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Abstract 

We report the development of a sensitive, fast, and simple method for the detection of prometryn (PRO) in potato 
and celery using a lateral flow immunochromatographic assay (LFIA). A monoclonal antibody (mAb) against PRO was 
prepared under optimized conditions, and the 50% inhibition concentration  (IC50) for use in ELISA was determined 
to be 0.6 ng  mL−1. Moreover, the cut-off value for use in an LFIA was 50 ng  mL−1. To validate the reliability of the 
developed LFIA strip, real samples were used, and the recovery rate was found to be 99.3–104.3%. The assays were 
completed within 8 min, demonstrating the suitability of our developed methods for the detection of PRO in potato 
and celery.
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Introduction
The aim of using pesticides and herbicides in agriculture 
is to prevent diseases in crop plants caused by insects, 
microbes, and to control weeds and other pests. Deriva-
tives of triazine are known to be  very toxic and persist 
for many years in the environment [1, 2]. Prometryn 
(PRO, Fig. 1a) is a selective internal absorption-conduct-
ing triazine herbicide, which is inexpensive and commonly 
used to control weeds. PRO inhibits the photosynthesis 
reaction and prevents the growth of pre- and post- emer-
gence broadleaf and grassy weeds in major crops [3–5].

PRO is characterized by good water solubility and sta-
ble chemical properties, which  can directly or indirectly 
cause pollution of surface water, groundwater, soil, and 
agricultural products [6–8]. For most agricultural prod-
ucts, the Environmental Protection Agency requires that 

the tolerance of triazine herbicides is 250  ng   g−1. The 
European Union (EU) has established a maximum residue 
limits (MRLs) for triazine herbicide residues in agricul-
tural products (0.05 mg  kg−1) to protect public health [9].

Therefore,  a rapid and sensitive method for detect-
ing analytes is essential for on-site monitoring to ensure 
food safety. Various methods are currently used to detect 
pesticide residues in agricultural products, including 
high performance liquid chromatography (HPLC) [10–
12], gas chromatography (GC) [13, 14], and liquid chro-
matography tandem mass spectrometry (LC–MS/MS) 
[15–17]. The combination of stir fabric phase sorptive 
extraction (SFPSE) with LC–MS/MS allows  the deter-
mination of triazine herbicides in water samples with 
increased sensitivity, with a method detection limit of 
17.1  ng   mL−1 for PRO [18]. Under optimal conditions, 
six types of triazines were extracted using a single-hole 
hollow molecularly imprinted microspheres (h-MIMs) 
in cereal samples, followed by HPLC–MS/MS detection 
with a detection limit of 0.1 ng  g−1 for PRO [19].

There is a high demand for rapid, inexpensive, and reliable 
screening methods to monitor the growing number of pesti-
cides in agricultural, biological, and environmental samples. 
Although these methods are highly sensitive and reliable, 
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they are relatively complex, time-consuming, labor-inten-
sive, and expensive. Immunoassays are characterized by 
specificity, high throughput, and sensitivity, as well as being 
inexpensive and easy to operate. Enzyme-linked immu-
nosorbent assay (ELISA) is a method based on the  recog-
nition of antigens by antibodies, enabling the  detection 
of a large number of samples without the need for expen-
sive machines for screening [20–23]. However, the ELISA 
method still requires an incubation step for the enzyme sub-
strate reaction, making it unsuitable for on-site detection 
[24–27].

The lateral flow immunochromatographic assay 
(LFIA) is an increasingly popular method for the 
detection of drug residues because it has the advan-
tages of rapid detection (results can be obtained 
within 5-10 minutes), long shelf life (12-24 months), 
easy to use, high sensitivity, specificity, and stabil-
ity, relatively inexpensive, wide market, and high 
acceptance. Compared to the ELISA method, LFIA 
is a more portable, faster, and more suitable assay for 
testing large numbers of samples in the field [26, 28]. 
To label nanomaterials for LFIA, the easiest, fastest, 
and conventional method is to use gold nanoparticles 
(AuNPs), and results can be obtained by comparing 
the intensity of the color with positive and negative 
samples by the naked eyes. Recently, to enhance sensi-
tivity, new nanomaterials have been developed for use 
as labels, including fluorescent nanoparticles such as: 

fluorescent microspheres (FMs), quantum dots (QDs), 
upconverting nanoparticles (UNCNPs), and liposomes 
with fluorescent dyes [29–31].

