Gold Standard Biotechnology Co.,
Ltd. The transmission electron microscope (Tecnai G2 20) from USA
Thermo Fisher Scientific. The vortex mixer (KV37-Vortex Genie 2) from
the USA Scientific Industries. High sensitivity zeta potential analyzer
(Nanobrook 90Plus Zeta) from USA Brookhaven Instruments Co., Ltd.
Precision electronic balance (AL104) from Mettler-Toledo. In addition,
the constant temperature oscillating water bath (SHA-C) from Zhengz-
hou Honghua Instrument Co., Ltd. High-temperature blast dryer (DHG-
9240A) from Shanghai Yiheng Technology Co., Ltd. Triple UV analyzer
(ZF-1) from Haimen Kirin Bell Laboratory Instrument Co., Ltd. Smart-
phone (Huawei Mate 40) from Huawei Technologies Co., Ltd.

2.3. Synthesis of TRFM-GaMIgG-AAb

The 100 pL TRFM (1 mg/mL) was washed twice by PBS (0.072 g
KH3POy4, 0.06 g KCI, 2.7 g NaCl, 1.086 g NaoHPO4 were dissolved in
1000 mL ultrapure water, pH 7.0, 0.006 M). After the addition of 20 pL
NHS (20 mg NHS was dissolved in 1 mL 0.006 M PBS, 20 mg/mL), the
mixture was incubated with oscillation for 2 min. And then, the 5 uL. EDC
(20 mg EDC was dissolved in 1 mL 0.006 M PBS, 20 mg/mL) and the
TRFM were incubated oscillatively at 37 °C for 1 h to activate the
carboxyl groups of the TRFM. The TRFM was washed by centrifugation
(13,000 rpm, 12 min). The 4 pL GaMIgG (5 mg/mL) was added to the
activated TRFM. Next, they incubated oscillatively at 37 °C for 4 h. The
incubated solution was washed by centrifugation (13,000 rpm, 12 min)
and resuspended to obtain the TRFM-GaMIgG. The TRFM-GaMIgG-AAb
was obtained by adding 2 pL AAb (2 mg/mL) to the TRFM-GaMIgG. The
solution was incubated oscillatively for 4 h at 37 °C. The addition of 2 pL
EDC (10 mg EDC was dissolved in 1 mL 0.006 M PBS, 10 mg/mL), and
the mixed solution was incubated with oscillation at 37 °C for 2 h. The
purpose was to promote the binding of GaMIgG to AAb and thus increase
the stability of TRFM-GaMIgG-AAb. After adding 100 pL of BSA (20 mg
BSA was dissolved in 1 mL 0.006 M PBS, 20 mg/mL), the mixture was
incubated with oscillation at 37 °C for 2 h. The solution was subjected to
a final centrifugal washing (13,000 rpm, 12 min) and resuspension using
complex solution (0.5 g BSA, 0.1 g polyethylene glycol 400, 0.025 g
casein, 0.05 g lysine and 0.005 g HgS were dissolved in 100 mL 0.002 M
PBS, pH 7.0). The TRFM-GaMIgG-AAb was finally obtained and stored at
4 °C. The preparation process is shown in Fig. 1A.

2.4. Test strips assembly and operation

Before assembly, the conjugate pads were immersed in a sealing
buffer (0.4 g Triton X-100, 2 g sucrose, 0.5 g BSA were dissolved in
100 mL 0.002 M PBS, pH 7.0) and then dried at 37 °C for 1 h. The
0.1 mg/mL of TRFM-GaMIgG-AADb was evenly sprayed on the conjugate
pads. Then, the conjugate pad was allowed to dry at 37 °C for 2 h. After
being sprayed onto the conjugate pads, the TRFM-GaMIgG-AAb mixture
was dried at 37 °C for 2 h. The ACE-BSA and RaGIgG were prepared by
diluting them with the coating solution (0.4 g Triton X-100 was dis-
solved in 100 mL 0.002 M PBS, pH 7.0). Using XYZ 3D film sprayer
(HM3035), ACE-BSA (0.02 mg/mL) and RaGIgG (0.1 mg/mL) were
sprayed onto the test line (T line) and control line (C line) of the NC
membranes at rate of 0.8 pL/cm. To assemble the test strips, first overlap
the absorbent pads and conjugate pads with the NC membranes by
approximately 1 mm. Then, overlap the sample pads with the conjugate
pads by about 1 mm. According to the width of 3.8 mm/strip chopping,
to obtain the TRFLIS. The specific positioning was illustrated in Fig. 1B.

