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a b s t r a c t

In this study, surface molecularly imprinted YVO4:Eu3þ nanoparticles with molecular recognitive
optosensing activity were successfully prepared by precipitation polymerization using λ-Cyhalothrin
(LC) as template molecules, methacrylic acid and ethylene glycol dimethacrylate as the polymerization
precursors which could complex with template molecules, and the material has been characterized by
SEM, TEM, FT-IR, XRD, TGA and so on. Meanwhile, the as-prepared core–shell structured nanocomposite
(YVO4:Eu

3þ@MIPs), which was composed of lanthanide doped YVO4:Eu
3þ as fluorescent signal and

surface molecular imprinted polymers as molecular selective recognition sites, could selectively and
sensitively optosense the template molecules. After the experimental conditions were optimized, two
linear relationship were obtained covering the concentration range of 2.0�10.0 μM and 10.0�90.0 μM,
and the limit of detection (LOD) for LC was found to be 1.76 μM. Furthermore, a possible mechanism was
put forward to explain the fluorescence quenching of YVO4:Eu3þ@MIPs. More importantly, the obtained
sensor was proven to be suitable for the detection of residues of LC in real examples. And the excellent
performance of this sensor will facilitate future development of rapid and high-efficiency detection of LC.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Pyrethroids are known as a class of effective and popular
insecticides for pest control in agriculture. In recent years, the
use of pyrethroids is increasing in place of highly toxic insecticides
such as organochlorines and organophosphorus insecticides [1].
However, they have been confirmed to cause developmental
neurotoxicity and potential endocrine disruption effects in human
beings [2,3]. Presently, more and more countries are concerned
about its continues use, and the residues of pyrethroids in grain,
fruit, vegetables, and animal-derived foods are strictly limited.
Therefore, it is of great importance to monitor the pyrethroids
residual concentration in agriculture products, which are closely
related to our daily life.

Analytical methods with high sensitivity and selectivity for the
detection of pesticide residues in environmental and food samples
have been long-cherished for their practical monitoring purposes.
To date, molecular imprinting technique, a fruitful approach to the
construction of artificial receptors with tailor-made molecular

recognition binding sites, has been increasingly applied to pyre-
throids detection [4]. The molecularly imprinted polymers (MIPs)
can be easily fabricated by the formation of non-covalent interac-
tions or reversible covalent bonds between template molecules
and functional groups [5,6]. The removal of the template from the
polymerized matrix generates the binding sites that are compa-
tible to the template. The MIPs possess several advantages over
their biological counterparts, including low-cost, simple, and
convenient preparation, storage stability, repeated operations
without the loss of activity, high mechanical strength, durability
to heat and pressure, and applicability in harsh chemical media
[7–9]. Nowadays, core–shell structural MIPs have enjoyed wide-
spread attention [10,11]. Imprinting of the outer shell layer
ensures that the template sites are only situated close to the
surface of the beads which allows for the rapid diffusion of ligands
to and from imprinting sites. However, as we know, template
molecules rebound to the recognizing sites stained in the MIPs
must be removed from the MIPs and then detected via expensive
and complicated instruments such as high performance liquid
chromatography (HPLC) [12], gas chromatography (GC) [13],
coupled column liquid chromatography with mass spectrophoto-
metry (LC/MS) [14,15], and so forth. As we know, these methods
are time-consuming and require extensive sample treatment
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procedures such as pressurized liquid extraction and solid-phase
extraction. Additionally, removing the templates from the MIPs
calls for plenty of organic solvents, thus, causing more environ-
mental burden. Hence, the challenge is to develop an effective
method for fast and high-efficiency detection of trace pyrethroids
in daily-consumed foods and drinking water.

