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Abstract
In this work, two detection methods of solid-phase extraction–high-performance liquid chromatography (SPE-HPLC) and quartz
crystal microbalance (QCM) were established, based on a surface molecularly imprinted polymer material (MIP). The material
can be used as a selective solid-phase extraction filler and as a coating for sensitive quartz crystal microbalances by virtue of the
polyhydroxy structure of grafted silicon spheres together with the network structure from cross-linked polymerization. The
adsorption properties of the preparedMIP were analysed by dynamic and static adsorption tests, and the experimental conditions
for SPE-HPLC and QCM analysis were optimized. Under the optimal conditions, the linear range of MIP-SPE-HPLC for the
detection of carbaryl was 0.5–60 μg L−1 (R2 = 0.99913), and the detection limit was 0.0573 μg L−1. The proposed QCM sensor
displayed a linear relationship between the frequency shift and the concentration of carbaryl ranging from 5 to 80 μg L−1 with a
low detection limit of 0.6845 μg L−1 (signal-to-noise ratio, S/N = 3). Through a series of experiments, it was shown that the
prepared MIP has good adsorption and selectivity for carbaryl, and the MIP-based HPLC and QCM sensor can be applied to the
detection of actual food samples.
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Introduction

Carbaryl, a carbamate pesticide that was discovered in 1956
by the USA, has been widely used as an insecticide in agri-
culture due to its low persistence, broad-spectrum activity,
high insecticidal activity, and stability at room temperature
and sunlight. However, widespread and improper use of this
pesticide is detrimental to the environment and poses health
risks. Residual carbaryl can enter into the human body
through the respiratory tract, skin and mucous membranes,
or digestive tract due to the bio-accumulation, and can act as
an acetylcholinesterase inhibitor that may damage the nervous
systems, muscles, liver, pancreas, and brain (Karami-

Mohajeri and Abdollahi 2011). Therefore, the pesticide resi-
dues are serious life-threatening contaminants that have raised
serious public concerns regarding food safety and human
health, as well as the rapid determination and reliable quanti-
fication of carbaryl. Various countries have certain require-
ments for the carbaryl residue limits in foods. For example,
the tolerances for carbaryl residues in apple are 15 mg kg-1 in
the USA (U.S. GPO, 2020), and the maximum residue levels
of carbaryl in round lettuce are 1 mg kg-1 in China (GB2763-
2019, China, 2019), 5 mg kg-1 for pear in Japan (the Japan
Food Chemical Research Foundation 2019), and 0.01 mg kg-1

for apple in the EU (European Commission 2014).
Many methods, such as high-performance liquid chroma-

tography (HPLC) (Hargreaves and Melksham 1983), liquid
chromatography/gas chromatography/mass spectrometry
(HPLC-MS/GC-MS) (Hernández et al. 2013; Petropoulou
et al. 2006), and enzyme-linked immunosorbent assay
(ELISA) (Sun et al. 2010), have been used tomeasure carbaryl
residues. These common methods have the advantages of ac-
curate detection results and low detection limits. However, the
pre-processing is cumbersome, the detection time is long, and
the use conditions are strict. New methods for detecting
analytes selectively, quickly, or under mild conditions have
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emerged, for instance, solid-phase microextraction coupled
with high-performance liquid chromatography (SPME-
HPLC), rapid colorimetric detection (Lee et al. 2018), nano-
carbon black-based screen-printed sensors (CB-SPE) (Pelle
et al. 2018), Raman spectroscopy (SERS) (Alsammarraie
and Lin 2017), electrochemistry (Rahmani et al. 2018) and
quartz crystal microbalance (Karousos et al. 2002), some
new methods based on ELISA (Zhang et al. 2017), and show
us new ideas and progress. These detection methods have
different advantages and disadvantages, respectively. The ac-
curate detection results, high efficiency, and sensitivity may
be supported by time-consuming operations, complicated
sample pretreatment, expensive machines, highly trained per-
sonnel, or poor repeatability. Therefore, motivated by these
past advances, we aim to establish a new way to detect pesti-
cide residues more easily, accurately, quickly, and even cost-
effectively.