The 80 pL sample solution was added dropwise onto a sample pad
and it was incubated at 37 °C for 15 min. During the chromatographic
process, ACE-BSA immobilized at the T line could specifically recognize
AAb in TRFM-GaMIgG-AAb, while RaGIgG immobilized at the C line
could specifically recognize GaMIgG in TRFM-GaMIgG-AAb. Under the
competition principle illustrated in Fig. 1C, the absence of ACE in the
sample led to TRFM-GaMIgG-AAb binding to ACE-BSA in the T line
through the absorbent pad’s action, resulting in a red fluorescent band in
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the T line. Simultaneously, the fluorescence signal at the C line was
weakened as most of the TRFM-GaMIgG-AAb was captured by the T line.
Conversely, in the presence of ACE, it bound to the antigen binding site
of TRFM-GaMIgG-AADb, which caused RaGIgG to capture GaMIgG on
TRFM-GaMIgG-AAb, weakened the fluorescence signal in the T line and
enhanced it in the C line. Moreover, the absence of color in the C line
indicated the invalidity of the TRFLIS. These results could be observed
qualitatively with a naked eye and quantitatively using Image J.

2.5. Sample pre-treatment

The leek, Chinese cabbage, and tomato samples were homogenized
by being allocated into a 50 mL centrifuge tube with 5 g of the sample
and then supplemented with 10 mL of methanol. Following this, the
concoction underwent ultrasonication for 15 min and was subsequently
centrifuged at 3000 rpm for 15 min. Finally, the supernatant was passed
through a 0.22 um organic filter film to eliminate impurities.

2.6. Data analysis

The TRFLIS was placed onto a 365 nm UV analyzer, and photos were
taken using a Huawei Mate 40 smartphone. The obtained images were
imported into ImageJ software and transformed into 8-bit grayscale
representations. Subsequently, the grayscale values of the strip were
obtained by framing the strip using a rectangle tool. The study gained
the gray scale values of the T line (T) and C line (C) in positive samples,
as well as the grayscale values of the T (Tp) and C (Cp) lines in negative
samples using Image J. In addition, this study employed two ways to
optimize the experimental parameters. Firstly, the study focused on the
grayscale values of the Ty and Cy, which represented the strength of the
fluorescence signal in the absence of ACE. Secondly, the study assessed
the rangeability of the To/Co in a negative sample and the T/C in positive
sample. A higher rangeability represented a more desirable rate of
change.