In recent years, MIPs-based fluorescence sensor, have been
proposed based on surface molecularly imprinted polymers and
fluorescence signal, can be applied to specifically recognize and
directly quantify target analytes, independent of extracting the
templates from the MIPs network and further time-consuming
and complicated analysis. Li and co-workers [16] presented a
general protocol for the making of surface molecular imprinting
onto fluorescein-coated magnetic nanoparticles for recognition
and separation of endocrine disrupting chemicals without the
need for any inducers and derivatization. Zhang et al. [17]
prepared the MIPs-coated CdTe composites integrating the advan-
tages of the high selectivity of the molecular imprinting and strong
fluorescence property of the QDs, which was proved to be a simple
and selective sensing system for protein recognition. Combining
high selectivity of MIPs and excellent fluorescent characters, these
materials, with specific recognition cavity and responding to
binding event with significant fluorescence intensity change, has
been proven to be a good choice for convenient and high-
efficiency detection of trace target analytes. To be best of our
knowledge, most of the studies focus on organic dyes or QDs as
the fluorescence signal, and there is few reports about lanthanide-
doped phosphors tested as optosensing systems for the efficient
recognition and detection of target analytes in real samples.
Compared with conventional organic dyes and QDs, lanthanide-
doped phosphors have the merits of high chemical stability,
relatively high quantum yield, low toxicity and narrow emission
spectra, and their optical properties can be flexibly tuned by
variation of the lanthanide dopants and the host matrix [18,19].
The unique optical properties of lanthanide-doped phosphors have
enabled them to be extensively used for fluorescent markers in
cellular labeling [20], tissue imaging [21–23], fluoro-immunoassay
and as donors for fluorescence resonance energy transfer [24,25].

The objective of this work is to develop a new kind of
fluorescent affinity material combining the merits of molecular
technology and fluorescent property of YVO4:Eu3þ for specific
recognition of target pyrethroids. First of all, the highly lumines-
cent lanthanide-doped phosphors YVO4:Eu3þ nanocrystals were

synthesized via a simple and economical wet-chemical precipita-
tion reactions at ambient pressure and low temperature. Then the
YVO4:Eu3þ , as the core substrate and fluorescence signal, was
endowed with reactive vinyl groups through modification with
3-(methacryloyloxy) propyl trimethoxysilane (KH570). YVO4:
Eu3þ-KH570 were then further coated with a thin MIPs layer by
precipitation polymerization. This imprinting layer was obtained
using λ-Cyhalothrin (LC) as the model template (one of pyre-
throids, on the account of its widespread use), methacrylic acid
(MAA) as the functional monomer, 2,2'-azobisisobutyronitrile
(AIBN) as the initiator and ethyl glycol dimethacrylate (EGDMA)
as the cross-linker. The characterization, evaluation of optical
stability, effect of pH, selective and sensitive determination of LC
were investigated. Furthermore, we proposed a possible mechan-
ism of the fluorescence quenching of YVO4:Eu3þ@MIPs in the
presence of LC. And finally, the proposed fluorescent artificial
receptor (YVO4:Eu3þ@MIPs) was demonstrated as a simple, rapid
and selective sensing system for separating and detecting LC in
real samples.

2. Experimental section

2.1. Materials

λ-Cyhalothrin (LC), β-Cyfluthrin (BC), fenvalerate (FE) and
bifenthrin (BI) were purchased from Yingtianyi standard sample
company (Beijing, China). Y2O3 (99.99%), Eu2O3 (99.99%) and
NH4VO3 (99%) were purchased from Science and Technology
Parent Company of the Changchun Institute of Applied Chemistry.
3-(methacryloyloxy)propyl trimethoxysilane (KH570), methacrylic
acid (MAA), ethylene glycol dimethacrylate (EGDMA) and
2,2'-azobis (2-methylpropionitrile) (AIBN) were obtained from
Aladdin-reagent. Doubly distilled water was used for preparing
all aqueous solutions and cleaning processes. The chemical struc-
tures of monomers, template, and related compounds can be seen
in Fig. 1.

2.2. Synthesis of YVO4:Eu
3þ Nanocrystals

In the preparation procedure, 2.0 mmol of NH4VO3 was added
to 40 mL of deionized water and the obtained mixture was stirred
vigorously for 10 min. 2.0 M NaOH solution was then introduced

Fig. 1. Chemical structure of monomers, template and its structure analogous compounds.
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into the stirred solution until pH¼13 to form a clear solution.
Next, 0.95 mmol Y2O3 and 0.05 mmol Eu2O3 were dissolved in
dilute HNO3, and the residual HNO3 was removed by heating and
evaporation to give clear stock solutions. Subsequently, the solu-
tion of Y(NO3)3 and Eu(NO3)3 in 40 mL of deionized water was
added into the above colloidal solution dropwise. The resultant
mixture was heated to 80 1C for 2 h with vigorous stirring. The
final products were washed by deionized water and ethanol
several times respectively and dried at 60 1C in air.

