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Abstract

Background: Excessive residues of organophosphorus pesticide pose a serious threat to consumer health and negatively impact the
export trade of agricultural products in China. Therefore, establishing a rapid, accurate and reliable multiresidue detection method for
organophosphorus pesticides to safeguard consumer health is highly necessary. Methods: This study aimed to develop a combined
detection method integrating surface-enhanced Raman spectroscopy (SERS) with molecularly imprinted polymer (SERS-MIP) technol-
ogy. Quantitative analysis of two pesticides, trichlorfon and cypermethrin, as examples, enables rapid detection of pesticide residues in
fruits and vegetables. The effects of four fruits and vegetables (oranges, tangerines, leeks, and spinach) on the detection of two pesticide
residues were also investigated, with a focus on matrix effects on the SERS-MIP combined technique. Results: The limit of detec-
tion (LOD) for trichlorfon in oranges and tangerines was 1.27 µg/kg, with recovery rates ranging from 95.2% to 101.4%. The LOD
for cypermethrin in leeks and spinach was 0.13 µg/kg, with recovery rates ranging from 95.2% to 100.3%. For all four matrices, the
method enabled rapid quantitative detection with high specificity and sensitivity, meeting current market demands. Conclusions: This
approach holds promise for detecting other pesticide residues and provides a useful reference direction for developing rapid pesticide
residue testing methods.
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1. Introduction
Trichlorfon is an organophosphorus insecticide with

high efficiency and broad spectrum insecticidal character-
istics. It is widely used in agriculture to control chewing
mouthparts and biting mouthparts of agricultural, forestry,
horticultural pests, underground pests, etc. [1,2]. Cyperme-
thrin is an organochlorine insecticide, mainly used to con-
trol lepidoptera pests that occur on crops. It is highly toxic
and has a high insecticidal activity against many kinds of
pests. It can be applied to various fruit trees, fruits and veg-
etables, etc., and has a good killing effect on many kinds of
pests [1,3]. In agricultural production, these two pesticides
are usually used in combination, which has a synergistic ef-
fect [4].

At present, the major detection methods for the
residues of these two pesticides mainly include chromatog-
raphy, immunoassay, and sensor-based methods [2,5].
Among these methods, chromatography demands relatively
complex sample pretreatment procedures. Additionally,
it incurs high costs, requires expensive instrumentation,
and necessitates professional technical expertise [6,7]. Im-

munoassay methods, on the other hand, have a long cycle.
The biological activity of antibodies is susceptible to inacti-
vation due to multiple influencing factors [8,9]. Moreover,
the preparation of pesticide antibodies involves the syn-
thesis of complete antigens and immunization of animals,
which poses challenges for industrial production [10,11]. In
most of the current biosensors, biomolecules (such as anti-
bodies and enzymes) are utilized as recognition elements
[12]. However, these biomolecules often exhibit poor sta-
bility and limited repeatability in detection. Chemical sen-
sors typically rely on the polarity differences of analytes for
detection, resulting in a lack of specificity in their detec-
tion capabilities [13,14]. Consequently, the development
of sensitive materials with specific recognition capabilities
for the analytes of interest has emerged as a crucial aspect
in the research and development of novel detectionmethods
[15,16].

In recent years, the number of articles published on
the application of surface-enhanced Raman spectroscopy
(SERS) for detecting pesticide residues has increased ex-
ponentially [17–20]. Different pesticides possess distinct
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molecular structures and chemical bond configurations, re-
sulting in varying intermolecular forces. These differences
can be effectively distinguished through the characteristic
peak positions, number of peaks, peak shapes, and peak
intensities in SERS spectra. Combined with mathematical
modelling, this approach establishes relationships between
pesticide concentrations and characteristic peak intensities,
thereby enabling both qualitative and quantitative analysis
of pesticide residues in fruits and vegetables using SERS
technology [4,12]. Lin et al. (2018) [21] employed SERS
to determine thiabendazole pesticide residues in rapeseed.
They established a predictive model that links SERS spec-
tral data to thiabendazole pesticide levels in rapeseed via
partial least squares regression.