3. Results and discussion
3.1. Characterization of the TRFM-GaMIgG-AAb

To verify that the TRFM-GaMIgG-AAb was prepared successfully,
transmission electron microscope (TEM), hydrodynamic diameter, and
fluorescence spectral scans of the fluorescent probe were analyzed.
Fig. 1A showed the TRFM constituted uniformly distributed spherical
particles, uniform overall dispersion, and smooth ball edges. Fig. 2B
showed the TRFM-GaMIgG and Fig. 2C showed the TRFM-GaMIgG-AAb,
respectively. They were irregular shape and irregular protrusions at the
edges compared with Fig. 2A. Moreover, because AAb could be attached
to multiple GaMIgG, TRFM-GaMIgG-AAb resulted in further aggregation
of TRFM compared with TRFM-GaMIgG. Therefore, the successful
preparation of the TRFM-GaMIgG-AADb could be inferred from the TEM.
Dynamic light scattering analysis showed that the TRFM, TRFM-GaMIgG
and TRFM-GaMIgG-AAb had average hydrodynamic diameters of
359 nm, 387 nm, 392 nm respectively (Fig. 2D). Therefore, the suc-
cessful preparation of the TRFM-GaMIgG-AAb could be inferred from
the change in particle size. Moreover, to confirm the success of the
TRFM-GaMIgG-AAb preparation, spectral scans of the fluorescent were
conducted both before and after the coupling process (Fig. 2E). It was
observed that the peaks of TRFM coupled with GaMIgG and AAb
exhibited a slight decrease compared with their before coupling. This
decline could be attributed to the formation of a complex after TRFM
sequential coupling with GaMIgG and AADb, resulting in partial
quenching of the fluorescence signal and subsequent weakening of the
overall fluorescence signal [4]. The diminished fluorescence signal
signified the successful preparation of TRFM-GaMIgG-AAD. In addition,
the impact of the cross-linker EDC on the fluorescence signal was
explored in the study. Analyzed from Fig. 2D revealed that the addition
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Fig. 2. TEM image of TRFM (A), TRFM-GaMIgG (B) and TRFM-GaMIgG-AAb (C); Hydrodynamic diameter distributions of TRFM, TRFM-GaMIgG, TRFM-GaMIgG-
AADb and TRFM-GaMIgG-AAb+EDC (D); Fluorescence spectra of TRFM, TRFM-GaMIgG, TRFM-GaMIgG-AAb and TRFM-GaMIgG-AAb+EDC (E).
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of EDC did not affect the fluorescence signal.
3.2. Optimization of TRFLIS parameters

A suitable concentration of the PBS facilitated sufficient binding of
the target molecules bound to the TRFM [17]. Therefore, the concen-
trations of PBS (0.002, 0.004, 0.006, 0.01 and 0.02 M) were optimized.
The bar graph in Fig. 3A depicted the To and Cp, which exhibited a
gradual increase with higher PBS concentrations. Specifically, T and Co
peaked at 0.006 M PBS concentration. Analyzing the line graph, it
showed the Ty/Cp and T/C rangeability at each PBS concentration, with
a larger rangeability indicating a superior rate of change. Notably, when
the concentration of PBS was 0.006 M, the TRFLIS could obtain a better
rate of change. Consequently, the optimal concentration of PBS was
0.006 M.

TRFM might lose its stability under acidic or alkaline conditions,
leading to a decrease in binding efficiency [19]. Furthermore, different
pH might affect the binding efficiency between GaMIgG and TRFM as
well as AAb. Hence, the pH of PBS (5, 6, 7, 8 and 9) was optimized to
improve the sensitivity of TRFLIS. The experimental resulted in Fig. 3B
showed that Tp and Cp exhibited an initial increase followed by a
decreased with rising pH levels of the PBS, with a peak observed at pH 7.
In addition, TRFLIS showed a better rate of change at pH 7, as the ac-
tivity of the antibody was impaired at different pH. Therefore, it could
be concluded that the TRFLIS exhibited optimal performance at pH 7.

In the coupling process, the GaMIgG served as a critical bridge be-
tween AAb and TRFM. Insufficient GaMIgG dosage hindered the effec-
tive coupling of TRFM. Conversely, an excessive amount of GaMIgG
caused the aggregation of excessive protein material on the TRFM sur-
face, leading to a decrease in fluorescent signals [5]. To investigate the
optimal amount of GaMIgG, different dosages of GaMIgG (10, 20, 30, 40,
and 50 pg) were added in the study. Fig. 3C showed that both Ty and Cy
increased as the dosage of GaMIgG increased. It was observed that Ty
and Cp reached their maximum values at the dosage of GaMIgG was
40 pg, suggesting that this dosage reached the coupling dosage. In
addition, the rate of change at 40 ug was relatively lower compared with
20 ug and 30 ug. Consequently, considering cost-effectiveness and the
overall performance of the TRFLIS, the TRFLIS performed best when the
dosage of GaMIgG was 20 pg.

