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Abstract
We produced a prometryn-specific monoclonal antibody and propose a strategy for convenient on-site detection of prometryn
residues in herbs for the first time. This strategy has perfect applicability in a complex herbal medicine matrix. The strategy
combines a semiquantitative immunochromatographic strip assay with a heterologous indirect competitive ELISA. When there
was no matrix interference, the ELISA had a half-maximal inhibitory concentration of 2.6 ng·mL-1 and a limit of detection of 0.2
ng·mL-1. The immunochromatographic strip assay can be completed within 5 min with a visual limit of detection of 1 ng·mL-1.
Although the sample matrix had different effects on the sensitivity of the antibody, excellent repeatability and accuracy were
achieved. The method was successfully applied for the screening and determination of prometryn residue in multiple complex
herb samples for the first time, and the results were in good agreement with those obtained by liquid chromatography–tandem
mass spectrometry. The proposed strategy is rapid, of high-throughput, and of low cost, andmay be a promising choice for on-site
detection of prometryn in different kinds of herbs.
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Introduction

Prometryn [2,4-bis(isopropylamino)-6-methylthio-s-triazine],
a triazine herbicide, is widely used for preemergence or post-
emergence control of broadleaf and grassy weeds in agricul-
ture practices around the world [1]. Its widespread, excessive

use and persistence in the environment (with a half-life of
about 13 months [2]) have led to serious residue accumulation
in soil and water [3]. According to reports, the rate of detection
of prometryn in some waters was even up to 12.5%, and the
concentrations were above the acceptable risk value [3]. These
residues may be transferred to and accumulated in various
biological organisms. For example, 77.2% of Apostichopus
japonicus sea cucumbers in some areas have been found with
prometryn residue [4]. Previous studies demonstrated that
prometryn can cause abnormalities in the reproductive organs,
nervous system, and immune system of humans [5, 6]. In
addition, prometryn is also known to disrupt hormone stabil-
ity, leading the European Union to put prometryn on the pri-
oritization list as an endocrine disruptor [7]. Although
prometryn has been banned in Europe since 2004 [8], it still
exists in the environment [9, 10], and it is still widely used in
China, the USA, Canada, Australia, and many other countries
[5]. The environmental contamination of prometryn induces
chronic toxic effects in humans via the food chain.
Consequently, many countries have set strict maximum resi-
due limits (MRLs) for a variety of agricultural products
[11–15]. For example, China enforces an MRL for corn of
0.02 mg·kg-1, and the MRLs for food regulated by the USA,
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Japan, Australia, and Korea are 0.05–9 mg·kg-1, 0.05–0.2 mg·
kg-1, 0.05–1 mg·kg-1, and 0.05–0.2 mg·kg-1, respectively. On
the basis of the aforementioned details, the detection of
prometryn residue in agricultural products is important for
the worldwide export or import industry and quality control.

Herbs are special agricultural products, and numerous
herbs are extensively used as functional foods for daily health
protection, as well as for medicinal therapy, such as Chinese
yam (Dioscorea opposita Thunb.), American ginseng (Panax
quinquefolium L.), notoginseng [Panax notoginseng (Burk.)
F. H. Chen], Astragali radix [Astragalus membranaceus
(Fisch.) Bge. var. mongholicus (Bge.) Hsiao], and
Achyranthis bidentatae radix (Achyranthes bidentata Bl.).
The prometryn residue in water and soil may accumulate in
herbs through root absorption, especially in perennial herbs.
Moreover, prometryn is used for weed control during the cul-
tivation of some herbs, which may lead to considerable con-
tamination [16, 17]. Until now, there have been few specifi-
cations for the use of pesticides in the cultivation of herbs.
Consequently, use of prometryn may be abused and this
may result in residue in the edible parts, which poses potential
harm to consumers’ health and affects the herbal trade world-
wide. Therefore, there is an urgent need to establish a rapid,
on-site, high-throughput assay method to screen and deter-
mine prometryn residue in herbal medicines.

The traditional, widely used, and well-developed methods
for the detection of prometryn are gas chromatography, high-
performance liquid chromatography (HPLC), and chromato-
graphic methods in tandem with mass spectrometry (MS)
[18–21]. However, because of high equipment costs, complex
sample pretreatment procedures, and high organic solvent use,
it is difficult to widely implement these techniques, especially
in some remote areas. In recent years, immunoassays have
become a convenient tool for rapid, low-cost, high-through-
put, and on-site analysis of various analytes. Even though
many immunoassays have been proposed for the detection
of atrazine and other triazine herbicides [22–24], few immu-
noassay methods have been developed for the determination
of prometryn. As far as we know, no sensitive prometryn-
specified monoclonal antibody (mAb) has been reported,
and no immunoassay has been developed for the screening
of prometryn in complex matrices, such as herbs.