Molecular imprinting technology mimics the mecha-
nism of antibody-antigen interaction. When the template
molecule (imprinting molecule) comes into contact with the
functional monomer, multiple interaction sites are formed
[11,22]. Through the polymerization process of the cross-
linking agent, this interaction is memorized. After the tem-
plate molecule is removed, stereospecific cavities comple-
mentary to the template molecule in terms of spatial struc-
ture, size and binding sites are left in the polymer network
structure. Such cavities exhibit highly selective recogni-
tion characteristics for the template molecule and its ana-
logues [23,24]. In recent years, molecular imprinting has
been used as a recognition unit to specifically recognize and
bind target molecules, and combined with different types
of transducers to produce molecularly imprinted sensors
[25,26]. It not only has the advantages of high sensitivity
and simple, rapid operation of chemical sensors, but also
has the advantages of mechanical stability, thermal stabil-
ity, long service life and multiple reusability of molecularly
imprinted polymers [16,27]. Therefore, it has shown broad
application prospects in the field of pesticide residue detec-
tion and has become an important research hotspot [11,16].

With the rapid socio-economic development in China,
there has been increasing public concern regarding qual-
ity of life, particularly heightened attention toward food
quality and safety [7,12,15]. However, due to the exten-
sive application of organophosphorus pesticides (OPs) in
crop production and cultivation, the issue of OP pesticide
residues exceeding maximum limits has emerged as a sig-
nificant concern [23–25]. Although China has established
stringent maximum residue limits (MRLs) for organophos-
phorus pesticides in fruits and vegetables, fruits, and other
agricultural commodities, the misuse and overuse of these
chemicals, along with violations involving restricted or
banned OPs, remain prevalent. Moreover, there has been an
increasing frequency of detecting multiple OP residues in
produce [13,22,23]. The problem of excessive OP pesticide
residues not only poses serious threats to consumer health
but also adversely affects the export trade of Chinese agri-
cultural products. Therefore, it is imperative to establish
rapid, accurate, and reliable multi-residue detection meth-

ods for organophosphorus pesticides to ensure public health
protection and enhance food safety monitoring [8,23,25].

Based on molecularly imprinted technology, this
study establishes a rapid and effective method for the de-
tection of multiple trace-level organophosphorus pesticide
residues by combining molecularly imprinted solid-phase
extraction with high-performance liquid chromatography
(MISPE-HPLC). The proposed method not only signifi-
cantly enhances detection sensitivity and lowers the limits
of detection, but also represents a novel exploration into the
application of molecularly imprinted solid-phase extraction
technology for multi-residue analysis of organophosphorus
pesticides.

This manuscript is the first to employ surface-
enhanced Raman spectroscopy for the qualitative and quan-
titative analysis of two pesticides, trichlorfon and cyper-
methrin. Subsequently, by integrating surface-enhanced
Raman spectroscopy with molecularly imprinted polymer
technology, it conducts pesticide residue detection in ac-
tual vegetable samples. This approach overcomes the limi-
tations of conventional SERS detection and offers broad re-
search value and application prospects for achieving highly
specific and sensitive SERS detection.

2. Materials and Methods
2.1 Materials

Trichlorfon (purity 90%), cypermethrin (purity 4.5%),
methacrylic acid, ethylene glycol dimethacrylate, azobi-
sisobutyronitrile, methanol, glacial acetic acid, chloro-
form, silver nitrate, trisodium citrate and acetone were pur-
chased from Shanghai Aladdin Biochemical Technology
Co., Ltd. High-purity nitrogen (99.999%) was purchased
fromHainan JiatengChemical Gas Co., Ltd. Oranges, man-
darins, spinach and leeks were purchased from Nanguo Su-
permarket, Haikou, Hainan Province.

2.2 Preparation and Performance of Mixed Template
Molecularly Imprinted Polymers for Trichlorfon and
Cypermethrin
2.2.1 Preparation of Molecularly Imprinted Polymers for
Trichlorfon and Cypermethrin

The template molecules (0.2867 g of Trichlorfon and
9.2244 g of Cypermethrin) were dissolved in 12 mL chloro-
form in a three-neck flask, followed by the addition of 2.756
g of methacrylic acid (8 mmol) as the functional monomer.
The mixture was stirred at room temperature for 30 minutes
to ensure thorough mixing. Ethylene glycol dimethacrylate
(3.964 g, 20 mmol) was added as the crosslinking agent,
followed by 400 mg of azobisisobutyronitrile as the initia-
tor. The reactions were configured with 0.5 mmol of tem-
plate monomer, a template:functional monomer:crosslinker
ratio of 1:4:20 (n:m:n), 0.44 mmol of initiator, and a pore-
forming agent consisting of a mixed solution of acetoni-
trile/methanol (volume ratio = 3/1). After thorough mixing,
the flask was sealed and sonicated for 15 mins. After nitro-
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gen gas was introduced for 15 minutes to remove oxygen,
the flask was sealed and placed in a 60 °C water bath for 24
h [11,12].