The molecular imprinting technique (MIT) is a synthetic
method of polymer materials exhibiting a specific binding
ability to a certain molecule. Currently, MIT has been
widely used in various aspects of food safety testing. Its
superb recognition and adsorption capability and desirable
stability provide great convenience for detection.
Furthermore, the quartz crystal microbalance (QCM) is a
mass-sensitive sensor capable of measuring mass changes
in the nanogram range (Bruckenstein and Shay 1985). The
increased mass loaded onto the surface of sensor chips
results in a decrease in the frequency response of the sen-
sor. Therefore, the combination of an outstandingly selec-
tive molecularly imprinted polymer (MIP) with the ultra-
sensitive quartz crystal microbalance will result in a supe-
rior chemical sensor. In recent years, there have been many
reports on the detection methods of quartz crystal micro-
balance sensors based on molecular imprinting technology,
such as the detection of caffeic acid in plant materials
(Gültekin et al. 2014), albumin in serum (Lin et al.,
2005), amoxicillin antibiotics in aqueous samples
(Ayankojo et al. 2018), cholic acid levels in body fluids
(Gültekin et al. 2014), and Bacillus cereus in distilled wa-
ter (Spieker and Lieberzeit 2016). However, most of the
QCM methods used to detect carbaryl are immunosensors
or enzyme sensors based on specific antigen-antibody rec-
ognition (Carmen et al. 2015; Cervera-Chiner et al. 2018)
or enzyme cascades (Karousos et al. 2002). Although these
methods are specific, sensitive, and inexpensive, the en-
zyme is also sensitive to external influences (temperature
and pressure), and new quartz chips and analytical instru-
ments are needed (Gaudin 2017) and have certain require-
ments for storage conditions. Therefore, we tried to syn-
thesize a molecularly imprinted polymer with improved
performance and combined it with QCM to establish sim-
ple, easy-to-use, low-cost methods that do not need trained
professionals for the detection of carbaryl residues in food.

In this work, the MIP was synthesized on the surface of the
grafted silicon spheres on which had a polyhydroxy network
structure (Husseman et al. 1999). The MIP obtained by this
means had enlarged specific surface area and held more
methacrylic acid, assisting the formation of molecularly
imprinted polymers and providing more imprinted recognition
sites. By applying the MIP to the solid-phase extraction before
HPLC analysis, the target molecules could be adsorbed with
high efficiency and high selectivity. In combination with
QCM, a highly sensitive and highly selective sensor for the
determination of carbaryl could be established. These two de-
tection methods were demonstrated to be feasible and effective
by verifying the measurements in the actual samples. The prep-
aration of theMIPs, as well as the application and optimization
of the two detection methods are described and discussed be-
low. The preparation and detection processes of theMIP, SPE-
HPLC, and MIP-QCM sensors are shown in Fig. 1.

Experimental

Reagents and Materials

Carbaryl (99.9%), metolcarb (99.7%), propoxur (99.9%),
and isoprocarb (97.6%) were purchased from Dr.
Ehrenstorfer GmbH (Germany), and the chemical struc-
tural formulas are shown in Fig. 2. Methacrylic acid
(MAA, 99%), azodiisobutyronitrile (AIBN, 98%), ethyl-
ene glycol dimethacrylate (EGDMA, 97%), and
methanesulfonic acid (99%) were achieved from TCI
Shanghai Chemical Industry Development Co., Ltd.
(Shanghai, China). Chloroform, acetonitrile (ACN),
methanol (MeOH), glacial acetic acid (HAC), ethyl al-
cohol (EtOH), and dichloromethane (DCM) were obtain-
ed from Tianjin Chemical Reagent Plant (Tianjin,
C h i n a ) . P o l y v i n y l c h l o r i d e ( PVC ) a n d γ -
methacryloxypropyltrimethoxysilane (γ-MPS, 98%) were
supplied by Sigma-Aldrich (St. Louis, MO, USA) and
Ourchem Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), respectively. All of the reagents were
at least analytical grade. Doubly deionized water (DDW,
18.2 MΩ cm−1) obtained from a Milli-Q water purifica-
tion system was used throughout the experiment. The
food samples, i.e. apple, pear, and round lettuce, were
purchased from a local supermarket. Silica sphere
(5 μm) wer e pu r cha sed f r om Boru i Bonded
Chromatography Technology Co., Ltd. (Tianjin, China).

Apparatus and Instruments

The measurement of frequency shift (f, Hz) was carried out by
the QCM instrument (QCM-922, Princeton Applied
Research, Princeton, NJ, USA) equipped with a 9 MHz AT-
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cut quartz crystal (Seiko EG&G) coated with Au electrode
(AuE, 0.196 cm2) on both sides. In the experiments, the quartz
crystal was installed into the Teflon holder (well-type, QA-
CL3, Seiko EG&G) to ensure that only one side of the quartz
crystal contacted the solution to be tested. Scanning electron
microscopy (SEM, SU1510, HITACHI, Tokyo, Japan) was
used to observe the surface morphological characteristics of
the MIP. The adsorption effect of MIP and NIP on the target
was measured and evaluated by an ultraviolet spectrophotom-
eter (EVO300PC, Thermo Fisher Scientific Inc., USA).
HPLC (LC-20AB, Shimadzu, Japan) was utilized to validate
the results obtained from the MIP-QCM sensor. HPLC was
utilized to determine the content of the target enriched by
MIP-SPE and to verify the results of QCM measurement.
HPLC analysis was performed using methanol/water (55:45,

v/v) as the mobile phase with a flow rate of 0.8 mL min−1 at
30 °C through an analytical octadecylsilyl (ODS) column
(4.6 mm× 150 mm, 5μm particle size, Thermo). The injection
volume for each test is 20 μL and the detection wavelength
was 222 nm.