In our previous study, we proposed some hapten structures
and studied the correlation between the structures of haptens
and the sensitivity of antibodies against triazine herbicides
[25]. On the basis of these haptens, a sensitive mAb against
prometryn, called “MAb TZ5E4,” was generated, and a strat-
egy for rapid on-site determination of prometryn in a variety
of complex herbs was proposed. This detection strategy com-
bined a rapid screening method based on a colloidal-gold-
based lateral flow immunochromatographic (ICG) strip with
a heterologous indirect competitive ELISA (icELISA). The
accuracy and reliability of the proposed method were further

confirmed by LC–MS/MS. To the best of our knowledge, this
is the first report of an immunoassay method for the detection
of prometryn residue in herbs.

Materials and methods

Reagents and materials

Triazine standards were purchased from Dr. Ehrenstorfer
(Augsburg, Germany). Ovalbumin (OVA), bovine serum al-
b um i n (BSA ) , N - h y d r o x y s u c c i n im i d e , N ,N ′ -
dicyclohexylcarbodiimide, and dimethylformamide were ob-
tained from Aladdin (Shanghai, China). The 3,3′,5,5′-
tetramethylbenzidine substrate reagent set was purchased
from BDBiosciences (USA). Goat anti-mouse IgG and horse-
radish peroxidase (HRP)-labeled goat anti-mouse IgG (IgG–
HRP)were obtained fromSolarbio Science& Technology Co.
(Beijing, China). Complete and incomplete Freund’s adju-
vants, hypoxanthine aminopterin thymidine, hypoxanthine
thymidine, poly(ethylene glycol) (PEG) 20000, and
chloroauric acid (HAuCl4) were obtained from Sigma-
Aldrich (St Louis, MO, USA). The mouse Sp2/0-Ag14 mye-
loma cell line was purchased from the Cell Resource Center of
Peking Union Medical College (Beijing, China). Dulbecco’s
modified Eagle’s medium and fetal bovine serumwere obtain-
ed from Gibco BRL (Paisley, UK). Nitrocellulose (NC) mem-
branes, glass fiber membranes, sample pads, absorbent paper,
and poly(vinyl chloride) (PVC) sheet were purchased from
Jieyi Biotech Shanghai Co. (Shanghai, China).

Synthesis of haptens

The synthetic route for the immunizing and coating haptens is
shown in Fig. 1. For immunizing hapten (H1), equal amounts
of 2,4,6-trichloro-1,3,5-triazine and propan-2-amine were dis-
solved in dry dichloromethane in a three-necked flask. The
mixture was cooled to –30 °C under nitrogen. Then twice
the amount of diisopropylethylamine (DIPEA) diluted with
dichloromethane was slowly added to the flask, and the reac-
tion was carried out at −20 to −10 °C. LC–MS was used to
monitor the reaction. After 2 h, the raw material was
completely converted, and a small amount of disubstituted
by-product was formed. The reaction solution was concentrat-
ed to dryness. The residue was dispersed in water and filtered,
and the filter cake was collected and recrystallized from etha-
nol. The intermediate 4,6-dichloro-N-isopropyl-1,3,5-triazin-
2-amine was obtained, which was a white solid. The interme-
diate and 4-aminobutanoic acid, coupled with DIPEA, were
dissolved in absolute ethanol and incubated at 60 °C for 12 h
under nitrogen. The products were concentrated and purified.
The intermediate 4-((4-chloro-6-(isopropylamino)-1,3,5-
triazin-2-yl)amino)butanoic acid was added to an ethanol
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solution of sodium thiomethoxide, and the resulting mixture
was refluxed under nitrogen for 4 h. The reaction solution was
concentrated to dryness, and the product was purified by pre-
parative HPLC (pHPLC; C18 column, 70:30 acetonitrile–wa-
ter) to give the final product 4-((4-(isopropylamino)-
6-(methylthio)-1,3,5-triazin-2-yl)amino)butanoic acid, which
is a white solid after lyophilization.