Soxhlet Extraction for Removal of Pesticide Template
Molecules from the Polymer: After the polymerization pro-
cess was completed, an amber-colored solid was obtained.
The solid was thoroughly ground in a mortar and sieved
through a 200-mesh screen. The resulting powder was
tightly wrapped in a filter paper thimble and placed into the
extraction chamber of a Soxhlet apparatus. A mixture of
methanol and glacial acetic acid (120 mL:40 mL, 3:1 v/v)
was used as the extraction solvent. The extraction system
was assembled and heated in a water bath at 93 °C. Siphon-
ing occurred approximately every 20 min. After 12 h of
continuous extraction, the thimble was removed. The ex-
tracted polymer was then washed with methanol until neu-
tral pH was achieved and dried in an oven at 50 °C for 12
h to obtain the final molecularly imprinted polymer (MIP)
[15,16,22].

The non-imprinted polymer (NIP) was prepared fol-
lowing the same procedure, except that no pesticide tem-
plate molecule was added during the polymerization.

2.2.2 Scanning Electron Microscopy (SEM)
Characterization of Trichlorfon, Molecularly Imprinted
Polymer (MIP), and Non-Imprinted Polymer (NIP)

The surface morphologies of trichlorfon, the molecu-
larly imprinted polymer (MIP), and the non-imprinted poly-
mer (NIP) were characterized using scanning electron mi-
croscopy (SEM) to evaluate structural and topological fea-
tures. A drop of nanometer compound was taken from the
copper-covered network with membrane, subjected to nat-
ural air and 2% phosphotungstic acid dye for 30 min in the
copper network carrying the nanometer compound. A filter
paper was used to absorb the excess dye. Then, the sample
was scanned with a transmission electron microscope using
an acceleration volt-age of 80 kV [11,12].

2.2.3 Fourier Transform Infrared (FTIR) Spectroscopy
Analysis

FTIR spectroscopy was employed to characterize
trichlorfon, MIP, and NIP. By comparing the stretching vi-
bration peaks of specific functional groups in the infrared
spectra, the elution efficiency of the pesticide molecules
was evaluated. The samples’ infrared spectrum analysis
was performed using the KBr method, with a wave num-
ber in the range of 400 to 4000 cm−1. Scanning was con-
ducted for 32 times at a resolution of 4 cm−1. This anal-
ysis also helped determine whether chemical bonding oc-
curred between the trichlorfon molecules and the functional
monomer, methacrylic acid [28,29].

2.2.4 Adsorption Kinetics Experiments

A standard aqueous solution of trichlorfon or cyper-
methrin at a concentration of 300 mg/L was accurately pre-

pared. All experiments were performed in triplicate: 20 mg
of molecularly imprinted polymer (MIP) was weighed into
seven 50-mL volumetric flasks, followed by the addition of
10mL of the 300mg/L trichlorfon or cypermethrin standard
solution. The flasks were shaken in an incubator at room
temperature for periods ranging from 5 to 240 mins. After
shaking, the mixtures were centrifuged at 4000 rpm for 30
mins. The supernatant was then carefully collected, and its
absorbance was measured at 190 nm using a UV-Vis spec-
trophotometer. The same procedure was applied in parallel
to evaluate the non-imprinted polymer (NIP) [10,12].

2.2.5 Equilibrium Binding Experiments of Molecularly
Imprinted Polymers

To evaluate the adsorption performance of the two
types of molecularly imprinted polymers, equilibrium bind-
ing studies were conducted with trichlorfon and cyperme-
thrin. Exactly 20 mg of MIP was weighed into a 50-mL
volumetric flask, and 10 mL of trichlorfon or cyperme-
thrin solution at concentrations ranging from 0 to 300 mg/L
was added. The mixtures were oscillated at room temper-
ature for 4 hours and then centrifuged at 4000 rpm for 15
minutes. The supernatant was filtered through a 0.22 µm
aqueous-phase membrane, and a 50 µL aliquot was injected
for HPLC analysis at a detection wavelength of 200 nm
[15,23].