Preparation of the MIP

First, silica spheres (10 g) were activated by refluxing with
methanesulfonic acid (75mL, 33%) under electromagnetic stir-
ring for 10 h; afterwards, they were rinsed repeatedly with
water until the solution was neutral, and then vacuum-dried at
70 °C for 10 h. Next, 6 g of activated silicon spheres were
dispersed in an ethanol-water solution (v:v = 1:1, 400 mL) con-
taining 10 mL of γ-MPS for 24 h at 50 °C. The silicon spheres
were filtered with absolute ethanol and vacuum-dried for 10 h.

Then, 2 g of the silicon spheres processed by the above
method and 0.200 g (1.0 mmol) of carbaryl were added into
a mixture of 30 mL of ACN and 20 mL of chloroform in a
round-bottomed flask at room temperature. The mixture was
stirred at 60 °C for 1 h after adding the functional monomer
(MAA, 0.340 mL, 4.0 mmol). Stirring was continued for
30min after the cross-linker (EGDMA, 3.760mL, 20.0mmol)
was added. Then, the initiator (AIBN, 20 mg) was added to
the mixture. The mixed solution was sonicated for 5 min,
followed by nitrogen purging for 10 min to remove oxygen
from the liquid. The round bottom flask containing the mixed
solution was then placed in a water bath at 60 °C for 10 h to
allow polymerization to be initiated in the mixture by heat.
After polymerization, the polymer was rinsed with acetonitrile
and dried in a vacuum for 12 h at 60 °C. Next, 300 mL of
methanol/acetic acid (9: 1, v/v) were used to separate the tar-
get from the polymer by Soxhlet extraction until no target was
detected in the eluent by UV spectrometry at 222 nm. Finally,
the MIP was obtained. As a control, non-imprinted polymers
were obtained under the same conditions, except that no tem-
plate molecules were added during the synthesis.

Fig. 1 The preparation and
detection process of MIP, SPE-
HPLC, and MIP-QCM sensor

Fig. 2 Chemical structural formulas of carbaryl, metolcarb, propoxur,
and isoprocarb
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Adsorption Measurements of MIP

First, 20.0 mg of MIP or NIP was added into 15-mL polypro-
pylene centrifuge tubes, which contained 10.0 mL of a
carbaryl-methanol solution at different concentrations (10,
20, 30, 40, 50, 60, 80, 100, and 120 mg L−1). Then, after the
tubes were shaken and adsorption was allowed to occur at
room temperature for 2 h, they were centrifuged at
10,000 rpm for 15 min. The concentration of unadsorbed
carnaryl remaining in the solution was determined by its UV
absorbance at 222 nm. The adsorption capacity (Q, mg g−1) of
the MIP was calculated by Eq. (1) as follows:

Q ¼ Ci−C f
� �� V=W ð1Þ

where Ci and Cf are the initial and final concentrations of the
target in the solution, respectively (mg L−1),V is the volume of
the solution (L), and W is the amount of polymer (g).

Establishment of the SPE-HPLC Detection Method

Preparation of SPE Column

The SPE column was prepared as follows: a polypropylene
gasket, 60 mg of the weighedMIP material, and another piece
of polypropylene gasket were added sequentially into a 3 mL
empty SPE column in turn, and they were carefully pressed
into the bottom with a glass rod carefully to avoid the column
being clogged due to too much filling. The SPE column was
activated with 3 mL of methanol and 3mL of deionized water,
and then enriched with 50.0 mL of the standard aqueous so-
lution of carbaryl. The target was enriched on the MIP-SPE
column, while the unadsorbed portion flowed out with the
eluent. The MIP-SPE column was eluted with methanol and
the eluate was collected. Next, the eluate was dried with ni-
trogen, reconstituted with 1.0 mL of chromatographic grade
methanol, fi l tered through a 0.45 μm fil ter , and
chromatographed.

The experimental conditions of the non-imprinted cartridge
(NIP-SPE column) were the same as those of the MIP-SPE
column. To compare the selective enrichment effect of the
prepared MIP-SPE column, a comparative experiment was
carried out using a C18-SPE enriched column. The recovery
rates were calculated to evaluate the selectivity and adsorption
capacity of the prepared SPE columns, and three parallel ex-
periments were performed.

Optimization of Solid-Phase Extraction Conditions

To investigate the effect of the pH value of the sample solution
and the loading flow rate on the solid-phase extraction, the
carbaryl standard solution (50 mL, 1 mg L−1, DDW) was
tested at different pH values (pH 5.5, 6, 6.5, 7, 7.5, 8, 8.5)

and different flow rates (0.5 mL min−1, 1 mL min−1,
1.5 mL min−1, 2 mL min−1, 2.5 mL min−1, 3 mL min−1).

