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Abstract
A novel nanocomposite fluorescent probe consisting of quantum dots and a silica molecularly imprinted polymer (MIPs-
capped ZnS:Mn QDs) was synthesized and applied for the rapid detection of teflubenzuron (TBZ) based on the fluorescence 
quenching of a composite probe via TBZ. The fluorescence quenching efficiency of MIP@SiO2@ZnS:Mn QDs displayed 
a linear relationship over the concentration range of 0–26.24 μmol/L with a correlation coefficient of 0.9857 and the limit 
of detection was 2.4 μg/L. The selectivity test showed that the nanocomposite had good selectively rebind TBZ with higher 
imprinting factor of 3.06 compared with four structurally similar compounds. In addition, the probe was successfully applied 
to the detection of TBZ in vegetable samples with a recovery of 90.3~97.1% and with a relative standard deviation below 
3.2%. This developed method has the advantages of simple preparation, fast response and low toxicity for trace TBZ detection.
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Introduction

Molecularly imprinted polymers (MIPs) are synthetic recep-
tor-like materials with specific recognition sites for template 
molecules [1]. The MIPs can rebind the template with high 
selectivity due to the complementarity of binding sites and 
template in shape, size and functionality [2]. Therefore, 
MIPs are used in many applications such as sensors [3–5], 
solid-phase extraction [6–8] and etc. In particular, the fluo-
rescent properties of fluorescent MIPs have been discovered 
and used for the detection of analytes with high sensitivity 
and convenience. A simple method to prepare fluorescent 
MIPs is to add fluorescent monomers during the synthesis 
[9], and a few of fluorescent monomers are currently avail-
able for direct use [10, 11]. However most of them have to be 
designed and prepared as new fluorescent monomers for the 
analytes. QDs are semiconductor nanocrystals that can pro-
vide narrow and tunable emission spectra [12]. Compared 

with traditional organic fluorophores, quantum dots have 
attracted much attention due to their photochemical stability 
and good water dispersion. Due to these special properties, 
quantum dots could be used as fluorescent probes for the 
efficient detection of trace target molecules.

At present, molecularly imprinted polymers-quantum 
dots (MIPs-QDs) have attracted much attention due to their 
unique properties such as their simplicity and efficiency in 
detecting target molecules [13–17]. Several protocols have 
been developed to construct the MIPs-based optical materi-
als (QDs). For example, Zhang et al. have composed MIPs-
capped CdTe QDs as a sensing material for cytochrome c 
and demonstrated that the MIPs anchored on the surface of 
the dBSA modified CdTe QDs could be used as selective 
materials for recognition of target protein [18]. Li et al. have 
reported that molecularly imprinted silica nanospm for pyre-
throids analysis [19]. Sun et al. proposed a novel fluorescent 
MIP  (SiO2@CdTe QDs@MIP), which could facilitate an 
efficient and convenient method for paraquat detection and 
adsorption [20]. With the trend of environmental protection, 
the choice of ZnS QDs is becoming increasingly significant 
due to their low toxicity. There have been several reports 
on MIPs-ZnS QDs for the detection of pesticides. Zhao 
et al. successfully prepared composite QDs@MIP nano-
spheres via a facile and versatile ultrasonication-assisted 
encapsulation method, which were successfully applied to 
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the fluorescence quantitative detection of diazinon in water 
[21]. Ren et al. prepared MIPs-capped ZnS:Mn QDs via 
a sol-gel process, which could be acted as a fluorescence 
probe and successfully applied to determine nicosulfuron in 
water samples [22]. In addition, MIPs-QDs have been used 
for the detection and analysis of pesticide residues such as 
dimethoate [23], cypermethrin [24], methamidophos [25] 
and pentachlorophenol [26]. The novel dual-function MIPs-
QDs have the advantages of high stability, rapid response, 
and high sensitivity.

Benzoylurea insecticides (BUs) are common and effec-
tive insecticides that poison insects by inhibiting the bio-
synthesis of chitin in their bodies. BUs have a number of 
attractive properties, such as high selectivity, good biologi-
cal activity, rapid degradation in both soil and water, and 
low acute toxicity for animals [27]. They are widely used on 
vegetables, fruits and grains, providing a good guarantee of 
improved crop yields and harvests. However, the excessive 
use of BUs may lead to serious contamination of agricultural 
products and potential harm to human health. Therefore, it 
is great important that the residues of BUs are effectively 
determined. Some analytical methods have previously been 
reported on the determination of BUs, such as high perfor-
mance liquid chromatography (HPLC) [28–30], high perfor-
mance liquid chromatography with ultraviolet detector [31, 
32] and HPLC-mass spectrometry [33–35]. However, these 
methods encounter hindrances such as expensive equipment, 
tedious sample pre-treatment or need for highly skilled per-
sonnel. Therefore, it is necessary to develop a simple and 
effective method to recognize and analyse the BUs. To our 
knowledge, the use of MIPs-QDs to detect BUs residue has 
not been reported.

In this work, a novel quantum dots-molecularly imprinted 
polymers (MIPs-capped ZnS:Mn QDs) was prepared by 
sol-gel using TBZ as a template. The effects of time, pH 
and template concentration on the fluorescence intensity of 
MIPs-capped ZnS:Mn QDs were also investigated. Most 
importantly, four structurally similar compounds were used 
for selectivity testing to verify the selectivity and recogni-
tion ability of MIPs-capped ZnS:Mn QDs. Moreover, the 
feasibility of MIPs-capped ZnS:Mn QDs materials for the 
detection of BUs from cabbage samples was examined. This 
work could provide a new idea for the detection of benzoy-
lurea pesticides.