For the coating hapten (H2), equal amounts of 2,4,6-
trichloro-1,3,5-triazine and cyclopropanamine were dissolved
in dry ethyl ether, and the mixture was cooled to -30 °C under
nitrogen. Then twice the amount of DIPEA diluted with ethyl
ether was slowly added to the flask, and the reaction was
carried out at −30 to −20 °C for 2 h. The intermediate 4,6-
dichloro-N-cyclopropyl-1,3,5-triazin-2-amine was
redissolved in tetrahydrofuran and reacted with ammonia at
60 °C for 16 h. The intermediate 6-chloro-N2-cyclopropyl-
1,3,5-triazine-2,4-diamine was obtained and redissolved in a
mixture of acetonitrile and 3-mercaptopropanoic acid.
Potassium hydroxide was added, and the reaction proceeded
at 120 °C for 12 h. The final product was obtained after puri-
fication by pHPLC (C18 column, 52:48 acetonitrile–water)
and lyophilization.

The structures of the haptens were confirmed by 1H NMR;
the spectra are shown in Fig. S1.

& H1. 1H NMR (300 MHz, dimethyl-d6 sulfoxide) δ 12.02
(s, 1H), 6.91–7.34 (overlap, 2H), 3.94–4.12 (m, 1H),
3.05–3.39 (m, 2H), 2.36 (d, J = 4.8 Hz, 3H), 2.23 (t, J
=7.5 Hz, 2H), 1.62–1.79 (m, 2H), 1.10 (t, J = 5.7 Hz, 6H).

& H2. 1H NMR (300 MHz, dimethyl-d6 sulfoxide) δ 12.26
(s, 1H), 7.34 (m, 1H), 6.43–7.02 (overlap, 2H), 3.03–3.24
(m, 2H), 2.56–2.79 (overlap, 3H), 0.57–0.64 (m, 2H),
0.46 (s, 2H).

Preparation of mAb

With use of the active ester method, the immunizing hapten
was coupled with OVA, and the coating hapten was coupled
with BSA to prepare the immunogen (H1–OVA) and coating
antigen (H2–BSA), respectively [26, 27]. Female Balb/c mice,

6–8 weeks old, were immunized intraperitoneally and subcu-
taneously with the mixture of immunogen and Freund’s adju-
vant in the form of an emulsion at 2-week intervals. After the
third immunization, blood samples were drawn from the orbit
to test the titers and specificity of serum. The mouse with the
highest specificity and highest titer was selected. Splenocytes
was isolated and fused with Sp2/0-Ag14 cells via the PEG
method. Hybridomas positive for prometryn were cloned by
the limiting dilution method. After further selection via
icELISA, the clone was transplanted into the abdominal cavity
of mice. The mAbs were obtained from the resulting ascites
and purified according to the ammonium sulfate precipitation
method. The immunoglobulin isotype was determined with a
mouse mAb isotyping kit (Sigma), and the affinity of the mAb
for the coating antigen was determined by indirect noncom-
petitive ELISA [28].

Indirect competitive ELISA

A heterologous icELISAwas established to evaluate the sen-
sitivity and specificity of the mAb. Each microplate well was
coatedwith 100μLH2–BSA,which was diluted in carbonate-
buffered saline (0.05M, pH 9.6). After incubation at 37 °C for
3 h, the unbound conjugates were removed by washing with
PBST [0.01 M, pH 7.4 phosphate-buffered saline (PBS) con-
taining 0.1% Tween 20] four times. Then 50 μL of prometryn
sample and 50 μL of diluted mAb were successively pipetted
into each well [29]. The prometryn samples were diluted with
PBSTG (PBST with 0.5% gelatin) containing 10% (w/v)
methanol [25]. After incubation at 37 °C for 30 min, the plate
was washed four times with PBST. Afterwards, an aliquot of
IgG–HRP diluted in PBSTG was added to each well. After
incubation at 37 °C for 30 min, the plate was washed four
times. Color development was achieved by addition of 100
μL 3,3′,5,5′-tetramethylbenzidine substrate reagent per well.
Ultimately, the reaction was terminated by addition of 50 μL
hydrochloric acid (1 mol·L-1) to each well, and the absorbance
was measured at 450 nm with a microplate reader. The sensi-
tivity of the mAb was assessed by the half-maximal inhibitory
concentration (IC50), which was obtained via a sigmoidal lo-
gistical equation with use of OriginPro 9.0 (Origin Lab,
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Fig. 1 Synthetic route for immunizing and coating haptens. DCM dichloromethane; DIPEA diisopropylethylamine, THF tetrahydrofuran
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Northampton, MA, USA). The specificity of the mAb was
evaluated by the cross-reactivity (CR, %), which was calcu-
lated via the following formula:

CR %ð Þ ¼ IC50 prometryn;ng⋅mL−1ð Þ=IC50 other triazine;ng⋅mL−1ð Þ � 100:

ICG strip test

Preparation of colloidal gold–antibody conjugate

The colloidal gold particles, with an average diameter of
22 nm, were prepared by reduction of HAuCl4 with sodium
citrate, as described by Zhou et al. [30]. The morphology
and particle size of colloidal gold were characterized and
determined by a UV–visible spectrometer and Zetasizer
particle analyzer (Malvern Instruments), respectively. The
pH of 12 mL colloidal gold suspension was adjusted to 8.5
with K2CO3 (0.2 mol·L-1), and 60 μg of the mAb was
added dropwise. The mixture was incubated with stirring
for 20 min, and 200 μL of 10% BSA and 200 μL of 1%
PEG 20000 were added to block the residual surface of the
colloidal gold. After another 20 min of incubation, the
mixture was centrifuged at 14,000 rpm for 30 min at 4
°C. The supernatant was removed, and the precipitate
was dissolved in resuspension buffer (PBS containing 1%
BSA, 0.1% Tween 20, 5% sucrose, and 0.2% PEG 20000)
[31].

Preparation of ICG strips and the assay procedure

The colloidal gold–antibody conjugate was sprayed on a
glass fiber membrane (conjugate pad) at 6 μL·cm-1 and
dried overnight at 37 °C. The test line (H2–BSA) and con-
trol l ine (goat ant i -mouse IgG) were separately
immobilized on NC membrane at 1 μL·cm-1 and dried
overnight at 37 °C. The ICG strips were assembled in the
following order: sample pad, conjugate pad, NC mem-
brane, absorbent paper (Fig. 2). The NC membrane was
stuck on the center of the PVC sheet. The conjugate pad

and absorbent paper overlapped with the edges of the NC
membrane by 1 mm and were immobilized on the PVC
sheet. The sample pad overlapped with the conjugate pad
by 1 mm and was also pasted on the PVC sheet. Finally,
the assembled ICG strips were cut into 3-mm-wide strips
and stored in a desiccator for later use.

For the ICG strip test, 80 μL of the sample solution was
added dropwise on the sample pad of the strips. A blank sam-
ple was used as a negative control. The color change of the test
line was observed and compared by the naked eye. Because of
the competitive inhibition of prometryn in the samples with
the gold–antibody conjugate, the intensity of the signal gen-
erated at the test line decreased with increasing prometryn
concentration. By comparison with the images of the strips
of standard solutions, the concentration of prometryn residue
in the samples was estimated.

Sample preparation and LC–MS/MS verification

Chinese yam, American ginseng, notoginseng, Astragali ra-
dix, and Achyranthis bidentatae radix were finely ground and
homogenized. An aliquot of 2.0 g sample powder was com-
bined with 5 mLmethanol, and the mixture was vortexed for 1
min. The samples were extracted by ultrasonic-assisted extrac-
tion for 10 min. After centrifugation, 0.5 mL of the superna-
tant was transferred to a clean tube and diluted with 2 mL PBS
for the ELISA and 1.5 mL of PBS for the ICG strip test,
respectively.

The LC–MS/MS method used for validation studies was
modified according to a previous report [32]. Briefly, 2.0 g
sample powder was extracted with 10 mL acetonitrile via
ultrasonication. After centrifugation, the sample solution was
passed through a 0.22-μm filter. Chromatographic separation
was performed on an AQUITY UPLC BEH Shield RP18
column (50 mm × 2.1 mm, 1.7 μm) from Waters (Milford,
MA, USA), with a gradient elution at a flow rate of 0.20 mL·
min−1. The limit of detection (LOD) and limit of quantifica-
tion for prometryn in the selected herbs were 0.5 and 1 μg·
kg-1, respectively.

Fig. 2 The assembly of colloidal-gold-based immunochromatographic strips. NC nitrocellulose, PVC poly(vinyl chloride)
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Results and discussion

Production and characterization of mAbs

The H1–OVA and H2–BSA conjugates were estimated
from the UV–visible spectrum in the range from 200 to
400 nm. The peak shape and the absorption peak wave-
length of the conjugates varied compared with proteins
(Fig. 3), indicating that the haptens were successfully
coupled with the carrier proteins. After immunization and
screening, the mAb with the greatest sensitivity and selec-
tivity, MAb TZ5E4, was expanded for ascites production.
The titer of the ascites (number of dilutions that gave an
absorbance of 1.0 in the noncompetitive ELISA) was 6.4 ×
104 [33]. The affinity constant Kaff for MAb TZ5E4 and
H2–BSA was 3.13 × 108 L·mol-1. What is more, MAb
TZ5E4 is an IgG1 isotype.