2.3 Detection of Trichlorfon and Cypermethrin Pesticide
Residues in Food Using MIP Combined With SERS
Technology
2.3.1 Preparation of Silver Nanoparticles (AgNPs)
Synthesis Protocol

Measure 15 mL of 0.01 mol/L silver nitrate standard
solution into a 150 mL volumetric flask. Dilute to volume
with ultrapure water. Add a clean, dry magnetic stir bar
and heat while stirring at 100 °C. Once boiling commences
with uniform bubble formation, slowly add 3 mL of 1%
trisodium citrate solution dropwise while maintaining stir-
ring and heating for approximately 30 minutes. Cease heat-
ing and allow the mixture to cool naturally to room tem-
perature. Take 40 g of the solution and centrifuge at 3500
rpm for 2 min to remove larger silver nanoparticle parti-
cles. Ultrasonically disperse the supernatant for 20 min to
ensure thorough mixing, yielding the AgNPs. Store away
from light [19,30].

2.3.2 Preparation of Standard Solutions of the Two
Pesticides

Five silver nitrate solutions were prepared at different
concentrations: 0.2, 0.6, 1.0, 1.4, and 1.8 × 10−3 mol/L.
From each concentration of silver nitrate, 150mLwas taken
to synthesise AgNPs as SERS-enhanced substrates. Five
sodium chloride solutions were also prepared at concentra-
tions of 0.2, 0.6, 1.0, 1.4, and 1.8 × 10−2 mol/L, (5 mL
each) for subsequent use. The 10−2 mol/L stock standard
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solutions of trichlorfon and cypermethrin were serially di-
luted with methanol to obtain concentrations ranging from
10−2 to 10−8 mol/L. The diluted solutions were stored in
sealed volumetric flasks to provide standard solutions of the
two pesticide molecules at various concentrations [31].

2.3.3 Acquisition of Raman and SERS Spectra
Raman and SERS spectra of the trichlorfon and cyper-

methrin standard solutions were acquired using a HORIBA
HR Evolution microconfocal Raman spectrometer. Prior to
the experiment, the instrument was calibrated using a sil-
icon wafer. A 5 µL aliquot of AgNPs was mixed with 5
µL of the test solution on a microscope slide, thoroughly
mixed, and the slide was placed on the stage after 2 min.
Exposure to light was avoided throughout. Measurements
were performed using the Raman spectrometer to collect
the spectra. This method was applied to each concentra-
tion of the pesticide solutions. Unless otherwise specified,
the spectral acquisition parameters were as follows: laser
wavelength, 532 nm; laser intensity, 50%; laser spot diam-
eter, 200 µm; grating, 600 grooves/mm (centre wavelength
500 nm); and a 50× objective lens on the confocal micro-
scope. Ten SERS spectra were collected for each concen-
tration [19,30,32].

2.3.4 Sample Preparation
Common leeks, which may retain residues of trichlor-

fon and cypermethrin, were selected as the actual samples
for testing. The leek samples were spiked with known
amounts of both pesticides. By combining the MIPs to ad-
sorb the pesticide molecules with the prepared AgNPs as
the SERS enhancement substrate, SERS spectra were ac-
quired from the pesticide-contaminated leek samples. The
leeks were rinsed with ultrapure water, air-dried in a fume
hood for 30 min, immersed in the pesticide solutions for
5 min, removed and then left in a cool place for 24 h.
This procedure ensured that the spiked pesticide concentra-
tions closely approximated real-world contamination levels
[17,33].

2.3.5 Acquisition of SERS Spectra
Three grams of each of the two prepared pesticide-

specific molecularly imprinted polymers (MIPs) were
weighed and dissolved in 3mL ofmethanol. Chopped leeks
were placed on a glass slide, 5 µL of the molecularly im-
printed polymer solution was added, and the MIPs were
allowed to adsorb fully onto the sample and dry. Subse-
quently, 5 µL of AgNPs was added. After 2 min, surface-
enhanced Raman spectroscopy signals were collected from
ten uniformly distributed points on the sample surface.
Measurements were taken multiple times at each concen-
tration, and the average value was selected once the sig-
nal intensity has stabilised; this average was used as the fi-
nal measurement result. The instrument parameters were
as follows: laser wavelength, 532 nm; laser intensity, 50%;

laser spot diameter, 200 µm; grating centred at 500 nm; and
a 50× objective lens on the confocal microscope [30,34].