LFIA has become an increasingly popular method to 
determine analytes because of rapid and sensitive. It is for 
the first time to develop a rapid and sensitive LFIA 
for detecting PRO residues in celery and potato.

Results and Discussion
Characterization of PRO‑EDC‑KLH and PRO‑EDC‑BSA
The spectrum characterization of the complete PRO anti-
gen is shown in Fig. 1c and d. The PRO hapten has a max-
imum absorption at 256 nm, and the carrier protein KLH 
has a maximum absorption at 280  nm. PRO-EDC-KLH 
has a strong absorption peak at 245 nm. The superposi-
tion and offset of the peak stage proved that the coupling 
of the hapten PRO and KLH was successful. Similarly, the 
conjugate PRO-EDC-BSA has the characteristic absorp-
tion of BSA and PRO, and the peak shape shows an obvi-
ous shift and superposition, demonstrating successful 
coupling of the hapten PRO with BSA.

Assessment of results and characterization of the LFIA
Three New Zealand rabbits were used to develop spe-
cific polyclonal antibodies for herbicide atrazine with 
 IC50 of PRO using the ELISA method was 5.7 µg  L−1 
[32]. Meanwhile, an imprinted electrochemilumines-
cence sensor was developed to detect PRO in fish and 

Fig. 1 (a) Chemical structure of PRO. (b) The scheme of synthesize PRO hapten. The UV–vis spectra of PRO coating antigen (c) and immunogens 
(d). Standard curves of PRO detection using ELISA (e)
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seawater samples with LOD of 0.010 µg  kg−1 and 0.050 
µg  L−1 [33]. In this study, we developed an anti-PRO mAb 
and determined its specificity by ELISA (Fig.  1e). PRO 
belongs to the triazine class of herbicides, and its cross-
reactivity with other triazine compounds was determined 
(Table  1).  The chemical structures of ametryn and pro-
meton are highly similar to PRO, and the cross-reactivity 
(CR) with ametryn and prometon was 28.1% and 18.3%, 
respectively. The structures of terbutryn, semeron, sim-
etryn, terbumeton, secbumeton, atraton, propazine, 
terbuthylazine, and gesadural also have certain similari-
ties with the structure of PRO, and the CR values were 
between 5% and 10%. For other triazine compounds, the 
CR value was low (< 5%).

The composition of the LFIA test strip is shown in 
Fig. 2a. The NC membrane was attached to a PVC bot-
tom plate, and the other pads (the sample pad, conjugate 
pad, and absorbent pad) were also attached on both ends 
to overlap the NC membrane. Two lines were created on 
the NC membrane: the test (T) line, sprayed with PRO-
EDC-BSA, and the control (C) line, sprayed with goat 
anti-mouse antibody.

During the LFIA strip  assay, the  sample  mixture 
and conjugate (labelled antibody) will interact and 
flow towards the NC membrane. After several min-
utes,  depends on the concentration of PRO, the red 
colored bands will appear on both lines. Both C and  
T lines have colored bands indicate a negative result (no  
added PRO standard). The absence of a red-colored band  
at the T line indicates a positive result (see Fig. 2b). The 
lack of a red-colored band at either the C or T lines  
indicates that the test procedure is invalid. The color 
intensity on the C and T lines can be determined using a 
strip reader (Fig. 2c).

Performance of the LFIA
Several factors that affect the running of the assay need 
to be considered when performing the LFIA. One of 
these factors is the addition of  the rewetting agents or 
surfactants, as not every protein is compatible with every 
surfactant. In this study, we optimized the re-wetting 
agent by using 5% of PVP, PEG-20000, BSA, and Rhoda-
surf® ON-870, which were added into the resuspension 
buffer. The results of optimization using LFLM are shown 
in Fig.  3a. Based on the stable intensity of the color on 
the C and T lines, we chose 5% BSA as the surfactant 
that was added into the  resuspension buffer for further 
experiments.

To create a range of dilution concentrations, PRO was 
diluted with 0.01  M PBS: 0.25, 0.5, 1, 2.5, 5, 10, 25 and 
50 ng  mL−1 (Fig. 3b). The color intensity weakened when 
a higher concentration of PRO was added and when no 
color was visible (cut-off) the value was 50 ng  mL−1.