2.3. Synthesis of molecularly imprinted polymers based on YVO4:
Eu3þ by precipitation polymerization (YVO4:Eu

3þ@MIPs)

Firstly, the surface of YVO4:Eu3þ was endowed with reactive
vinyl groups through modification with KH570. Briefly, 0.5 g of
YVO4:Eu3þ nanocrystals and 5.0 mL of KH570 were dispersed into
50 mL dry toluene and stirred under nitrogen atmosphere at 80 1C
for 12 h. The KH570-modified YVO4:Eu3þ (YVO4:Eu3þ-KH570)
were then collected and washed with toluene for several times,
and dried under vacuum at room temperature.

In the next step, for the coating of the LC-imprinted layer onto
YVO4:Eu3þ-KH570, LC (0.1 mmol) and MAA (0.4 mmol) were
dispersed in the solution methanol/H2O (4/1, v/v) (50 mL). This
solution was sparged with nitrogen gas and then stored in the dark
for 12 h, allowing self assembly of the LC and MAA. Next, EGDMA
(2.0 mmol) and YVO4:Eu3þ-KH570 (50 mg) were added into the
above solution under stirring (600 rpm), to obtain the pre-
polymerization solution. After purging oxygen with nitrogen gas,
10 mg of AIBN was added to the three-necked fiask while the
temperature was increased to 50 1C for 6.0 h, followed by 60 1C for
18 h under nitrogen protection. The resulting products (YVO4:
Eu3þ@MIPs) were collected and washed thoroughly with metha-
nol and water to remove the unreacted monomers.

The template molecules were removed by extensive washing
with a mixture of methanol/acetic acid (95/5, v/v) using soxhlet
extraction, until no LC leakage was observed from the YVO4:
Eu3þ@MIPs. Finally, the obtained YVO4:Eu3þ@MIPs were dried
at 50 1C under vacuum. In comparison, non-imprinted polymers
(YVO4:Eu3þ@NIPs) were also prepared as a blank in parallel but
without the addition of LC. With the parallel evaluation of the
properties of MIPs and NIPs, one can acquire information about
the efficiency of imprinting. Beside the above-mentioned optimal
polymerization recipe, the detailed composition of the studied
polymers (P1�P6) are summarized in Table 1.

2.4. Determination of LC by fluorescence measurement

The fluorescence spectra analysis of the samples were carried
out by dispersing 5.0 mg of YVO4:Eu3þ@MIPs in 5.0 ml LC solu-
tions with concentrations ranging from 0 to 100.0 mmol L�1 were
added. The samples were mixed end over end at room tempera-
ture for 55 min, and measured with a Cary Eclipase fluorescence
spectrometer under a 302 nm excitation light source with slit

width of 5.0 nm. In this work, where F and F0 are the fluorescence
(FL) intensities of YVO4:Eu3þ@MIPs at a given related concentra-
tion of LC and in a LC-free solution, respectively.

2.5. Sample treatment

QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) has
been used for sample preparation methods to help monitor
residual pesticides in fruits, vegetables, and other foods [26–28].
The 10.0 g of milled blank chrysanthemum sample was extracted
with 25.0 mL toluene and ethanol (50/50, v/v) in a Falcon tube.
Extraction was continued with mixing, shaking for 1.0 min, adding
0.5 g NaCl, and then centrifuging at 4000 rpm at �5 1C for 5.0 min.
The supernatant was transferred to a 15 mL Falcon tube containing
0.75 g MgSO4. After shaking for 90 s and centrifuging for 5.0 min
at 4000 rpm at �5 1C, 4.0 mL of supernatant was transferred to a
5.0 mL vial and evaporated to dryness under a gentle stream of
nitrogen gas. The residue was dissolved in methanol/H2O (4/1, v/v)
to obtain 5.0 mL solution, and after dispersing 5.0 mg of YVO4:
Eu3þ@MIPs end over end at room temperature for 55 min,
fluorescence spectra analysis was carried out.

2.6. Recovery determination

The blank chrysanthemum and water samples spiked at con-
centrations of 5.0, 10.0, and 20.0 μmol L�1 were prepared in
triplicate, correspondingly. And then treated according to the
procedure described in sample preparation section. The recoveries
for each pesticide were calculated using calibration standards
based on the Stern–Volmer-type plots and ultraviolet spectra as
a reference method.

2.7. Characterization

The X-ray diffraction (XRD) patterns of the samples were
carried out on a D8 ADVANCE diffractometer (Bruker) with use
of Cu-Ka radiation. Infrared spectra (4000�400 cm�1) were
collected on a Nicolet NEXUS-470 FT-IR apparatus (USA) using
KBr disks. Scanning electron microscopy (SEM) images were
recorded by JSM-7001-F. Transmission electron microscopy
(TEM) images were recorded by a JEM-2100 (HR) electron micro-
scope. Fluorescence spectra was taken on a Cary Eclipase fluores-
cence spectrometer (USA).