2.4 Data Processing
All experiments were performed in triplicate. Data

were analyzed using SPSS 22.0 software (IBM Corp., Ar-
monk, NY, USA). One-way ANOVA and paired sample
t-tests were employed to assess significant differences be-
tween groups. A p-value < 0.05 was considered statisti-
cally significant, <0.01 as highly significant, and >0.05 as
not significant. Figures were generated using Origin 8.5
(IBM Corp., Armonk, NY, USA).

3. Results and Discussion
3.1 Characterization of Molecularly Imprinted Polymers
3.1.1 Scanning Electron Microscopy (SEM) Analysis

The molecularly imprinted polymers (MIPs) syn-
thesized using trichlorfon and cypermethrin as template
molecules, along with the non-imprinted polymer (NIP),
were characterized by SEM. As shown in Fig. 1, molec-
ularly imprinted polymer shown in the left figure has a mi-
crospherical surface with a large specific surface area. It
is porous and has a rough, uneven texture. This morpho-
logical difference can be attributed to the interactions be-
tween the pesticide template molecules and the functional
monomer during polymerization, leading to the forma-
tion of numerous microspheres complementary in size and
shape to the templates [23,25]. In contrast, the NIP, synthe-
sized in the absence of template molecules, lacks such spe-
cific cavities, resulting in a comparatively smoother surface
with fewer pores.

3.1.2 Fourier Transform Infrared (FTIR) Spectroscopy
The FTIR spectra of the MIP, NIP, and trichlorfon are

shown in Fig. 2. In the spectrum of MIP (Fig. 2A), the ab-
sorption peak at 1240.84 cm−1 corresponds to the stretch-
ing vibration of P=O [17]. Both the MIP (Fig. 2A) and NIP
(Fig. 2B) show absorption near 1730 cm−1, attributed to
the C=O stretching vibration. 2962.02 corresponds to C-H
stretching vibrations of methyl (-CH3) or methylene (-CH2)
groups. A broad absorption peak observed at 3503.93 cm−1

in the MIP spectrum (Fig. 2C) indicates the presence of
O–H stretching vibrations due to intermolecular hydrogen
bonding. This suggests that the P=O group of trichlorfon in-
teracted with the –OH group of methacrylic acid, confirm-
ing successful binding between the mixed templates and
the functional monomer during MIP synthesis [11,15]. The
similarity between the FTIR spectra of the MIP and NIP
(Fig. 2A,B) indicates analogous molecular structures, con-
firming the effective removal of template molecules from
the MIP.
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Fig. 1. Scanning electron micrographs of molecularly imprinted polymers. Scanning electron micrographs of molecularly imprinted
polymers (A) (×10,000) and non-imprinted polymers (B) (×10,000).

3.1.3 Adsorption Kinetics

The adsorption capacity was measured at different
time intervals (Fig. 3). The results demonstrate that the ad-
sorption capacity of the MIP increased over time, reaching
amaximum value of 32.24mg/g, indicating high adsorption
affinity for trichlorfon [23,25].

As shown in Fig. 3, after 30 minutes of shaking, the
adsorption capacities of the common MIP toward trichlor-
fon and cypermethrin were 17.4 mg/g and 18.9 mg/g, rep-
resenting 61.3% and 62.4% of the saturated adsorption ca-
pacity, respectively. Adsorption equilibrium was essen-
tially reached within 180 mins. These results suggest that
the common MIP exhibits rapid adsorption kinetics for
organophosphorus pesticides and can be effectively used
as a sorbent in matrix solid-phase dispersion extraction for
rapid extraction of such pesticides from samples [24,26].

3.2 Specific Adsorption Detection by MIPs

The specific adsorption performance of Tri-MIPs and
Cyp-MIPs was verified using solutions of different pesti-
cide molecules. Although trichlorfon and cypermethrin are
both benzene-containing compounds with similar molecu-
lar structures, cross-adoption experiments were conducted
followed by SERS detection. After elution, Tri-MIPs,
Cyp-MIPs, and the corresponding non-imprinted polymers
(NIPs) were separately exposed to 1 × 10−6 mol/L solu-
tions of trichlorfon, cypermethrin, and an equimolar mix-
ture of the two. Following 1.5 h of adsorption, SERS
signals were acquired using the AgNP-enhanced substrate,
as shown in Fig. 4A. No characteristic peak signals for
trichlorfon or cypermethrin were detected with any of the
three polymers (Tri-MIPs, Cyp-MIPs, or NIPs) when ex-
posed to structurally similar pesticide. This indicates that