Optimization of icELISA conditions

The concentrations of coating antigen, MAb TZ5E4, and
IgG–HRP were optimized by a two-dimensional checker-
board titration. After optimization, H2–BSA at 62.5 ng·
mL-1, MAb TZ5E4 at 62.5 ng·mL-1, and IgG–HRP at 100
ng·mL-1 were used throughout the remainder of this work.
Under the optimal conditions, a representative inhibition
curve was plotted with a series of logarithmic concentrations
of prometryn (0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100 ng·mL-1)
diluted with PBSTG as the lateral coordinates and the corre-
sponding OD/OD0 values (where OD and OD0 are the absor-
bance at 450 nm in the presence and the absence of prometryn,
respectively) as the longitudinal coordinates. As shown in
Fig. 4, the IC50 was 2.6 ng·mL-1; the LOD, which was calcu-
lated by D/D0 = (OD0 − 3 × SD)/OD0, where SD is the

standard deviation [34–36], corresponds to 0.2 ng·mL-1 on
the inhibition curve. The linearity range was 0.7−9.1 ng·
mL-1, which was based on the 20% inhibitory concentration
and the 80% inhibitory concentration of the inhibition curve.

Specificity of the mAb

Because of the similar structures of triazine herbicides, 21
triazine herbicides and three metabolites of atrazine were used
to evaluate cross-reactivity. As shown in Table 1, MAb
TZ5E4 has the greatest cross-reactivity with prometon
(43.3%), which is most similar to prometryn in structure.
The triazines with a sulfur or oxygen had greater cross-
reactivity than those with chlorine, and this result was in ac-
cordance with our previous finding [25]. The mAb exhibited
excellent specificity and largely avoided interference from
most triazine herbicides.

Development of the ICG strips

Characterization of colloidal gold

The optimal colloidal gold suspension is clear, is transparent,
and has uniform particle size. Figure 5a shows the UV–visible
spectrum of colloidal gold. The absorption peak at 520 nm is
consistent with literature reports. The peak is smooth and nar-
row, indicating relatively homogeneous colloidal gold parti-
cles. Figure 5b shows the particle size distribution of colloidal
gold, where there is only one distribution area and the colloi-
dal gold particles have a relatively uniform size of about 22
nm. The colloidal gold exhibited good quality and was used
for the preparation of gold-labeled antibodies.

Fig. 3 UVabsorption spectrum of proteins together with their conjugates
with haptens. BSA bovine serum albumin, H1 immunizing hapten, H2
coating hapten, OVA ovalbumin

Fig. 4 Inhibition curve for prometryn in indirect competitive ELISA.
Each value represents the mean of triplicates ± the standard deviation.
OD and OD0 are the absorbance at 450 nm in the presence and absence of
prometryn, respectively
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Table 1 Cross-reactivity of prometryn and other triazine herbicides

Triazine herbicide Structure
IC50

(ng·mL-1)

Cross-reactivity 

(%)

Prometryn 2.6 100

Prometon 6.0 43.3

Aziprotryne 10.8 24.1

Secbumeton 12.6 20.6

Atraton 14.6 17.8

Desmetryn 15.1 17.2

Ametryn 22.3 11.7

Simetryn 26.3 9.9

Dimethametryn 44.2 5.9

Terbumeton 53.2 4.9

Propazine 62.7 4.1

Dipropetryn 70.1 3.7

Simeton 70.1 3.7
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Triazine herbicide Structure
IC50

(ng·mL-1)

Cross-reactivity 

(%)

Sebuthylazine 75.5 3.4

Cyprazine 78.5 3.3

Terbutryn 108.5 2.4

Methoprotryne 120.0 2.2

Atrazine 191.0 1.4

Terbuthylazine 845.2 0.3

Simazine 994.7 0.3

Trietazine 1393 0.2

Atrazine-desethyl 1665 0.2

Cyanazine >10,000 0.0

Atrazine-desisopropyl >10,000 0.0

Atrazine-desethyl-desisopropyl >10,000 0.0

IC50 half-maximal inhibitory concentration
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Sensitivity of the ICG strips