Optimization of the elution conditions was a critical step in
molecularly imprinted solid-phase extraction to achieve satis-
factory recovery. First, 12 mL of MeOH, EtOH, ACN, and
DDWwere selected to elute the solid-phase extraction column
after enrichment to compare the elution effect. Then, the SPE
column was eluted with 12 mL of the eluent with different
durations to select the optimum flow rate. Next, the results of
different volume eluent volumes (4 mL, 5 mL, 6 mL, 7 mL,
8 mL, 9 mL, 10 mL, 11 mL, 12 mL) on the elution effect were
investigated to avoid wasting resources by using too much
eluent. Finally, different elution rates (0.5 mL min−1,
1 mL min−1, 1.5 mL min−1, 2 mL min−1, 2.5 mL min−1,
3 mL min−1, 4 mL min−1, 5 mL min−1) were also tested.

The eluate was dried with nitrogen, and the residue was
dissolved in 1 mL MeOH/DDW (55:45, v/v) solution and
filtered through a 0.22-μm filter for subsequent HPLC.

Research on the MIP-SPE Column Recycling Performance

The MIP-SPE columns were repeatedly loaded and eluted 5
times under the same conditions, and the eluate obtained each
time was analysed by HPLC. The experiment was performed
in parallel three times. The recovery rate was calculated to
evaluate the recyclability of the MIP-SPE column.

Establishment of the MIP-QCM Detection Method

Preparation of MIP-Coated Quartz Crystal Electrode

An electrode was ultrasonically cleaned in ethanol, dried with
nitrogen, and cleaned by freshly prepared piranha solution
(30% H2O2:98% H2SO4, 1:3, v/v) for 5 min. After rinsing
thoroughly with water and EtOH, the electrode was dried
again with ultra-pure nitrogen. MIP or NIP (8.0 mg) was dis-
persed in 2mL PVC-DCM (1.0mgmL−1). After vortexing for
2 min and sonicating for 5 min, a homogeneous solution was
obtained. Then, 5 μL of the mixed solution was carefully
dropped on the surface of the quartz crystal each time. The
dried modified electrode was stored in a vacuum chamber for
later use.

Measurement of the MIP-QCM Sensor

The response of the QCM sensor towards the analyte was
evaluated by submerging the quartz crystal resonator assem-
bled in a Teflon retainer into 50 mL of a MeOH solution
containing different concentrations of the target with magnetic
stirring. First, the initial frequency denoted as f0 was a stable
frequency measured by the sensor in a blank solution (a fre-
quency change less than 1.0 Hz could be regarded as a stable
sensor frequency). A small amount of the appropriate high
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concentration analyte solution was dropped into the detection
cell in portions with a micropipette to achieve the desired
concentration of the target solution. When the frequency re-
sponse value (fi, Hz) was stable again, a frequency change
caused by analyte binding was obtained and recorded. The
m o d i f i e d q u a r t z c r y s t a l w a s r i n s e d w i t h a
MeOH/1.0 mol L−1 HCl solution (9:1, v/v) and DDW repeat-
edly until the frequency recovered to f0 and then was dried
with nitrogen for the next measurement. Triplicate analysis
was performed and the average of three experiments was used
for calculation and analysis. Then, the mass of carbaryl
adsorbed by the material on the quartz crystal surface could
be calculated by the Sauerbrey equation:

Δ f ¼ −2:26� 10−6Δmf 20=A

where f0 is the original frequency (Hz), Δm is the mass
change (g), A is the surface area of the electrode (cm2), and
Δf is the difference between f0 and fi.

For comparison and elimination of interference, the NIP-
QCM sensor and PVC-coated sensor were also tested using
the same procedure.

Sample Preparation

Prior to the spike and recovery studies, three different sample
matrices (apple juice, pear, and lettuce) were determined to be
free of carbaryl by HPLC.

Samples (5.00 ± 0.01 g or 5.00 ± 0.01 mL) in 50 mL poly-
propylene centrifuge tubes were spiked with carbaryl at three
levels respectively (50, 100, and 200 μg kg−1 or μg L−1) and
stored overnight in the dark. Next, 5.0 mL of acetone and 1.0 g
of sodium chloride were added into the tubes, which were
shaken vigorously for 5 min. After adding 5.0 mL of DCM
and 1.0 g of anhydrous Na2SO4, the tubes were shaken again
for 5 min. Then, the mixture was centrifuged at 6000 rpm for
10 min, and the supernatant was transferred to another centri-
fuge tube. The residue was treated as described above and the
collected supernatants were combined. The supernatant was
dried with high-purity nitrogen at 40 °C and then reconstituted
with methanol (2 mL).

The sample extracts obtained above were loaded onto an
activated C18 solid-phase extraction column (C18-SPE,
60 mg, 3 mL, Bonna-Agela Technologies) and MIP-SPE at a
flow rate of 1 mL min−1 for purification. The eluent of acetone
and DCM (1:1, v/v) was collected, blown dry with nitrogen
flow at 40 °C, and then redissolved in 1 mL of MeOH. The
reconstituted liquid was filtered with a 0.22 μm nylon filter for
HPLC analysis or transferred to a 50 mL volumetric flask and
brought to volume with methanol for QCM analysis.