the prepared MIPs do not bind specifically to compounds
with similar structures. After elution, Tri-MIPs, Cyp-MIPs,
and the corresponding NIPs were separately exposed to 1
× 10−6 mol/L solutions of trichlorfon, cypermethrin, and
an equimolar mixture of both at 1 × 10−6 mol/L. Follow-
ing 1.5 h of adsorption, SERS signals were acquired us-
ing the AgNP-enhanced substrate, with results shown in
Fig. 4B. Tri-MIPs clearly exhibited the characteristic peaks
of trichlorfon at 996 cm−1 and 1595 cm−1, whereas Cyp-
MIPs exhibited those of cypermethrin at 719 cm−1 and
1596 cm−1. Both polymers successfully adsorbed their re-
spective target pesticide molecules. Even when the con-
centrations of both pesticides were increased to 1 × 10−2

mol/L, the NIPs still showed no characteristic peaks, con-
firming that NIPs lack specific adsorption capability for
these pesticides. In contrast, only the MIPs possess nu-
merous specific binding sites. These sites can be occupied
solely by pesticide molecules that match their spatial shape
and functional group arrangement, thereby confirming the
specific binding capability of the MIPs.

3.3 Spiked Sample Testing

To evaluate the feasibility of the SERS-MIP method
for rapid pesticide detection and to validate the practical
application of the prepared MIPs and AgNP-enhanced sub-
strates in real vegetable samples, spiked samples were anal-
ysed. Chinese chives were selected as the matrix for spiked
recovery experiments. SERS spectra were acquired ten
times for each spiked concentration.

Fig. 5A shows the SERS spectra of trichlorfon spiked
into leeks at different concentrations. Spectra a–e corre-
spond to trichlorfon spiking concentrations of 1 × 10−4–
1 × 10−8 mol/L, respectively. Spectrum f represents the
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Fig. 2. Infrared characterization of polymers and pesticides. Infrared characterization of polymers and pesticides. Note: (A) Molec-
ularly imprinted polymer; (B) non-imprinted polymer; (C) trichlorfon.
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Fig. 3. Kinetic uptake plots of the imprinted polymer towards trichlorfon and cypermethrin at 300 mg/L. Kinetic uptake plots of
the imprinted polymer towards trichlorfon and cypermethrin at 300 mg/L. Note: Lowercase letters indicate a 0.05 significance level.

Fig. 4. SEM images of MIP and non-MIP. (A) Raman spectra of Cyp-MIPs adsorb Cypermethrin, Tri-MIPs adsorb Trichlorfon, NIPs
adsorb mixed solution. (B) Raman spectra of CIPC-MIPs adsorb CIPC, OPP-MIPs adsorb OPP, NIPs adsorb high concentration mixed
solution. MIP, molecularly imprinted polymer; NIP, non-imprinted polymer; CIPC, Chlorpropham; OPP, O-Phenylphenol.

blank control containing only Tri-MIPs and AgNPs. Dis-
tinct characteristic peaks of trichlorfon were observed at
712 cm−1, 988 cm−1, 1286 cm−1, and 1598 cm−1. Com-
pared with the standard solution, slight shifts in peak posi-
tions and reduced SERS signal intensities were observed.
For instance, the characteristic peak at 1286 cm−1 shifted
by 6 cm−1 relative to that of the standard solution, and

its intensity was also reduced. These changes primar-
ily arose from non-specific functional groups present in
the leeks adsorbing onto the active surface of the AgNPs,
thereby interferingwith the interaction between the trichlor-
fon molecules and the AgNPs [35,36]. Nevertheless, the
SERS characteristic peaks of trichlorfon in leeks remained
clearly distinguishable. In particular, the peak at 1286
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Fig. 5. FTIR spectra of polymers and trichlorfon. (A) SERS spectra of trichlorfon solution with various concentrations on leek. From
a to e: 1 × 10−4, 1 × 10−5, 1 × 10−6, 1 × 10−7, 1 × 10−8 mol/L, f: SERS spectrum of blank control food. (B) The linear correlation
diagram between SERS peak intensity at 1286 cm−1 of leek and the logarithmic concentration of trichlorfon. SERS, surface-enhanced
Raman spectroscopy.

cm−1 exhibited distinct characteristics, and its intensity
showed a strong linear relationship with concentration. As
shown in Fig. 5B, the linear concentration range exhibits
good linearity between 1 × 10−8 and 1 × 10−4 mol/L (R2

= 0.9903). This method is therefore suitable for the quanti-
tative detection of trichlorfon residues in leeks.