3. Results and discussion

3.1. Preparation of the molecularly imprinted polymers

We put here forward a simple and sensitive method for
determination of pyrethroids based on MIPs-based fluorescence
sensor. First of all, the highly luminescent YVO4:Eu3þ nanocrystals
were synthesized via a simple and economical wet-chemical
precipitation reactions at ambient pressure and low temperature.
Then precipitation polymerization was chosen as a straightforward
and beneficial route to coat YVO4:Eu3þ with a thin MIPs layer for
the synthesis of core–shell structured nanoparticles, and the
synthesis route was shown in Scheme 1a. In this study, a mixture
of methanol and water (4/1, v/v) was chosen as polymerization
medium instead of the poisonous solvent such as acetonitrile or
toluene [29]. In addition, MAA was chosen as an established
functional comonomer responsible for the creation of selective
recognition sites by interaction with the LC molecules through
multipoint H-bonding [30], and the mole ratio of LC/MAA¼4/1
was determined by UV spectroscopic analysis (Supporting infor-
mation, Fig. S1). The required relative amounts of EGDMA and

Table 1
Chemical composition of the studied MIPs and NIPs.

Polymers YVO4:Eu3þ

(mg)
template
(mmol)

MAA
(mmol)

EGDMA
(mmol)

AIBN
(mg)

P1 10.0 0.10 0.40 2.0 10.0
P2 30.0 0.10 0.40 2.0 10.0
P3 50.0 0.10 0.40 2.0 10.0
P4 80.0 0.10 0.40 2.0 10.0
P5 50.0 0.10 0.40 1.0 10.0
P6 50.0 0.10 0.40 0.5 10.0
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MAA as well as the quantity of the YVO4:Eu3þ nanocrystals were
explored by preparing polymers with different composition. In all
these studies, the dosage of template was 0.10 mmol. TEM images
were recorded to evaluated the property of the imprinted poly-
mers. The TEM images for different imprinted polymers (P1�P6)
were shown in supporting information (Figs. S2 and S3). And the
optimized core–shell structured imprinted polymers P3 were
obtained when 0.4 g polymerization precursors and 50 mg YVO4:
Eu3þ nanocrystals were used, as could be seen in Fig. 2b and d.

3.2. Morphological characterization

The morphology of YVO4:Eu3þ nanocrystals and the polymer
nanoparticles with the optimal composition (P3) were investigated
by SEM and TEM, see Fig. 2. Fig. 2a and c showed representative
images of the prepared YVO4:Eu3þ , which were spindle-like
nanoparticles with equatorial diameters of 30–50 nm and lengths
of 80–120 nm. Using such YVO4:Eu3þ nanoparticles as seeds,
fluorescence polymer spheres with high fluorescence intensity

Scheme 1. Schematic illustration of the fabrication of YVO4:Eu3þ@MIPs (a) and its possible quenching mechanism for the detection of LC (b).

Fig. 2. SEM and TEM images of YVO4:Eu3þ (a and c) and YVO4:Eu3þ@MIPs (b and d).
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and a well-defined core–shell structure was obtained by encapsu-
lating nanoparticles within a thin polymer matrix. Fig. 2d revealed
that the prepared core–shell structured fluorescence MIPs had
shell thicknesses of about 7–25 nm, whereas the SEM image
(Fig. 2b) proved that these core–shell particles had an even surface
morphology, which endowed them with both the special surface
property and the large external surface area that was desirable for
molecular immobilization. In addition, the corresponding EDS
spectrum in Fig. S4 (Supporting information) also confirmed the
existence of YVO4:Eu3þ in the core–shell structured fluorescence
polymer spheres.

3.3. X-ray diffraction (XRD)

The formation of YVO4:Eu3þ could be confirmed by wide angle
X-ray diffraction characterization. Fig. 3 showed the XRD patterns
of the as-formed YVO4:Eu3þ@MIPs (red) and YVO4:Eu3þ@NIPs
(blue) composite and pure YVO4:Eu3þ (black). The three peaks at
2θ¼ 24.881, 2θ¼ 33.551 and 2θ¼ 49.771 could be indexed to the
(200), (112) and (312) reflections of YVO4, suggesting that the

successful crystallization of YVO4:Eu3þ has formed based on the
wet-chemical method [31]. Compared with YVO4:Eu3þ , the peaks
intensity of YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs decreased in
some extent, which could attributed to the layer imprinted
polymers coated at the the surface of YVO4:Eu3þ .