The test results of carbaryl detected by the developed MIP-
QCM sensor were verified by the HPLC an ultraviolet detector.

Results and Discussion

Synthesis of the Carbaryl Molecularly Imprinted
Material

As the identification and adsorption element of this detection
method, the MIP should be synthesized according to a clear
reaction route. First, the activation of the silicon spheres by
methanesulfonic acid exposed a large amount of hydroxyl
groups on their surface. The activated silicon spheres were
then modified with γ-MPS and grafted with MAA. The mo-
lecularly imprinted polymer was subsequently synthesized on
the surface of the silica sphere by precipitation polymeriza-
tion. During the prepolymerization process, hydrogen bonds
were formed between the carboxyl group of MAA and the
imino group and carbonyl groups of carbaryl. Then, the car-
baryl was encapsulated in the cross-linked network by the
effect of a cross-linking agent. When the template molecule
carbaryl was washed away, a large number of holes matching
the template molecules were left in the thin polymer layer on
the surface of the silicon sphere forming a carbaryl molecu-
larly imprinted material.

FT-IR and Morphological Characterization

The FT-IR spectra of the MIP before and after template elu-
tion are shown in Fig. 3. Compared with the MIP combined
with carbaryl, the MIP after elution did not exhibit the vibra-
tions of the aromatic ring skeleton at 1620 cm−1, 1602 cm−1,
1566 cm−1, and 1490 cm−1, the stretching vibrations of –CH–
in the aromatic ring at 3095 cm−1, 3068 cm−1, and 3035 cm−1,
or the diffuse band of NH2+ at 2559 cm−1. This result shows
that MIP-carbaryl was successfully synthesized.

Fig. 3 FT-IR spectrums of MIP before and after template extraction
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The morphology of the MIP with silicon microspheres as
the support material is shown by SEM in Fig. 4. Due to the
thickness of the spheres, the edge of the sphere was scanned.
The MIP layer was plump, loose, and multi-porous, which
was beneficial to the binding of the target to the specific site
of MIP.

Adsorption Study of MIP-Carbaryl

Different adsorption solvents could affect the adsorption ca-
pacity of MIP to the target. To select a suitable adsorption
solvent, the adsorption capacity of the MIP to the target mol-
ecule in different solvents (MeOH, EtOH, ACN, and DDW)
was calculated and compared. As illustrated in Fig. 5a, when
using MeOH as the adsorption medium, the adsorption capac-
ity of MIP was significantly higher than that when using
DDW, EtOH, or ACN. However, in DDW, the adsorption
capacity of NIP was also high, indicating that nonspecific
adsorption was superior to specific adsorption in DDW,which
may be because the target molecules were not readily soluble
in water. Instead, there was a threefold gap between the ad-
sorption capacity of the MIP and NIP inMeOH. Thus, MeOH
was used as the adsorption solvent in the subsequent
experiments.

The adsorption capability (Q, mg g−1) of the prepared
MIP and NIP in different concentrations of a carbaryl-
methanol solution was determined in parallel three times.
The adsorption isotherm curves are shown in Fig. 5b. The
adsorption amount of MIP and NIP also increased with the
increasing initial concentration of carbaryl. However, at
the same initial concentration, the adsorption capacity of
the MIP was significantly higher than that of the NIP. At
the initial concentration of 120 mg L−1, the adsorption
capacities of the MIP and NIP were 5.72 mg g−1 and
2.52 mg g−1, respectively.

Scatchard analysis is shown in Fig. 5c. Within the con-
centration range of 5–80 mg/L, the MIP had a linear re-
lationship between Q/c and Q, which indicated that flaw-
less imprinting sites were formed in the MIP. There was

no good linearity between the Q/c and Q of the NIP,
indicating that no uniformly specific imprinting sites were
formed in the NIP.

Then, the selectivity of the MIP was investigated,
with metolcarb, propoxur, and isoprocarb as interfering
substances. The adsorption results of the MIP with the
four substances are shown in Fig. 5d. There were dif-
ferent degrees of adsorption effects with the four
analytes, which may be caused by the structural simi-
larity of the analytes and the multi-hole structure of the
adsorbent material. It was obvious that the MIP had the
best adsorption effect on the target carbaryl, which in-
dicated that the MIP material forms excellent imprinted
holes according to the shape, structure, and size of the
target so that the target can be effectively recognized
and captured. Tailored cavities were not formed in the
NIP, which results in the adsorption of the NIP being
purposeless, nonspecific, indistinguishable, and much
lower than that of MIP to the target, showing no sig-
nificant advantage compared with the adsorption of the
structural analogues.

Condition Optimization and Establishment of the SPE-
HPLC Detection Method

Optimization of Loading Conditions

The pH value of the carbaryl standard solution was ad-
justed with dilute hydrochloric acid and dilute sodium
hydroxide solution to detect the effect of different pH
values on the recovery rate of the solid-phase extraction
column. The result in Fig. 6a shows that the recovery of
solid-phase extraction was lower in the acidic environ-
ment and increased gradually with increasing pH in the
range of pH 5.5 to 7. When the pH value was increased
from 7.5, the recovery rate showed a downward trend.
Therefore, the best absorption effect of the solid-phase
extraction column was achieved under neutral alkaline

Fig. 4 SEM images of MIP
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conditions, and the pH of the sample solution was kept
from 7 to 7.5 during the experiment.