The color intensity of the test lines decreased with increasing
concentration of prometryn. As shown in Fig. 6a, when the
prometryn concentration was 1 ng·mL-1, the color of the test
line became obviously lighter than that of the blank control,

and the test line almost disappeared when it was 5 ng·mL-1.
No test line was visible when the sample had a prometryn
concentration up to 10 ng·mL-1. In addition, as the color of
the test line becomes lighter, the color of the control line grad-
ually deepens. When the prometryn concentration was 1 ng·
mL-1, the color of the test line was slightly lighter than that of

Fig. 6 Matrix effects of different
herbs on the detection of
prometryn by the
immunochromatographic strips.
PBS phosphate-buffed saline

Fig. 5 UV–visible spectrum a and particle size distribution b of colloidal gold
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the blank control, but the color of the control line was signif-
icantly more intense. Therefore, the change in color intensity
of the control line could be used as an auxiliary judgment. The
LOD of the ICG strips was as low as 1 ng·mL-1 when no
matrix interfered. The ICG strip test can be completed within
5 min.

Immunoassay for prometryn detection in herb
samples

Sample pretreatment

To avoid interference from the complicated ingredients in
herbs, the type and amount of solvent used for pretreatment
was investigated. Prometryn is easily dissolved in organic
solvent; therefore, a high proportion of organic solvent would
facilitate prometryn extraction. The presence of water might
increase dissolution of water-soluble components in herbs,
which may magnify the complexity of the extract and influ-
ence the recognition of the antibody to prometryn. Moreover,
some herbs, such as Astragali radix, can absorb large amounts
of solvents with water, making the extraction difficult.
Therefore, organic solvent was chosen for prometryn extrac-
tion in herbs. Acetonitrile can greatly reduce the extraction of
lipophilic pigment from herb matrices, and the extraction

solution was much clearer than that extracted by an equal
volume of methanol. However, the presence of acetonitrile
may decrease the activity of the antibody, leading to low ab-
sorbance of the ELISA. As a result, methanol was used as the
extraction solvent, and the matrix effect was evaluated.
Considering the sensitivity of the mAb and the influence of
organic solvent, 2.5 mL methanol per gram of herb sample
was used for extraction, and then the solution was diluted five
and four times with PBS before the ELISA and the ICG strip
test, respectively.

Matrix effect

Since the complex components of herbs may interfere with
efficient antigen–antibody interaction, the sensitivity of MAb
TZ5E4 for prometryn in different herb matrices was evaluat-
ed. A blank matrix extract was obtained by our treating the
blank herbs according to the sample preparation method de-
scribed earlier. Then matrix-matched standards were prepared
by our diluting prometryn standard with the blank matrix ex-
tract. The inhibition curves for prometryn in different herb
matrices are shown in Fig. 7. Achyranthis bidentatae radix
and Astragali radix presented a suppression effect on the
antigen–antibody interaction, with IC50 values larger than
IC50 obtained from blank solvent. Notoginseng, American
ginseng, and Chinese yam had smaller IC50 values, and they
showed a slightly enhanced effect. The IC50 values and the
linear range of each matrix are shown in Table 2. The LODs
for prometryn in all herb matrices were 0.1–1.3 ng·mL-1,
which were equivalent to concentrations ranging from 1.25
to 16.25 μg·kg-1 in herbs. The LODs were far below the
strictest MRL of prometryn set by most countries for food
(50 μg·kg-1); thus, this method can be used for the detection
of prometryn residue in herbs. The matrix effects of the five
herbs on the ICG strips test are displayed in Fig. 6b–f. The
matrices of the herbs have a minimal effect on the efficacy of
the ICG strips.

Accuracy and precision

Prometryn recovery from the five herb matrices was per-
formed by our analyzing fortified samples in five replicates
at three different concentrations [37]. With use of the strictest

Fig. 7 Inhibition curves for prometryn in different herb matrices. OD and
OD0 are the absorbance at 450 nm in the presence and absence of
prometryn, respectively

Table 2 Half-maximal inhibitory concentration (IC50), limit of detection (LOD) and linear range of prometryn in different herbs

Species IC50 (ng·mL-1) LOD(ng·mL-1) LOD (μg·kg-1) Equation Linear range (ng·mL-1)