3.4. Fluorescence spectroscopic characterization

As shown in Fig. 4a, the YVO4:Eu3þ@MIPs in water exhibited
strong red luminescence under UV excitation with a wavelength of
254 nm. Fig. 4b showed photoluminescence excitation, emission of
YVO4:Eu3þ , YVO4:Eu3þ@NIPs, and YVO4:Eu3þ@MIPs spectra. The
doping concentration of Eu3þ was 5.0 mol% of Y3þ in YVO4,which
had been previously optimized for photoluminescence intensity
[32,33]. The excitation spectrum consisted of an intense band
centered at 302 nm monitored at 617 nm (the Eu3þ emission of
5D0–7F2). Compared with the FL intensity of YVO4:Eu3þ , the
intensity of YVO4:Eu3þ@NIPs and YVO4:Eu3þ@MIPs decreased to
some extent, which was a result of the polymer layers that coated
at the surface of YVO4:Eu3þ .

3.5. Infrared spectroscopic characterization

The FT-IR spectra of YVO4:Eu3þ , YVO4:Eu3þ-KH570, YVO4:
Eu3þ@MIPs and YVO4:Eu3þ@NIPs were shown in Fig. 5. In Fig. 5,
for the the pure YVO4:Eu3þ nanocrystals (a), a strong absorption
peak at 826 cm�1 and a weak one at 454 cm�1 appeared, which
were attributed to the absorption of V–O (from VO4

3� group) and Y
(Eu)–O bonds, respectively [34,35]. This suggested that crystalline
phase (YVO4) has formed, agreeing well with the results of XRD.
After the modification of KH570, as it shown in Fig. 5(b), the
characteristic absorption of YVO4:Eu3þ nanocrystals have wea-
kened, there came out two new absorption at 1637 cm�1 and
1716 cm�1, which might attribute to C¼C stretching mode and
C¼O stretching vibration of KH570, respectively. This indicated
that the surface of the YVO4:Eu3þ was successfully endowed with
reactive vinyl groups through modification with KH570. Further-
more, the FT-IR of YVO4:Eu3þ@MIPs (c) and YVO4:Eu3þ@NIPs
(d) possessed of the same absorption bands around 1730, 1253,
and 1157 cm�1, which were assigned to C¼O stretching vibration
of carboxyl (MAA), C�O asymmetric and symmetric stretching
vibration of ester (EGDMA), respectively [36]. The medium peaks
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Fig. 3. X-ray diffraction patterns of YVO4:Eu3þ (black), YVO4:Eu3þ@MIPs (red) and
YVO4:Eu3þ@NIPs (blue). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Digital photographs of YVO4:Eu3þ@MIPs dispersed in water under daylight (up) and 254 nm UV light (down) irradiation. (b) Photoluminescence excitation
(green), emission of YVO4:Eu3þ (a) and YVO4:Eu3þ@NIPs (b) and YVO4:Eu3þ@MIPs (c). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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at 1635 cm�1, which corresponded to the C¼C stretching mode of
methacrylic vinyl groups, suggested that less than 100% of bonded
EGDMA molecules were cross-linked in the polymers. Meanwhile,
the absorption band at 3440 cm�1 of the polymers could be
attributed to the stretching vibration of O–H bonds from MAA
molecules. All the results confirmed that the cross-linking reaction
was successfully initiated in the presence of AIBN.

3.6. Thermogravimetric analysis (TGA)

The degree of polymerization for YVO4:Eu3þ@MIPs and YVO4:
Eu3þ@NIPs were evaluated by TGA under N2 atmosphere. As
shown in Fig. 6, there were three weight loss stages: the first
weight loss stage could be ascribed to the evaporation of water
molecules for each particle, which were 2.95%, 5.84% for YVO4:
Eu3þ@MIPs and YVO4:Eu3þ@NIPs, respectively. The second
weight loss stage started from 100 1C to 340 1C and the last stage
was from 340 1C to 800 1C. In the last two stages (from 100 1C to
800 1C), there were no significant differences of the mass loss of
the YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs, which were 87.15%
and 86.88% for YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs, respec-
tively. Compared with YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs,
YVO4:Eu3þ cannot be easily decomposed at high temperatures,
which showed little weight loss (11.76% below 800 1C). Thus, the

remaining mass for the YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs
were attributed to the thermal resistance of YVO4:Eu3þ particles,
and the quantity of YVO4:Eu3þ particles in the YVO4:Eu3þ@MIPs
and YVO4:Eu3þ@NIPs were 9.90% and 7.28%, respectively.