The loading rate affects the adsorption of MIP on car-
baryl. Excessive flow rates could cause the target to not
be completely adsorbed by the MIP, resulting in a de-
crease in recovery. Slower flow rates reduce the efficien-
cy. Therefore, according to Fig. 6b, a flow rate of
1 mL min−1 could be used.

Optimization of the Elution Conditions for SPE

After loading under the same conditions, the MIP-SPE
columns were eluted with different elution solutions,
different eluent volumes, or different elution rates, and
the recovery rates were calculated separately. The aver-
age of the three sets of recoveries for each test is plot-
ted in Fig. 7 a, b, and c.

Fig.5 a The effect of different solvents on adsorption properties. b Binding isotherm of MIP and NIP for carbaryl in methanol. c Scatchard analysis of
MIP and NIP. d Adsorption properties of NIP and MIP for different concentrations of carbaryl, metolcarb, propoxur, and isoprocarb

Fig. 6 The effects of different pH
(a) and flow rate (b) on
adsorption properties
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It was observed that the elution effect of MeOH was better
in the four eluents under the same conditions. And 9 mL of
MeOH could complete the elution and achieve 99.87% recov-
ery. To ensure that the target was completely eluted and to
avoid waste, 10 mL of MeOH was used in the experiment. At
an elution flow rate of 0.5–1.5 mLmin−1, the recovery rate did
not change significantly. Once the flow rate exceeded
1.5 mL min−1, the recovery rate continued to decrease as the

flow rate increased. To achieve a better elution effect and
improve the efficiency, an elution rate of 10 mL was selected.

Study on SPE Reusability and Comparison with Other
Adsorption Materials

TheMIP-SPE column, NIP-SPE column, and C18-SPE column
were injected 50 mL of 1 mg L−1 carbaryl aqueous solution at a

Fig. 7 The effects of different solvent (a), volume (b), and rate (c) on adsorption properties

Fig. 8 The SPE reusability (a),
the recovery of different
adsorption materials (b)
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flow rate of 1 mLmin−1 at a pH of 7–7.5 and eluted with 10 mL
ofMeOH at a flow rate of 1.5 mLmin−1; then, the recovery was
calculated. It was can be seen in Fig. 8a that the recovery of the
MIP-SPE column was far superior, which may be because the
selectivity of MIP allowed it to capture the target more specifi-
cally to adsorb as much target as possible.

The MIP-SPE column was loaded with 50 mL of 1 mg L−1

carbaryl. The same column was reused 5 times and the recov-
ery was measured to verify the recyclability of the SPE col-
umn. As shown in Fig. 8b, the recovery rates of the sameMIP-
SPE column changed smoothly with repeated use 5 times, and
it could still reach 96.5% in the fifth use. Thus, this MIP-SPE
column had good recyclability, which not only helped to save
the MIP materials but also reflected the good adsorption per-
formance of this MIP material.

The Characteristic Quantities of SPE-HPLC

Under the optimized experimental conditions, the standard
curve of MIP-SPE-HPLC analysis was obtained. There was
a good linear relationship (R2 = 0.99913) and a low detection
limit (0.0573 μg L−1, RSD = 1.81%) was maintained in the
concentration range of 5–60 μg L−1.

Condition Optimization and Establishment of the
MIP-QCM Detection Method

Optimization Experiment of the MIP-QCM Sensor

The different ratios of the mixture of PVC and MIP modified
on the electrode by drop coating affect the frequency response
of the sensor. Theoretically, while more PVC was beneficial
to fix the MIP material on the electrode surface more stably, it
may also reduce the sensitivity and specificity of the sensor
because a high proportion of PVC is not conducive to the MIP
binding site exposed to the solution, making it difficult for the
target molecule to bind to the MIP specifically. Therefore, the
maximum possible amount of MIP should be used to ensure
high sensitivity while ensuring that the modification layer is

stable. The frequency shifts of the sensors modified with dif-
ferent proportions of PVC andMIP (PVC:MIP = 1:1, 1:2, 1:3,
1:4, 1:5, and 1:6, m:m) were determined in a 60 μg L−1 car-
baryl standard solution and the results are shown in Fig. 9a.
Keeping the quality of the PVC in the mixture unchanged and
increasing the proportion of the MIP, the change value Δf of
the response frequency of the sensor also increased. When
PVC:MIP = 1:5 (m:m), the sensor frequency signal was re-
duced by 217 Hz, but it did not change much compared to
the response frequency when PVC:MIP = 1:4 (m:m). If the
amount of MIP was further increased, the Δf value showed
a downward trend, which may be because the modified MIP
was too much to firmly bond to the electrode. Therefore, con-
sidering the stability of the response frequency of the sensor,
PVC:MIP = 1:4 was selected for the subsequent experiments.