Determination of PRO in samples
Samples of potato and celery purchased from a local mar-
ket in Wuxi, China, which were used to assess the effec-
tiveness of the proposed LFIA. The absence of PRO was 
evaluated using LC/MS (Fig. S3). Samples were spiked 
with different concentrations of  PRO ranging from  0  to 
50 ng  mL−1 (Fig. 4a). Deep colored bands will appear on 
the both lines for each negative sample, with cut-off val-
ues of 50  ng   mL−1. A calibration curve was constructed 
by plotting the standard concentrations of PRO against 
the T/T0 ratio (T = color intensity at the T line with added 
PRO samples,  T0= negative samples) for each concentra-
tion (Fig. 4b). The results were obtained within 8 min.

To verify the sensitivity and accuracy of the LFIA based 
on LFLM, samples were spiked with three different con-
centrations of PRO (Table  2). Results of the recovery 
range and CV of the LFIA for detecting of PRO residues 
in potato and celery were 100.4–104.2%/2.2–5.3% and 
99.3–104.3%/2.4–6.7%, respectively.

This study developed a  rapid and sensitive assay strip 
based on fluorescent microspheres. The method detected 
PRO in less than 10  min, which was faster than using 
ELISA. Considering both the preparation of the antibody 
and the sensitivity of the antibody-based AuNPs strip 
method, the fluorescent microspheres strip was easier 
to fabricate and had better sensitivity than the antibody-
based AuNPs strip method. The application of the fluo-
rescent strips in real samples also demonstrated good 
detection of the target PRO. These results suggest that 
the LFIA strip is a fast and sensitive method for detect-
ing PRO residues in potato and celery, making it a prom-
ising technique for point-of-care and on-site detection.

Conclusions
A PRO hapten was designed and the complete antigen was 
synthesized, resulting in the generation of a highly  sensi-
tive mAb that  can  detect  PRO in potato and celery using 
both  ELISA and LFLM-based LFIA strip. Through opti-
mization, we were able to achieve an  IC50 of 0.6 ng  mL−1 
for  the anti-PRO mAb using the ELISA and found that it 
also  showed cross-reactivity with 11 other triazine her-
bicides. Additionally, after optimization using LFLM, the 
cut-off for detecting PRO residues in potato and celery sam-
ples using the LFIA strip was 50 ng  mL−1. This study pre-
sents  a reliable, stable, quick, and easy-to-use  method for 
on-site detection of PRO residues in potato and celery.

Materials and Methods
Chemical reagents and instruments
The  pesticide standards were PRO, ametryn, pro-
meton, terbutryn, semeron, simetryn, terbumeton, 
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Table 1 Cross reactivity results of PRO mAb
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secbumeton, atraton, propazine, terbuthylazine, gesa-
dural, atrazine, cyprazine, simazine, trietazine, and for-
trol, all of which were obtained from J&K Scientific Ltd. 
(Shanghai, China). Gelatin was purchased from Beijing 
Biodee Biotechnology Co., Ltd. (Beijing, China). All rea-
gents for immunizing the mice and ELISA determination 
were purchased from Sigma (St. Louis, MO, USA), and 
for cell experiments were acquired from Nanjing Sun-
shine Biotech Co., Ltd. (Nanjing, China). ELISA plates 
were obtained from Wuxi GuoSheng Bio-Engineering 
Co., Ltd (Wuxi, China). Cell culture plates (96-well) and 
cell culture flasks were purchased from Wuxi Nest Bio-
logical Technology Co., Ltd (Wuxi, China). Fluorescent  
microspheres (size 200 nm) were obtained from Nanjing  
Microdetection Bio-Tech Co., Ltd. (Nanjing, China).

The material for LFIA determination were obtained 
from GoldBio Technology Co., Ltd. (Shanghai, China). 
Strip cutter machine was obtained from Shanghai Gold 
Bio-Pharmaceutical Technology Co., Ltd. (Shanghai, 
China). To determine the color intensity, a strip reader was 
developed by Determine Bio-Tech Co., Ltd. (Wuxi, China).