The used dosage of AAb determined the cost of TRFLIS. Minimizing
AADb consumption while maintaining assay efficiency was a primary goal
of antibody optimization. Higher AAb dosage could lead to reduce
competition between ACE-BSA and ACE for AAD, thereby diminishing
the sensitivity of the TRFLIS. Therefore, optimizing the AAb concen-
tration not only enhanced the TRFLIS sensitivity but also contributed to
cost savings. The probe was prepared by adding different dosages (2, 4,
8, 10, 12, and 16 pg) of AAb. The maximum values of Ty and Cy were
observed at an AAb dosage of 8 pug, which might be due to the binding of
8 pg of AAb to GaMIgG reaching the saturation level from Fig. 3D. In
addition, the rate of change showed a tendency to increase and then
decrease as the dosage of AAb increased, with the most rate of change
observed at 4 pg of AAb. Hence, the 4 ug was chosen as the optimal
dosage of AAD from the perspective of saving the consumption of AAb.

Utilizing GaMIgG as a sandwich protein to form TRFM-GaMIgG-AAb
could enhance the sensitivity of TRFLIS compared with traditional
methods. However, vigorous centrifugal washing or prolonged storage
under mild conditions might lead to AAb detached from TRFM-GaMIgG-
AAD. The cross-linking agent EDC facilitated the formation of covalent
bonds between GaMIgG and AAb, enhancing the binding strength of the
TRFM-GaMIgG-AAb. To investigate the effect of EDC as a cross-linking
agent, TRFM-GaMIgG-AAb were centrifuged and washed (1, 2, 4, and
6 times), with and without EDC. Subsequently, the fluorescence signals
of the T and C lines were analyzed to assess the detachment of AAb.
Fig. 3E illustrated that the fluorescence signals of the T and C lines
remained relatively constant in the TRFLIS with EDC, suggesting effec-
tive binding of GaMIgG to AAD facilitated by EDC. On the contrary,
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without EDC, TRFLIS showed weakened fluorescence signals in the T
line and enhanced fluorescence signals in the C line after multiple cen-
trifugations. This observation might result from a reduction in the
amount of TRFM-GaMIgG-AAb captured by the T line’s ACE-BSA, likely
caused by the detachment of AAb from TRFM-GaMIgG-AAb, subse-
quently increasing the capture by the C line’s RaMIgG. Thus, it showed
that the cross-linker EDC could form a covalent bond between GaMIgG
and AAb, which improved the stability of the TRFM-GaMIgG-AAb.

EDC increased the binding strength of TRFM-GaMIgG-AAb, which
increased the binding of AAb and ACE-BSA. Therefore, the optimal
volume of EDC could be determined based on Ty. In Fig. 3F, it exhibited
the maximum Ty at the EDC volume of 2 pL, with Ty decreased gradually
as the volume of EDC increased. This phenomenon might be attributed
to the use of lower levels of EDC, which effectively avoided negative
effects from excessive cross-linking [24].

Methanol was often used as an organic solvent for ACE extraction
from the sample. A low concentration of methanol in the matrix solution
might result in inadequate extraction efficiency. Conversely, an excess of
methanol might hinder the specific biological activities and sensitivities
of AAD. The study evaluated the tolerance of TRFM-GaMIgG-AAb to
methanol concentration and the results were shown in Fig. 3G. The
fluorescence signals of the C and T lines of the TRFLIS remained normal
within the range of methanol concentration from 0 % to 30 %. However,
when the methanol concentration reached 40 % and above, the color
development of the C and T lines was significantly weakened or even
lost, suggesting a significant inhibition of TRFM-GaMIgG-AAb activity.
In addition, the rate of change at methanol concentration with a normal
degree of color development was also explored (the concentration of
samples was 200 ng/mL). Fig. 3H illustrated that TRFLIS exhibited
highest rate of change at a methanol concentration of 10 %.