Notoginseng 1.5 0.1 1.25 y = −0.503 log x + 0.611 0.4–5.4

American ginseng 2.2 0.2 2.50 y = −0.520 log x + 0.659 0.7–7.0

Chinese yam 2.3 0.2 2.50 y = −0.675 log x + 0.747 0.9–5.8

Achyranthis bidentatae radix 3.1 1.0 12.50 y = −0.720 log x + 0.944 1.4–9.6

Astragali radix 4.8 1.3 16.25 y = −0.613 log x + 0.952 1.6–12.9
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MRL regulated by most countries for prometryn in food (50
μg·kg-1), the spiking levels for each herb matrix were 25, 50,
and 100 μg·kg-1. The fortified samples were prepared and
processed as previously described. Because of the narrow
linear ranges of notoginseng, American ginseng, and
Chinese yam, the sample solution of these samples was

additionally onefold diluted with 20% methanol–PBS before
analysis. The recovery results are listed in Table 3. It can be
seen that both acceptable accuracy and excellent reproduc-
ibility were obtained for the ELISA method. The precision
and recovery results for the ICG strips are shown in Figs. S3
and S4.

Table 3 Recoveries and precision of prometryn in herb samples detected by ELISA

Species Spiking level (μg·kg-1) Detected content (μg·kg-1; n = 5) Recovery (%; n = 5) Precision (RSD, %)

Notoginseng 25 28.7 ± 2.9 115.0 ± 11.8 10.2
50 52.0 ± 4.9 104.0 ± 9.7 9.3
100 84.0 ± 7.2 84.0 ± 7.2 8.6

American ginseng 25 24.9 ± 3.4 99.8 ± 13.6 13.6
50 58.1 ± 3.9 116.1 ± 7.8 6.7
100 102.5 ± 4.5 102.5 ± 4.5 4.4

Chinese yam 25 30.8 ± 1.4 123.2 ± 5.6 4.5
50 58.7 ± 4.7 117.4 ± 9.4 8.0
100 111.6 ± 4.8 111.6 ± 4.8 4.3

Achyranthis bidentatae radix 25 21.5 ± 3.6 85.9 ± 14.4 16.7
50 35.7 ± 3.5 71.3 ± 6.9 9.7
100 66.7 ± 5.7 66.7 ± 5.7 8.5

Astragali radix 25 21.4 ± 2.1 85.7 ± 8.6 10.0
50 48.9 ± 5.6 97.8 ± 11.3 11.5
100 103.1 ± 12.7 103.1 ± 12.7 12.3

RSD relative standard deviation

Table 4 Results of screening and determination of prometryn residue in herb samples

Species Sample Estimate by strips
(μg·kg-1)

Measurement by ELISA
(μg·kg-1; n = 3)

Measurement by LC–MS/MS
(μg·kg-1; n = 3)

Chinese yam S1 ND ND ND
S2 ND ND ND
S3 ND ND ND
S4a >50 73.2 68.5
S5a 10−20 15.6 11.8

Notoginseng S6 ND ND ND
S7 ND ND ND
S8 ND ND ND
S9a >50 71.8 67.2
S10a ~50 52.6 50.8

American ginseng S11 ND ND ND
S12 ND ND ND
S13 ND ND <1b

S14a >50 64.2 60.3
S15a 20−50 37.1 31.5

Achyranthis bidentatae radix S16 ND ND ND
S17 ND ND ND
S18 ND ND ND
S19a >50 58.8 60.6
S20a ~10 ND 11.7

Astragali radix S21 ND ND ND
S22 ND ND <1
S23 ND ND ND
S24a 20−50 40.3 38.5
S25a 20−50 35.9 31.3

LC–MS/MS liquid chromatography–tandem mass spectrometry, ND not detected
a A fortified sample
b The content was less than the limit of quantification.
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Screening and determination of prometryn residues
in herb samples

Three batches of Chinese yam, American ginseng,
notoginseng, Astragali radix, and Achyranthis bidentatae ra-
dix were purchased from different medicinal markets in
China. Two batches of verified blank samples of these herbs
were randomly spiked with prometryn. A total of 25 batches
of samples were analyzed for prometryn residue screening by
ICG strips, followed by quantification and verification by
ELISA and LC–MS/MS. Sample preparation was performed
according to the method described earlier. Each sample was
analyzed in triplicate. The results are shown in Table 4 (the
screening results for the ICG strips are shown in Fig. S5).

No prometryn residues were found in real samples, as de-
termined by the ICG strips and the ELISA method. No
prometryn residue was detected in real samples by LC–MS/
MS, except for a batch of American ginseng and Astragali
radix samples, with concentrations below the limit of quanti-
fication (1 μg·kg-1). For the fortified blank samples, the results
of the ICG strip tests were consistent with those determined by
ELISA, and the LC–MS/MS results further confirmed the
efficacy of the immunoassay in accurately quantifying
prometryn residues in herb samples.