As shown in Fig. 6A, spectra a–g represents the SERS
spectra of cypermethrin spiked into leeks at concentrations
ranging from 1 × 10−3 mol/L to 1 × 10−9 mol/L, while
spectrum h is obtained solely from Cyp-MIPs and AgNPs.
Distinctive characteristic peaks of cypermethrin were ob-
served at 995 cm−1 and 1580 cm−1; these peaks gradu-
ally diminished in intensity as the cypermethrin concentra-
tion decreased. Overall, the characteristic peaks of cyper-
methrin remained clearly discernible, with signal intensity
decreasing proportionally with concentration. At the same
concentration, the SERS signal intensity of cypermethrin
was weaker than that observed in the standard solution.
This can be attributed to chlorophyll and other components
in the leeks competing with cypermethrin molecules for the
limited active sites on the AgNP substrate, thereby reducing
the overall SERS enhancement effect. Within the concen-
tration range of 1× 10−9 to 1× 10−3mol/L, the intensity of
the characteristic Raman peaks exhibited a strong linear re-
lationship with concentration (R2 = 0.9908), thus providing
a reliable basis for the quantitative analysis of cypermethrin
residues in leeks (Fig. 6B).

3.4 Calculation of Enhancement Factors

To determine the enhancement effect of AgNPs on the
pesticides trichlorfon and cypermethrin, enhancement fac-
tors were calculated based on the most prominent charac-

teristic peaks of the two pesticides at 1286 cm−1 and 995
cm−1, respectively. Following the procedures described
above, optimal enhancement substrates for each pesticide
were prepared, and their SERS spectral signals were ac-
quired. For trichlorfon, the surface-enhanced Raman spec-
troscopy detection limit (CSERS) was 1.1 × 10−5 mol/L,
while the conventional Raman detection limit (CNR) was 1
mol/L. Calculations revealed an enhancement factor of 1.62
× 106 for the prepared AgNPs toward trichlorfon, indicat-
ing a significant enhancement effect. For the cypermethrin
molecule, the surface-enhanced Raman threshold concen-
tration (CRaman) was 1 mol/L, with a threshold ratio (INR)
of 270.23 (a.u.). Calculations yielded an enhancement fac-
tor of 3.12× 107 for the prepared AgNPs toward cyperme-
thrin, indicating that the AgNPs substrate exhibits favorable
enhancement effects.

3.5 Recovery Rate and Relative Standard Deviation (RSD)

To validate the accuracy and precision of the calibra-
tion curves for various practical samples, three different
concentrations of trichlorfon and cypermethrin standard so-
lutions (2 µg/L, 5 µg/L, and 10 µg/L) were added to each
of the four samples mentioned above. with eight parallel
replicates for each concentration. After adsorption onto
MIPs, the samples were enhanced using an AgNPs sub-
strate. SERS spectra were collected, and corresponding
concentrations were calculated by integrating the charac-
teristic peak intensity into the standard curve. Recovery
rates and RSD were calculated for each of the four fruit and
vegetable matrices. Results are shown in Table 1. Recov-
ery rates for oranges ranged from 95.2% to 101.4% with
RSDs of 3.1% to 7.5%; for mandarins, 97.2% to 101.3%

8

https://www.imrpress.com


Fig. 6. Kinetic uptake plots of MIP towards pesticides. (A) SERS spectra of cypermethrin solution with various concentrations on
Chinese chives. From a to g: 1 × 10−3, 1 × 10−4, 1 × 10−5, 1 × 10−6, 1 × 10−7, 1 × 10−8, 1 × 10−9 mol/L, h: SERS spectrum of
blank control food. (B) The linear correlation diagram between SERS peak intensity at 995 cm−1 of Chinese chives.

Table 1. Recovery and RSD of Tri and Cyp in four samples (n = 8).