3.3. Assessment of the TRFLIS

3.3.1. Sensitivity

To assess the functionality of the TRFLIS under optimal conditions,
specified concentrations were detected using the instrument. The rela-
tionship between the logarithm of the concentration of ACE (X) and the
ratio of T/C (Y) was studied. The fluorescence signals of TRFLIS were
shown in Fig. 4A. As the concentration of ACE increased, the fluores-
cence signals of the T line weakened while those of the C line intensified,
and the T/C became smaller, showing a typical competitive inhibition
change pattern. Under optimal experimental conditions, the quantita-
tive fitting curve for TRFLIS detection was shown in Fig. 4A. The stan-
dard curve equation was Y= —0.80299X+ 2.31502. R? was 0.99248.

According to LOD= 3 ><SD><10(¥) [31], the limit of detection (LOD)
was 0.62 ng/mL. In addition, the same 20 blank samples were analyzed
to establish the limit of quantification (LOQ) as 10 xSD/S. In the for-
mula above, SD represented the standard deviation of the blank sample,
while S represented the slope of the standard curve. The LOQ was
2.06 ng/mL. The linear range of the TRFLIS was 5-700 ng/mL. When
the spiked concentration was 5 ng/mL, the fluorescence signal on the T
line was significantly weaker than 0 ng/mL. So, the visual LOD of the
TRFLIS was 5 ng/mL.

3.3.2. Stability and repeatability

To evaluate the stability and reproducibility of the test strips, the
same batch of test strips were stored under dry conditions for 30 d, and
the negative and positive samples with an ACE concentration of 25 ng/
mL were tested on 1 d, 3d, 6 d, 14 d, 20 d, and 30 d, followed by the
analysis of the T/C ratio. Additionally, different batch of test strips were
selected for inter-assay experiments to ensure the reproducibility of the
results. The method’s reproducibility was assessed by analyzing the
intra-assay and inter-assay errors of T/C and T(/Cy. The findings pre-
sented in Table 1 demonstrated high repeatability and stability of the
method. The coefficients of variation (CV) for the intra-assay and inter-



D. Liet al

A 100000

900004 &
80000 - i: - S 7

70000 e

III
l”

0.004 0.006 0.01 0.02
Concentration of PBS (M)

60000

50000

40000

Gray scale values

30000

20000 -

B

10000

0

0.002

T
=
1S

A
g
T,/C, AND T/C

T
&
b3

130000
.,

120000 4 Co
—T/Co

110000 e 1,,,,,,,{,,,,,,,,q,,,,,,,,u
100000 - e L

., 90000
L
2 80000
g
5 70000

50
Dosage of goat anti-mouse IgG (ug)

Wlthout I
Wlth I

2 4 6
2 4 6

C
T

0% 10% 20% 30% 40%
50% 60% 70% 80% 90% 100%

S 600001
' 50000
© 40000 I I
30000 - I I I
20000 -
10000 -
0
10 20 30 40

F2.0

T
n

.
=
T,/C, AND T/C

0.5

0.0

--0.5

300000

Journal of Hazardous Materials 476 (2024) 134935

B

270000
240000 4
210000
180000
150000

120000 4

Gray scale values

90000

60000

30000

2.0

T
[S)

o
T,/C, AND T/C

0

D 180000

160000

140000

2120000

100000

80000

Gray scale values

60000

40000

20000 =s

0+

2
Dosage of acetamiprid monoclonal antibady (ug)

F 60000

4

8

10

T
e
>

Ty/C, AND T/C

- 0.4

0.0

12 16

= g
n =3
1 1

T,/Cy AND T/C
>
1

50000 -
[
£ 40000 1
=
>
2
S 30000 -
g
]
20000 -
10000 1
0 -
2 6 8 12
Volume of EDC(uL)
H 2
| e
TIC

30

Methanol concentrauon (%)

Fig. 3. Parameter optimization of TRFLIS (Column abscissa/parameter name): concentrations of PBS (A), pH (B), dosage of the GaMIgG (C), dosage of AADb (D);
Comparison of fluorescence signals of TRFLIS with and without EDC (E); Test results of different volume EDC (F); Fluorescence signal of TRFLIS at 0 % to 100 %

methanol dilution concentrations (G); Rate of change in different methanol dilution concentrations (H).