Preparation of PRO hapten, protein conjugates, 
immunization, mAb production, and characterization 
of ELISA method
Preparation of PRO hapten
The PRO hapten was well designed and can be 
seen in Fig.  1b. To synthesize it,  10  g  cyanuric chlo-
ride (54.2  mmol), 24.5  g  N,N-diisopropylethylamine 

Fig. 2 Schematic (a) and illustration typical of test results (b) using 
LFIA strip, strip reader (c)

Fig. 3 Optimization strip test of using 4 kinds rewetting agents. A = PVP; B = PEG-2000; C = BSA; and D = Rhodasurf® On-870 (a).—= 0 ng  mL−1 
and +  = 20 ng  mL−1. Results after optimization to detect PRO in 0.01 M PBS using LFLM (b), 1–9 represents concentration of 0, 0.25, 0.5, 1, 2.5, 5, 10, 
25 and 50 ng  mL−1. C = control line. T = test line
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(189.8 mmol), and 8.0 g isopropylamine were dissolved in 
350  mL of tetrahydrofuran. The mixture was stirred 
at room temperature  for 72  h using a magnetic stir-
rer, and then  water was added to precipitate the prod-
uct.  The resulting solid (8.5  g, product 1) was collected 
by suction filtration. Next,  2.3 g  product 1 (10.0  mmol) 
was mixed with 60 mL of ethanol, and then slowly added 
with 2.8 g (20.1 mmol) of potassium hydroxide and 1.5 g 3- 
mercaptopropionic acid (15 mmol). The reaction mixture 
was heated and refluxed for 3 h, and then the solvent was 
removed. The residue was completely dissolved in a 5% 
NaOH solution, and extracted  three times with chloro-
form (10  mL). The aqueous phase was collected, acidi-
fied to pH 4–5 HCl (1 M), and the product was extracted 

with ethyl acetate. The organic phase was concentrated 
and crystallized in hexane to obtain 1.1 g of white solid 
compound 2 (PRO hapten). The chemical synthesis of 
the PRO hapten was identified by LC–MS in the negative 
ion mode of the electric spray ion source (Fig. S1).

Procedure of ELISA method
The diluted coating antigen was coated into the 96-well 
microplates, and  incubated at 37 °C for 2  h. After the 
well was washed three times with washing buffer (0.01 M 
of  PBS  containing 0.05% (v/v)  Tween-20). The well was 
blocked for 2 h at 37 °C using blocking buffer 200 µL 
(0.05 M CBD containing 0.2% (m/v) gelatin), then the 
wells were washed three times and 50 µL of various con-
centrations of PRO standard in PBS were added to each 
well. Then,  50 µL of mAbs in PBS were added to each 
well, and the plates were incubated at 37 °C for 30 min. 
The plate was washed three times, and HRP-labeled goat 
anti-mouse IgG was added to each well followed by incu-
bation  at 37 °C  for  30  min. Washed the plate for  four 
times, and added  100 µL of 3,3´,5,5´-tetramethylbenzi-
dine (TMB) substrate. After 15 min of reaction at 37 °C 
in the dark, 50 µL of the stop solution was added to 
each well and using microplate reader to measure the 
absorbance at 450 nm.

Preparation of protein conjugation
The PRO hapten contains a carboxyl group, and the 
immunogen PRO-EDC-KLH and the coating antigen 
PRO-EDC-BSA were synthesized using the EDC method. 
First, 2.8 mg PRO hapten, 1.6 mg NHS, and 2.6 mg EDC 
were weighed and added  into a glass bottle. The  mix-
ture was dissolved in 400 µL DMF, and allowed to react 

Fig. 4 Result after optimization to detect PRO in celery and potato using LFLM strip; (1–9) represents concentration of 0, 0.25, 0.5, 1, 2.5, 5, 10, 25 
and 50 ng  mL−1 (a). Corresponding quantitative curve of binding rate (T/T0) against concentration of PRO with LFLM strip (b). T/T0 represent ratio of 
the sample containing PRO sample and sample without PRO

Table 2 Analysis LFIA to determine PRO in potato and celery 
samples using LFLM (n = 6)

-; negative: the concentration of PRO was below 20 ng  mL−1; ± ; weakly positive: 
the concentration of PRO in the range of 10–45 ng  mL−1; + , positive: the 
concentration of PRO exceeds 45 ng  mL−1

a SD, the standard deviation
b CV, coefficient of variance

Sample Spiked PRO 
(ng  mL−1)