In addition, different amounts of modification have a large
impact on the sensitivity and stability of the sensor. In theory,
increasing the thickness of the sensitive layer coating, that is,
increasing the amount of MIP, can lead to the adsorption of
more targets. However, the film that was too thick may fall off
during the detection process, resulting in unstable frequency
variation and causing the MIP particles to cover each other,
affecting their binding to the target. Therefore, different
amounts of DCM (5 μL, 10 μL, 15 μL, 20 μL, 25 μL, and
30 μL) containing MIP and PVC (4:1, m:m) were dropped on
the surface of the electrode for experiments. As shown in Fig.
9b, as the modification amount of the sensitive material was
increased, the frequency shifts of the sensor increased. When
the amount added dropwise was in the range of 5 to 20μL, the
frequency increased greatly and then reached the maximum at
25 μL. However, during the experiment, it was found that the
sensor signal stability decreased when the coating amount
reached 25 μL and 30 μL. Therefore, 20 μL was chosen as
the optimal amount of modification for the sensitive material.

Evaluation of Binding Performance

The response frequency changes of the establishedMIP-QCM
sensor and NIP-QCM sensor were measured to evaluate their

Fig.9 a Effect of different ratio of
MIP to PVC on the QCM sensor.
b Effect of different modification
amounts on the QCM sensor
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Fig.10 a Frequency shifts of MIP-QCM and NIP-QCM sensors towards different concentrations of carbaryl. b Adsorption equilibrium time curve of
MIP-QCM and NIP-QCM sensors. c The standard curve of the MIP-QCM. d MIP-QCM sensor response to different analytes

Table 1 Recoveries of carbaryl from spiked samples determined by QCM sensor and HPLC

Added
(μg kg−1/
μg L−1)

Purified with C18 Purified with MIP

HPLC QCM HPLC QCM

Found
(μg kg−1/
μg L−1)

Recovery%(mean
± SD, n = 3)

Found
(μg kg−1/
μg L−1)

Recover%
(mean ± SD,
n = 3)

Found
(μg kg−1/
μg L−1)

Recovery%
(mean ± SD,
n = 3)

Found
(μg kg−1/
μg L−1)

Recovery%
(mean ± SD,
n = 3)

Apple
juice

50 47.23 ± 1.7 94.5 ± 3.5 45.50 ± 1.8 91.0 ± 3.7 47.66 ± 1.5 95.3 ± 3.0 46.70 ± 1.1 93.5 ± 2.2

100 93.73 ± 3.0 92.7 ± 3.0 91.73 ± 3.0 91.7 ± 3.0 94.58 ± 2.1 94.6 ± 2.1 93.43 ± 2.0 93.4 ± 2.0

200 189.37 ± 2.6 94.7 ± 1.3 183.37 ± 2.6 91.7 ± 1.3 191.02 ± 2.9 95.5 ± 1.9 190.67 ± 1.9 95.3 ± 0.9

Pear 50 42.56 ± 2.4 85.1 ± 4.8 42.13 ± 2.4 84.3 ± 4.8 46.07 ± 2.6 92.1 ± 5.3 45.33 ± 2.6 90.7 ± 5.2

100 85.26 ± 3.3 85.3 ± 3.3 87.76 ± 3.9 87.8 ± 3.9 89.08 ± 2.4 89.1 ± 2.4 87.56 ± 3.4 87.6 ± 3.4

200 174.06 ± 4.3 87.0 ± 2.2 174.76 ± 4.1 87.4 ± 2.0 178.53 ± 3.3 89.3 ± 1.7 180.81 ± 3.7 90.4 ± 1.9

Round
let-
tuce

50 43.20 ± 2.2 86.4 ± 4.5 42.70 ± 1.7 85.4 ± 3.5 45.53 ± 1.7 91.1 ± 3.5 44.90 ± 3.3 89.8 ± 6.5

100 85.31 ± 1.9 85.31 ± 1.9 84.70 ± 2.4 84.7 ± 2.4 90.20 ± 3.1 90.2 ± 3.1 87.60 ± 2.6 87.6 ± 2.6

200 173.53 ± 2.6 86.8 ± 1.3 174.33 ± 3.9 87.2 ± 2.0 181.73 ± 3.8 90.9 ± 1.9 177.43 ± 4.7 88.7 ± 2.4
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binding properties in the carbaryl concentration range of
10.0–100.0 μg L−1 at room temperature. Figure 10a shows
that the frequency shift of the MIP-QCM and NIP-QCM
sensors increased with increasing carbaryl concentration.
MIP-QCM always achieved a greater frequency shift at
any concentration within the experimental concentration
range, which indicated that the MIP-QCM sensor had a
stronger binding ability to the target.