3.7. Optimization of the experimental conditions

To achieve an optimal analytical performance of the developed
MIPs-based fluorescence sensor, the concentration of YVO4:
Eu3þ@MIPs, the pH and the detection time should be optimized.

3.8. Concentration of YVO4:Eu
3þ@MIPs

The concentration of YVO4:Eu3þ@MIPs from 0.05 mg mL�1 to
3.0 mg mL�1 was used to study the effects on the LC detection
system. As for the analysis principle of this detection system was
based on the FL quenching of YVO4:Eu3þ@MIPs, both detection
sensitivity and linear range into consideration were important for
the detection system. Maintaining YVO4:Eu3þ@MIPs of high FL
intensity could obtain wide linear range; meanwhile, the variation
rate of FL intensity [(F0�F)/F0] (F0 and F represent for the FL
intensity before and after adding LC into the system) determined
the analysis sensitivity. As shown in Fig. 7, when the concentration
of YVO4:Eu3þ@MIPs was low, a small amount of LC could result in
great degree of the FL quenching, and high sensitivity (curve a)
could be achieved but with a narrow linear range (curve b); when
the YVO4:Eu3þ@MIPs was in higher levels, FL intensity of system
was increased, while the FL quenching degree was relatively small.
As a result, a concentration of 1.0 mg mL�1 was chosen for the
detection of LC [37].

3.9. Effect of pH

The effect of pH on the FL intensity in a range between 2.0 and
12 was studied for YVO4:Eu3þ and YVO4:Eu3þ@MIPs in Fig. 8a. At
the beginning of 12 h, the FL intensity of YVO4:Eu3þ at 2.0 and 12
was enhanced. As time went on, the FL intensity at 2.0 and 12
decreased gradually, while at pH¼7.0, the FL intensity was con-
siderably stable. This was probably because the crystallite struc-
ture of YVO4:Eu3þ was damaged in strong acidic and alkaline
media, which weaken the energy transfer from VO4

3� to Eu3þ ions
[38]. As for YVO4:Eu3þ@MIPs, the results proved that pH had
almost no effect on the FL intensity, which was on account of the
protecting imprinted polymers that coated at the surface of YVO4:
Eu3þ . Further studying the effect on the variation rate of FL
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intensity response toward LC (the concentration of LC was
50 μmol L�1), as was shown in Fig. 8b, we found that the the
variation rate of FL intensity [(F0�F)/F0] increased over the pH
range of 2.0–6.0 and then declined in the pH range of 6.0–12. It is
probably because the pKa of MAA is about 5.80 [39], when the
pH4pKa values, MAA got deprotonated and then hydrogen bonds
were disrupted between MAA and LC. As a result, a pH of 6.0 was
selected for the further experiments.

3.10. Detection time

To determine the optimal detection time, a certain amount of
LC (50 μmol L�1) was mixed with YVO4:Eu3þ@MIPs (1.0
mg mL�1), and the FL intensities were recorded at different
interval time. As shown in Fig. 9, the FL intensity decreased at
the initial beginning, when time was up to 55 min, the FL intensity
was almost the same. As a result, we chose 55 min for the optimal
detection time.

3.11. Determination of pyrethroids

Under the optimal conditions, the developed MIPs-based fluor-
escence sensor was employed for quantifying LC standards with
various concentrations based on FL quenching of YVO4:
Eu3þ@MIPs. The assay was carried out in methanol and H2O
mixture after incubation target LC with YVO4:Eu3þ@MIPs for
55 min at room temperature, and the YVO4:Eu3þ@NIPs were used
for comparison. As shown in Fig. 10a, the FL intensity of the YVO4:
Eu3þ@MIPs turned out to be decreased sensitively in the presence

of a certain amount of LC. The relationship between the FL
intensity and the concentration of quenching LC could be
described by the Stern�Volmer equation [40,41]