Sample
2 µg/L 5 µg/L 10 µg/L

Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/%

Oranges 95.2% 7.5% 101.4% 3.5% 98.1% 3.1%
Mandarins 97.2% 2.0% 97.5% 1.4% 101.3% 4.3%
Leeks 95.2% 3.1% 98.1% 2.8% 97.6% 2.3%
Spinach 96.1% 5.0% 100.3% 3.9% 98.7% 3.2%
RSD, Relative Standard Deviation.

Table 2. Comparison of methods in this paper with other reported methods.
Pesticide Method LOD LOQ Reference

Tri
SERS-MIP 1.27 µg/kg 1.67 µg/kg This work
LC-MS/MS 0.2 mg/kg 1 mg/kg Yoshimitsu et al., 2020 [37];
GC-MS/MS 2 µg/kg 10 µg/kg Liu et al., 2021 [38];

Cyp
SERS-MIP 0.13 µg/kg 0.22 µg/kg This work
LC-MS/MS 0.14 µg/kg 0.43 µg/kg Gomes et al., 2022 [39];
GC-MS/MS 2.5 µg/kg 3 µg/kg Yang et al., 2022 [40];

LOD, Limit of Detection; LOQ, Limit of Quantitation; SERS-MIP, molecularly im-
printed polymer technology with surface-enhanced Raman spectroscopy; LC-MS/MS,
liquid chromatography tandemmass spectrometry; GC-MS/MS, Gas Chromatography-
Mass Spectrometry.

with RSDs of 1.4% to 4.3%; leeks showed recovery rates
of 95.2%–98.1% with RSDs of 2.3%–3.1%; spinach exhib-
ited recovery rates of 96.1%–100.3% with RSDs ranging
from 3.2% to 5.0%. All four samples exhibited satisfac-
tory recovery rates and low RSD values, yielding calibra-
tion curves with excellent accuracy. The experimental re-
sults comply with the requirements of national standards for
physicochemical testing, indicating that theMIPs combined
with SERS detection is suitable for the quantitative deter-
mination of trichlorfon and cypermethrin in real samples.

3.6 Comparison With Other Detection Methods

The MIP coupled with SERS detection method es-
tablished in this study was compared with other reported
methods for detecting trichlorfon and cypermethrin, with
results shown in Table 2 (Ref. [37–40]). It can be seen that
the SERS-MIP technology developed in this study exhibits
high sensitivity for detecting both pesticides. It requires no
cumbersome pretreatment, demonstrates strong specificity
and high sensitivity in complex real-world systems, and
necessitates only minimal sample quantities—covering the
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laser spot suffices for detection. This significantly reduces
economic costs. Utilizing a portable Raman spectrometer
enables real-time, rapid detection in outdoor settings.

4. Limitation
This study utilized specific surface-enhanced Raman

scattering combined with molecularly imprinted polymer
(SERS-MIP) technology to detect carbaryl and cyperme-
thrin pesticide residues in four types of fruits and vegeta-
bles. Although preliminary success has been achieved, ex-
tensive further experimentation is still required. Building
on the existing research, the following areas of work can
be pursued: (1) In SERS spectral analysis, relying solely
on manual interpretation of peak positions and intensities
is prone to errors; therefore, it is necessary to develop com-
putational modeling to replace manual analysis and achieve
greater precision. (2) This study focused on four common
fruits and vegetables; however, given the scope of the pes-
ticide residue issue, testing should be expanded to include a
wider range of food products. Additionally, the SERS-MIP
technique should be applied to the detection of other types
of pesticide residues to establish a comprehensive detection
system.

5. Conclusion
Molecularly imprinted polymers (MIPs) were synthe-

sised via precipitation polymerisation using trichlorfon or
cypermethrin as the template molecule, methacrylic acid as
the functional monomer, acetonitrile and methanol as poro-
gens, azobisisobutyronitrile as the initiator, and divinyl-
benzene or ethylene glycol dimethacrylate as the crosslink-
ers. SEM characterisation of the polymers revealed that
both Cyp-MIPs and Tri-MIPs exhibited substantially higher
specific surface area than the corresponding NIPs. A
rapid SERS detection method incorporating pretreatment
with Cyp-MIPs and Tri-MIPs was successfully established.
Spiked tests were conducted on real samples of oranges,
tangerines, leeks, and spinach using the prepared MIPs and
AgNPs. Through spiked testing and quantitative analysis of
four fruits and vegetables to establish standard curves, the
detection results for trichlorfon and cypermethrin pesticides
demonstrated good accuracy and reproducibility.
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