D. Lietal

= —0.80229 X +2.31502
R?=0.99248

0.8
¢
T
0 5 10

0.4 4 25 50 100 200 700 ng/mL

T T T T
06 08 1.0 12 14 16 18 20 22 24
Log Concentration (ng/mL)

Journal of Hazardous Materials 476 (2024) 134935

2.4

2.2

2.04

Imidaclopn'd Fipropj) Proc}’mid0n7<;hiamethoxt,nlgcetamjpn'd Mixtyre
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Table 1

Stability experiment of TRFLIS (n = 3).
Intra-assay To/Co T/C Inter-assay To/Co T/C
1 2.283779 1.743970 1 2.282546 1.745362
3 2.306400 1.700465 3 2.280735 1.725433
6 2.283777 1.743373 6 2.297683 1.785347
14 2.288973 1.764282 14 2.288767 1.723846
20 2.320400 1.725405 20 2.286493 1.763524
30 2.283779 1.743970 30 2.327584 1.742986
Mean 2.294518 1.736911 Mean 2.293968 1.747750
SD 1.31 % 1.84 % SD 1.60 % 2.14%
CV (%) 0.57 % 1.06 % CV (%) 0.70 % 1.23 %

assay experiments were below 1.06 % and 1.23 %, respectively, indi-
cating satisfactory stability and repeatability for the quantification of
ACE using TRFLIS.

3.3.3. Specificity

To evaluate the specificity of the TRFLIS for detecting acetamiprid, a
cross-reaction test was conducted against several structurally similar
pesticides (thiamethoxam, fipronil, procymidone, imidacloprid) and
ACE, each at a concentration of 25 ng/mL. The results were shown in
Fig. 4B, the T/C of both ACE and the mixture were detected to change.
The T/C of the other pesticides remained constant, indicating that ACE
did not cross-reactive with these pesticides. Therefore, the TRFLIS had
good specificity for the detection of acetamiprid.

3.4. Actual sample testing

Chinese cabbage, leek, and tomato were purchased from the market
of Zibo city as representative vegetable samples. The ACE standard was
added to three matrices to obtain the working curves of ACE in different
vegetable matrices. The working curves and fluorescence signals of
TRFLIS for tomato, leek, and Chinese cabbage matrices were visualized
in Fig. 5A, B, and C, respectively. With tomato matrices, the TRFLIS
showed a linear response range of 5-400 ng/mL, a LOD of 0.16 ng/mL
and a LOQ of 0.53 ng/mL. And with leek matrices, the TRFLIS showed a
linear response range of 5-300 ng/mL, a LOD of 0.60 ng/mL and a LOQ
of 2.01 ng/mL. As the tomato and leek matrix were colored, it led to a
narrower detection of TRFLIS. With Chinese cabbage matrices, the
TRFLIS showed a linear response range of 5-700 ng/mL, a LOD of
0.41 ng/mL and a LOQ of 1.37 ng/mL. Since the color of the Chinese
cabbage matrices was not affected by the pigment in Chinese cabbage,
the Chinese cabbage matrices appeared colorless. Thus, the working
curve under the Chinese cabbage matrix remained almost identical to

3.4.1 for the matrix-free sample solution. Additionally, the spiked re-
covery method was utilized to analyze three vegetable samples. The
results depicted in Table 2 demonstrated spiked recovery from 98.90 %
to 100.76 % for TRFIAS and 91.12 % to 103.06 % for LC-MS. In addi-
tion, the relative standard deviation (RSD) from 1.02 % to 2.97 % for
TRFIAS and 1.74 % to 4.64 % for LC-MS. This analysis confirmed the
high reliability of TRFIAS. Consequently, the findings suggested that
TRFLIS held promising potential for acetamiprid detection.