Although the ICG strip test is less accurate than ELISA in
terms of quantification, its simple operation and rapid detec-
tion are particularly suitable for residue screening of on-site
samples. Once the concentration of prometryn residues ap-
proaches or exceeds the MRL (50 μg·kg-1), the change in
color of the test line is easily interpreted and compared with
the negative blank samples. The ICG strip test is convenient
for fast MRL screening. The positive samples screened by

ICG strips can be further verified and quantified by the
ELISA method, and the results of the ELISA method were
statistically similar to those obtained by LC–MS/MS. Thus,
when LC–MS/MS is not available, the ICG strips and ELISA
are good choices for the determination of prometryn residue in
herbs.

Many similar immunoassay reports (ELISA and dipstick
strip) were collected for comparative analysis. The comparison
results (LODs, IC50, and applicable matrix) are shown in
Table 5. It can be seen that the ELISA work was designed to
analyze herbs, which are much more complicated than cereals
and water matrices [23, 38–42]. For this reason, the LOD and
IC50 results in this work were slightly higher than those for other
matrices, but they are sufficient for the control of triazine herbi-
cides.With regard to the ICG strip, some other dipstick strip and
ELISA experiments are reported, and the applicablematrices are
compared [23, 43, 44]. Almost no related dipstick strip has been
used for the analysis of triazine herbicides in complex herb
samples. Comparison of the LODs and IC50 values was not
conducted for different detection means. Furthermore, some
novel designs for the analysis of triazine herbicides, such as
fluorescence detection [45], electrochemical analysis [46], and
sensor immunoassay [47], also have some inevitable problems.
On the one hand, the cost of the technology is high; on the other
hand, current research is applicable only to simple matrices, for
example, water and fruit samples. On the basis of the above
comparison, the method proposed in this study is more suitable
for detection of residual prometryn in herbs.

In this study, a sensitive mAb against prometryn, with high
affinity, was prepared. On the basis of the mAb, a heterolo-
gous icELISA and a rapid ICG strip test were proposed to
detect prometryn residue in herbs. Despite the various

Table 5 Comparison of ELISA and dipstick strip for the immunoassay of triazine herbicides

Method Analyte Matrix LOD
(ng·mL-1)

IC50

(ng·mL-1)
Reference

ELISA Prometryn Herbs (Chinese yam, American ginseng, notoginseng,
Astragali radix, and Achyranthis bidentatae radix)

0.1–1.3 1.5–4.8 This
workDipstick

strip
Prometryn –a –a

ELISA Atrazine Water 0.009 0.06 [38]

ELISA Atrazine Water, rice, corn 0.16 5.54 [39]

ELISA Hydroxyatrazine Rain water, tap water 0.01 0.154 [40]

ELISA Atrazine Tap water, underground water, irrigation channel water, seawater 0.001 0.09 [41]

ELISA Simazine Tap water, groundwater 0.05 0.1 [42]

ELISA Atrazine Purified water, tap water, well water, river water 0.01 0.12 [23]
Dipstick

strip
Atrazine –a –a

Dipstick
strip

Atrazine Fresh and processed vegetables (asparagus, bean, broccoli, bonnet pepper, celery,
cucumber, lettuce, melon, pea, red pepper, tomato, watermelon)

–a –a [43]

Dipstick
strip

Atrazine Water, liquid foods (milk, fruit juices and black tea) –a –a [44]

IC50 half-maximal inhibitory concentration, LOD limit of detection
a Not collected and compared

An integrated strategy for rapid on-site screening and determination of prometryn residues in herbs 631



complex components in herbs, excellent repeatability and ac-
curacy were achieved. Compared with the polyclonal anti-
body produced in our previous study [25], the mAb prepared
in this study exhibited greater specificity and sensitivity,
allowing a streamlined pretreatment procedure. The simple
one-step extraction and dilution pretreatment method used in
this study is more suitable for rapid detection technology,
which can satisfy the intensive testing requirement of trace
residue. Comparison between the ICG strip, ELISA, and
LC–MS/MSmethods revealed consistent results for herb sam-
ples. Therefore, the semiquantitative ICG strip assay coupled
with ELISA offers a promising alternative for the rapid on-site
screening and high-throughput determination of prometryn in
complex herb matrices.
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