The static adsorption experiment was carried out under a
carbaryl concentration of 60 μg L−1 and the results are
shown in Fig. 10b. The MIP-QCM can reach adsorption
equilibrium faster, and adsorption can be completed in 12–
14 min, which can be attributed to the larger specific surface
area of the MIP.

In 100 μg L−1 carbaryl, the frequency shift of the
MIP sensor was − 268.5 Hz while that of the NIP sen-
sor was − 110.8 Hz. The MIP sensor had a distinct
advantage over the NIP sensor, owing to the imprinted
cavity formed during the material synthesis process. As
shown in Fig. 10c, a linear correlation was observed
between the frequency shifts and the concentrations of
carbaryl ranging from 5 to 80 μg L−1 with an R2 value
of 0.9945. The detection limit (S/N = 3) reached
0.6845 μg L−1. In addition, the PVC-coated electrode
as a control did not generate a frequency shift, which
indicated that PVC did not adsorb the target and did
not contribute to the experimental results.

It was important that the proposed MIP-QCM sensor
could selectively identify and adsorb the target in a compli-
cated food matrix in practical applications. Three carbamate
pesticides (metolcarb, isoprocarb, and propoxur) with simi-
lar structures were used to detect and evaluate the sensor’s
selective recognition ability. Figure 10d shows that the fre-
quency shifts of the sensor in response to the target and the
analytes were quite different. The SC (selectivity coefficient,
SC analyte = αcarbaryl/αanalyte, where α is the slope of the
analyte calibration curve) was used to quantify the selective
adsorption ability of the sensor to these analytes. The SC
values of carbaryl towards metolcarb, isoprocarb, and pro-
poxur were calculated to be 2.994, 5.29, and 4.6, respective-
ly, showing the excellent selective adsorption capacity of the
prepared MIP-QCM sensor.

Moreover, the ratio of the frequency shift (Δfm/Δf0,
where fm and f0 are the frequency shifts towards carbaryl
with and without interferences) was calculated to evaluate
the anti-interference capability of the prepared MIP-QCM
sensor. When the same concentration of interferents existed,
Δfm/Δf0 slightly varied from 99.87 to 107.34%. These data
demonstrated that the established sensor detection method
had preeminent stability and was resistant to interference
from structural analogues.

Furthermore, the reproducibility of the prepared
MIP-QCM sensor was assessed by duplicate testingTa
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of the frequency shifts in the 60 μg L−1 carbaryl stan-
dard solution 6 times reusing the same MIP electrode.
Before each new measurement, the electrode was
washed with the configured eluant (MeOH: 1 mol L−1

hydrochloric acid, 9:1, v/v) and DDW alternately until
the frequency reached its initial value. The obtained
value was used to calculate the relative standard devia-
tion (RSD). The RSD = 1.447%, indicating that the pre-
pared MIP-QCM sensor had excellent reusability.

Real Sample Analysis

To further verify the practical viability of the prepared
MIP-QCM sensor, spiking and recovery studies were
carried out, which analysed trace carbaryl in apple juice,
pear, and round lettuce. The statistical results are shown
in Table 1. After purification with a C18 column, de-
cent recoveries ranging from 84.3 to 91.7% with an
RSD (n = 3) of 1.4–5.7% were obtained. The results
were consistent with the results (mean recoveries,
85.3–94.7%) determined by HPLC. At the same time,
the corresponding recovery ranges obtained by purifica-
tion with the MIP-SPE column were 87.6–95.3%
(QCM, RSD 1.0–6.9%) and 90.2–95.5% (HPLC, RSD
1.8–5.6%). It was confirmed that the MIP material syn-
thesized by this method had good specific adsorption
capacity, and the proposed MIP-QCM sensor was reli-
able and effective for analysing trace carbaryl in practi-
cal samples.

Brief Comparison with Other Methods

Compared with other detection methods, the method
established in this paper has different advantages in terms of
detection range and detection limit (Table 2). Compared with
colorimetric, CB-SPE, SERS, and BELISA methods, the
methods established in this work had a narrow linear detection
range but a lower detection limit in the trace detection of
pesticide residues. The detection limits of the HFF-QCM im-
munoassay and HFF-QCM were lower, but the linear range
was excessively narrow. The detection limit and linear range
of the method established in this work were relatively close to
those of the electrochemical method, but the preparation of the
proposed methods was more economical and easy to popular-
ize. The advantages of simple operation and strong reusability
make this approach widely applicable in practical detection.

Conclusions

In this study, MIP materials with specific adsorption to carba-
ryl were synthesized on the basis of grafted modified silicon
spheres. Then, the MIP was separately applied to SPE-HPLC

and QCM sensors, and the two detection methods were used
to detect carbaryl in food samples. The results show that the
MIP material has a large adsorption capacity and accurate
recognition ability, so it can accurately and specifically cap-
ture the target as the material for solid-phase extraction and
can sensitively and quickly determine the carbaryl as the coat-
ing on the QCM sensor. This work also provides a promising
approach for imprinting, selective separation, and rapid detec-
tion of other carbamate pesticides from complicated matrices.
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