3.5. Comparison of TRFLIS with other studies

Herein, the preparation of TRFLIS in this study was compared with
other ACE detection methods. Table 3 summarized the information on
acetamiprid detection. TRFLIS not only had a wider detection line but
also had a lower LOD compared with colorimetry [39] and SERS [6] in
detection ACE. In addition, In comparison to other analytical tech-
niques, such as fluorescence [25,37], liquid chromatography-mass
spectrometry (LC-MS) [13], aptamer strips [28,29] and aptamer
lateral flow assay (ALFA) [27], although their LODs was lower than that
of TRFLIS, TRFLIS exhibited superior capabilities in range of detection.
Finally, when comparing TRFLIS with ECL [11,41] methods, both
methods exhibit different advantages, yet TRFLIS exhibits superior
performance in terms of detection time and convenience. TRFLIS offered
expedited detection with simplified operational procedures, rendering it
particularly suitable for scenarios necessitating swift results and
user-friendly operation. The TRFLIS constructed in this study was able to
maintain high fluorescence signals at lower marker concentrations,
compared with the conventional AAb directly coupled to the TRFM [40].
The test strips prepared with the traditional method required about
7.5 pg of AAb per strip. In contrast, when GaMIgG was introduced as a
sandwich protein, only 4 pg of AAb was required per strip. In addition,
this strategy effectively reduced the LOD by 90 times compared with the
traditional method. TRFLIS introduced GaMIgG as a sandwich protein to
oriented AAD for better exposure of antigenic determinants. This strat-
egy boosted sensitivity per unit antibody and led to cost savings.

4. Conclusion

In this study, a novel cross-linkable fluorescent probe with oriented
antibody was constructed. Goat anti-mouse IgG (GaMIgG) was intro-
duced as a sandwich protein for oriented modification of acetamiprid
antibody (AAb), thereby exposing the antigenic determinants of AAb.
This greatly reduced the used dosage of AAb and improved the sensi-
tivity of time-resolved fluorescent lateral immunoassay strip (TRFLIS).
In addition, the introduction of 1-ethyl-(3-dimethylaminopropyl)
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Table 2
Recovery rates of different vegetables with addition experiment.
Sample type Standard concentration (ng/mL) TRFLIS (n = 3) LC-MS (n = 3)
Mean (ng/mL) Recovery (%) RSD (%) Mean (ng/mL) Recovery (%) RSD
(%)
Cabbage 0 0.00 - - 0.00 - -
50 50.23 100.46 2.92 47.07 94.15 3.12
100 100.45 100.45 1.99 103.06 103.06 3.64
Leek 0 0.00 - - 0.00 - -
50 49.50 99.00 1.02 45.56 91.12 4.64
100 100.76 100.76 2.01 101.42 101.42 1.89
Tomato 0 0.00 - - 0.00 - -
50 49.45 98.90 2.97 49.00 98.00 2.65
100 100.37 100.37 1.93 101.53 101.53 1.74

carbodiimide hydrochloride as a cross-linking agent to form covalent
bonds between GaMIgG and AAb improved the binding strength of the
TRFM-GaMIgG-AAb, which improved the stability of TRFLIS. Under the
optimal conditions, the T/C relationship with competitive inhibition of
acetamiprid concentration was established in this study. The standard
curve of the TRFLIS was constructed, and the R? was 0.99248. The limit
of detection (LOD) of strip was as low as 0.62 ng/mL, the limit of
quantification (LOQ) was 2.06 ng/mL and the visual LOD was 5 ng/mL.
The TRFLIS was tested for practical applications using a variety of
sample matrices, and it showed excellent detection accuracy, which
validated their applicability in different samples. The TRFLIS exhibited
strong performance in specificity, stability, repeatability, and

sensitivity. It has many advantages such as cost-effectiveness, high
sensitivity and specificity, simple and repaid operation, and short
detection time. Especially in large-volume sample detection, it can
rapidly exclude negative samples pre-screening, identify positive sam-
ples accurately and quickly for quantitative analysis, which significantly
improves the detection efficiency. Therefore, this strip has a wide range
of market application potential, especially suitable for meeting the
needs of rapid daily testing.
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Table 3

Comparison with other ACE detection methods.
Method LOD (ng/ Detection range (ng/ Time References

mL) mL.) (min)
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SERS 2.66 5-60 15 [6]
TRFLIS 56.00 250-1750 15 [40]
TRFLIS 0.62 5-700 15 This study
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