F0=F ¼ 1þKSV½c�
where F and F0 are the FL intensities of YVO4:Eu3þ@MIPs at a
given related concentration of LC and in a LC-free solution,
respectively. Ksv is the Stern�Volmer quenching constant, and
[c] is the concentration of LC. Showed in Fig. 10b, we found that
two linear dependences between F0/F and the concentration of LC
were obtained, which was a little different from the previous
reports [16,42]. Except for the linear dependence (F0/F¼1.220þ
0.00226c) at the range from 10.0–90.0 μmol L�1 with a correlation
coefficient of 0.9930, another linear dependence (F0/F¼1.145þ
0.0107c) at the lower concentration (2.0–10.0 μmol L�1) was
achieved with a correlation coefficient of 0.9864. We speculated
that the initial quench stage might be priority to nonspecific
bindings between the template LC and YVO4:Eu3þ@MIPs, and
the second stage could attribute to the specific bindings because of
the presence of selective binding sites in the obtained YVO4:
Eu3þ@MIPs. More inspiringly, the developed MIPs-based fluores-
cence sensor did not require much sample separation and a
complicated wash procedure for the LC detection.

3.12. Selectivity and sensitivity determination

To obtain the binding affinity properties of specific imprinted
binding sites (YVO4:Eu3þ@MIPs) and nonspecific sites (YVO4:
Eu3þ@NIPs), the FL analysis has been carried out. The quench
amount between the FL intensities of the imprinted receptor
(YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs) at a given related pyre-
throids (LC and FE) concentration and in a pyrethroids free
solution was taken as equal as the uptake amounts. According to
the obtained results (Fig. 10a), the quench amount of binding LC by
YVO4:Eu3þ@MIPs increased significantly with the concentrations
of LC in solution (■). However, the YVO4:Eu3þ@NIPs did not
exhibit the obvious difference in the quench amount of rebinding
capacities of LC (●) and FE (▼), which indicated the YVO4:
Eu3þ@MIPs have a better selectivity and sensitivity than those of
YVO4:Eu3þ@NIPs. Therefore, the FL analysis was more suitable for
the on-site and rapidly detect analysis. Further, the selectivity of
the developed MIPs-based fluorescence sensor was also investi-
gated by spiking LC, BC, BI and FE in the incubation solution,
respectively. As evident from Fig. 11, the quench amount of
YVO4:Eu3þ@MIPs for the four compounds followed the order
LC4BC4BI4FE. By calculation, the differences between the
quench amount of YVO4:Eu3þ@MIPs and YVO4:Eu3þ@NIPs were
0.024, 0.0087, 0.00077, 0.0062 at 5.0 μmol L�1 and 0.042, 0.010,
0.0074, 0.011 at 50.0 μmol L�1 for LC, BC, FE, and BI, respectively.
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The specific template bindings (normally defined as the quench
amount difference between the MIPs and its corresponding NIPs
[43]) at 50.0 μmol L�1 were somewhat higher than that at lower
concentration (5.0 μmol L�1), which could effectively support the
results as it shown in Fig. 10b. The results above suggested that
YVO4:Eu3þ@MIPs were specific to LC but nonspecific to other
pesticides. Due to the distinct sizes, structures, and functional
groups of the template, different binding forces could form
between the pesticides and MAA, resulting in a different recogni-
tion effect [44]. Therefore, the developed MIPs-based fluorescence
sensor possessed an acceptable selectivity.

To investigate the interfering effects of sample matrix compo-
nents on the analytical properties of the developed MIPs-based
fluorescence sensor, several possible components in the water,
such as Kþ , Naþ , Ca2þ , Mg2þ , Cl� , SO4

2� , NO3
� , and CO3

2� , were
added into the incubation solution containing 50 μmol L�1 LC,

respectively. As shown in Table 2, these interfering ions did not
almost affect the significant change in the FL intensity to target LC
alone. Therefore, YVO4:Eu3þ@MIPs could be used for highly
selective analysis of LC in the presence of other commonly
interfering ions and pyrethroids. It was rational that the high
specificity of the MIPs-based fluorescence sensor might be
ascribed to the memory of specific imprinted binding sites
(cavities) in YVO4:Eu3þ@MIPs.

3.13. Application to sample analysis

To monitor the possible application of the developed MIPs-
based fluorescence sensor for real samples, LC standards with
various concentrations were spiked into two samples, such as
surface river water and chrysanthemum. The as-prepared speci-
mens were measured by using the fluorescence spectra and
ultraviolet spectra as a reference method. The assay results using
these two methods were listed in Table 3. Compared with the UV
method, we found that the stability of the FL quenching method
was less than that of the UV method, but the detect results were
more accurate and sensitivity. The results revealed a good accor-
dance between both analytical methods, thereby the developed
MIPs-based fluorescence sensor could be regarded as an optional
scheme for quantitative determination of LC.