LFLM strip

Recovery ±  SDa (%) CVb (%) Qualitative 
results

Potato 10 104.2 ± 0.54 5.3 -

25 100.4 ± 0.54 2.2  ± 

50 101.1 ± 1.31 2.6  + 

Celery 10 104.3 ± 0.67 6.7 -

25 99.3 ± 0.65 2.6  ± 

50 101.6 ± 1.18 2.4  + 
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for 6  h with magnetic stirring to obtain the activation 
solution (solution 1). Next, BSA and KLH (10 mg) were 
thoroughly dissolved in CBS (3 mL), and solution 1 was 
added dropwise. The mixture was reacted with magnetic 
stirring for 12  h to obtain PRO-EDC-BSA and PRO-
EDC-KLH. After preparing a dialysis bag by boiling for 
3 min, the immunogen mixture was placed into the dialy-
sis bag and placed in the dialysate (0.01 M PBS) to com-
plete dialysis and remove small molecules that were not 
coupled to the protein. The immunogen was then stored 
at −20 °C. A ultraviolet (UV) scanning method was used 
to characterize the mixture.

Preparation of immunization
All animal studies in this work were performed accord-
ing to Chinese laws and guidelines which approved by the 
Animal Ethics Committee of Jiangnan University. Female 
BALB/c mice, 6–8 weeks old, were immunized with PRO-
EDC-KLH. They were first mice immunized using com-
plete Freud’s adjuvant, followed by Freud’s incomplete 
adjuvant every 3 weeks. We determined the half-maximal 
inhibitory concentration  (IC50) using ELISA, and the high-
est titer was selected. Next, spleen cells were harvested 
and fused with Sp 2/0 murine myeloma cells to produce 
hybridomas. Then resulting hybridomas were injected into 
the mice to produce ascites. The resulting ascitic fluid was 
collected, purified, and stored at –20 °C [34].

Characterization of LFIA based on fluorescent‑labeled 
mAbs (LFLM)
To prepare the  fluorescent microspheres (Fig. S2),  100 
µL of the microspheres was added to borate (BB) buffer 
(0.05  M, 400 µL), followed by the addition of EDC (30 
µL), and the mixture was shaken for 15  min. The mix-
ture was then centrifuged for 15 min at 18,000 × g. After 
removing the upper layer, BB buffer (0.05  M, 500 µL) 
was added. The mixture was then added to the anti-PRO 
mAb (mAb concentration 0.2  ng   mL−1, 100 µL), and 
the mixture  was  shaken for 2  h at room temperature. 
After incubation, blocking buffer (55 µL, 10% BSA) was 
added. After blocking for 2 h, the mixture was centri-
fuged at 18,000 × g for 15  min. Finally, the residue was 
collected and 500 µL of resuspension buffer (0.02 M of 
tris–HCl containing 0.1% Tween-20, 0.1% polyethylene 
glycol (PEG)-20,000, 1% polyvinylpyrrolidone (PVP), 5% 
sucrose, 4% trehalose, 2% sorbitol, 1% mannitol, 0.04% 
NaN3, and 0.2% BSA) was added.

Assembly and evaluation of the test strips
The NC membrane and an absorbent pad were attached 
to the center of a plastic backing plate. After the con-
trol line (C line) was sprayed with goat anti-mouse 
IgG antibody and test line (T line) was sprayed with 

PRO-EDC-BSA onto the NC membrane, the test strip 
was then dried at 37 °C for 24 h.

The conjugated pad was loaded with LFLM diluted 10 
folds in resuspension buffer with 5% BSA, then dried for 
24 h at 37 °C. After all components (conjugate, sample, and 
absorbent pad) were attached to the plate, cut the  strips 
into  3  mm for use, 100 µL of the sample solution  was 
dripped onto the sample pad and allowed to react for 
8 min. Strip reader was used to detect the color intensity.

The sensitivity of LFIA was determined by diluting the 
PRO standards in 0.01 M PBS to final concentrations of 
0, 0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 ng  mL−1. The cut-off 
value of the LFLM strip was measured by performing a 
comparison between the negative and positive under UV 
light in a dark room.

Sample determination
PRO in potato and celery was determined using a sim-
ple pre-treatment. Briefly, 1  g samples  were weighed 
into a 10 mL centrifuge tube, added 4 mL of extraction 
buffer (5% methanol containing 1% Rhodasurf On-870). 
Vortexed for 5  min. The supernatant was collected and 
diluted two folds with PBS (0.01 M) containing 1% Rho-
dasurf On-870 added.
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