3.14. Regenerability

Regenerability was a key factor for an effective detection
analysis. The YVO4:Eu3þ@MIPs particles were required to be
regenerative for multiple cycles to reduce the cost, which was
very important for industrial applications. In this study, a mixture
of methanol/acetic acid (95/5, v/v) elution was adopted, the effects
of the regeneration times were shown in Fig. 12. In comparison
with fresh YVO4:Eu3þ@MIPs, there was only a little change in the
FL intensity after the detection process and it could recycle at least
six times for the LC detection.

3.15. Fluorescence quenching mechanism

Generally, there are three types of FL quenching mechanisms:
static quenching, dynamic quenching, and a combination of the
two. For a single dynamic or static quenching process, the change
in the FL intensity (F0/F) has a linear relationship with the
quenching reagent concentration (C), whereas the Stern–Volmer
curve is non-linear and has an upward movement when the
quenching process is a combination of the two. Moreover, for
dynamic quenching, the maximum quenching constant of
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Table 2
Test for the Interference of different substances on the fluorescence of
YVO4:Eu3þ@MIPs (experiment condition: YVO4:Eu3þ@MIPs, 1.0 mg mL�1; LC,
50.0 μmol L�1).

Coexisting
substance

Coexisting concentration
(μmol L�1)

Change of fluorescence
intensity (%)

Kþ 5.0 0.48
Naþ 5.0 0.69
Ca2þ 2.0 1.97
Mg2þ 2.0 1.74
Cl- 1.0 0.97
SO4

2� 2.0 0.65
NO3

� 2.0 1.24
CO3

2� 1.0 1.15

Table 3
Recovery of LC in water sample (1) and chrysanthemum sample (2) with LC
solution at different concentration levels (experiment condition: YVO4:Eu3þ@MIPs,
1.0 mg mL�1; n¼5).

Sample Concentration taken
(μmol L�1)

Found
(μmol L�1)

Recovery (%) RSD (%)

FL UV FL UV FL UV

1 5.0 4.928 4.951 98.56 99.02 2.3 1.4
10.0 9.963 9.869 99.63 98.69 1.6 0.89
20.0 19.961 19.874 99.81 99.37 1.2 0.74

2 5.0 4.927 4.943 98.54 98.86 2.4 1.6
10.0 9.965 9.953 99.65 99.53 1.5 0.94
20.0 19.972 19.964 99.86 99.82 1.4 0.76
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molecules is usually less than 100 L mol�1. If the quenching
constant is more than 100 L mol–1, the FL quenching process is
static [45]. The results of our experiments showed that the
curve was linear (Fig. 10b), and the quenching constants
(1.066�104 L mol�1 and 2.260�103 L mol�1) were more than
100 L mol�1. Hence, the quenching mechanism was considered
to be static.

In the case of YVO4:Eu3þ@MIPs, as shown in Scheme 1b, the
specific binding effect between LC and the recognition site leads to
the strong adsorption of LC, leading to the FL quenching behavior
through their hydrogen bonding interactions at close proximity,
and confirming that static quenching is a predominant process. To
confirm this speculation, a systematic study of the quenching
mechanism was carried out. Fig. 13 showed the comparison of
Stern–Volmer plots for LC at different temperatures. A decrease in
the quenching constant was observed in association with an
increase in temperature, which was due to the formation of a
ground-state complex between YVO4:Eu3þ@MIPs and LC [46], and
suggested the occurrence of static quenching [47]. Therefore, the
quenching was concluded to be static in nature.

4. Conclusions

A highly sensitive, selective, and convenient method for LC
analysis has been developed on the basis of the fluorescence
quenching of YVO4:Eu3þ@MIPs. The core–shell structured YVO4:
Eu3þ@MIPs were demonstrated of good pH stability and employed
as a convenient and highly sensitive luminescence probe for
optical recognition of LC. Quenching of the luminescence emitted
by the core–shell structured nanoparticles allowed the determina-
tion of LC as low as 1.76 μM. The YVO4:Eu3þ@MIPs also exhibited

steady and excellent reusable performance toward LC in at least
six sorption–adsorption cycles, and the fluorescence-quenching
mechanism was proven to be static quenching in our study. And
the developed MIPs-based fluorescence sensor was proven to be
an optional scheme for quantitative determination of LC using the
UV method as a reference. Furthermore, molecular recognition of
YVO4:Eu3þ@MIPs is in progress in our laboratory, which would
spark a broad spectrum of interest because of its great versatility
and flexibility for future applications.
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