Materials and Methods

Materials

ZnSO4·7H2O, 3-aminopropyltriethoxysilane (APTES), tef-
lubenzuron (TBZ), diflubenzuron (DBZ) and triflumuron 
(TFM) were purchased from Aladdin Industrial Corporation. 

 MnCl2·  4H2O, sodium hydroxide, hydrochloric acid, metha-
nol, ethanol, acetic acid and ammonia solution (25.0–28.0%) 
were purchased from Sinopharm Chemical Reagent Co., 
Ltd (China). 3-Mercaptopropyltriethoxysilane (MPTS) was 
obtained from Shanghai Macklin Biochemical Co., Ltd. 
 Na2S·  9H2O and tetraethoxysilane (TEOS) were obtained 
from Tianjin Damao Chemical Reagent Factory. Double dis-
tilled water (DDW) was used throughout the experiment. All 
chemicals were used as received.

Synthesis of ZnS:Mn QDs

ZnS:Mn QDs were synthesized based on the previously 
reported method [36] and to improve it.12.5 mmol of  ZnSO4· 
 7H2O, 0.5 mmol of  MnCl2·  4H2O, and 40 mL of DDW were 
placed into a 100 mL three-neck flask, and was ultrasoni-
cated for 10 min under the protection of nitrogen gas. 10 mL 
aqueous solution with 12.5 mmol  Na2S·  9H2O was added 
dropwise to the mixture, and ultrasonicated continuously 
for 30 min. Then, 10 mL of an ethanol solution contain-
ing 0.625 mmol of MPTS was added, and was ultrasoni-
cated the mixture for 6 h in the dark. Finally, the products 
ZnS:Mn QDs were collected by centrifugation at 6000 rpm 
for 20 min and washed with DDW and absolute ethanol three 
times. The final products were dried at 40 °C under vacuum 
for 24 h.

Synthesis of MIPs‑capped ZnS:Mn QDs

The MIPs-capped ZnS:Mn QDs in this work were prepared 
according to the reported method [26] with some modifica-
tions. Firstly, to a 100 mL flask, 0.1 mmol of TBZ (template) 
and 0.4 mmol of APTES (functional precursor) were dis-
solved in 10 mL of absolute ethanol and stirred at room tem-
perature for 30 min. Then 1.0 mL of TEOS was added into 
the above mixture and continued to stirred for 10 min. After 
2.0 mL of 6% ammonia solution and 200 mg ZnS:Mn QDs 
were added and then stirred for 16 h. Then the resultants 
were centrifuged at 6000 rpm for 20 min and then washed 
repeatedly with acetic acid-methanol (1: 9, v/v). The final 
products were dried at 60 °C under vacuum for 24 h.

As a comparison, NIPs-capped ZnS:Mn QDs were pre-
pared using the same procedure without the addition of TBZ. 
The synthesis processes of MIPs-capped ZnS:Mn QDs are 
shown in Fig. 1.

Instruments for Characterization

Fourier transform infrared spectra of prepared composites 
were recorded by a Nicolet 380 FT-IR spectrometer with the 
range of 400–4000  cm−1. The XRD spectra were collected 
on a Smart Lab 9KW with Cu Kα radiation over the 2θ 
range of 10–70°. The microscopic morphology and surface 
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structure of the polymers were analysed using a Regulus 
8230. Each sample was sputter-coated with a thin layer of 
gold prior to the SEM measurement. The particle size and 
size distribution of ZnS:Mn QDs and MIPs-capped ZnS:Mn 
QDs were determined using a Wyatt Dynapro Nanostar DLS 
instrument. The measurement time for each sample was 20 s 
and the results were the mean values of 10 measurements.

Vegetable Sample Preparation

Cabbage samples were purchased from the market. The 5 g 
sample of chopped and homogenized cabbage juice was 
mixed with 10 mL of acetonitrile, 3 g of sodium chloride 
and anhydrous magnesium sulfate. The mixture was shaken 
and then ultrasonicated for 10 min. The suspension was 
centrifuged at 6000 rpm for 15 min, and the supernatant 
was filtered through a 0.22 μm filter membrane. The result-
ing filtrate was spiked with standard solutions of different 
concentrations of TBZ and made up to 25 ml with acetoni-
trile. Then, 500 μL of the real spiked sample was added 
to a solution containing MIPs-QDs (100 mg/L) at pH 7.0. 
The concentration of TBZ was calculated by the standard 
addition method.

Measurement Procedure

All the detections were performed with a Hitachi F-7000 
fluorescence spectrophotometer under the same conditions: 
the slit widths of the excitation and emission were both 

10 nm, and the excitation wavelength was set at 320 nm with 
a recording emission range of 500–615 nm. The photomul-
tiplier tube was set at 600 V. A certain amount of TBZ was 
dissolved in acetonitrile to get the standard solutions with 
different concentration (0–100 mg/L). In a 10 mL standard 
tube, 1 mL of prepared MIPs-QDs suspension (100 mg/L, 
in DDW) was added and subsequently followed by a given 
concentration of TBZ solutions, and then mixed thoroughly. 
The samples were measured with a fluorescence spectro-
photometer in several aspects: detection time, detection pH 
value, liner relationship and selectivity between TBZ and 
other benzoylureas. The measurement procedure for NIPs-
QDs was the same as above.

Results and Discussion

Characterization

The FT-IR spectra of ZnS:Mn QDs, MIPs-QDs and NIPs-
QDs were shown in Fig. 2A. The peak at 617  cm−1 was 
attributed to the ZnS band corresponding to sulfuret [37]. 
From Fig. 2A(1), the peaks appearing at 1118  cm−1and 
3414  cm−1 were caused by Si-O-Si asymmetric stretching 
vibrations and C-OH stretching vibrations, respectively, 
which suggested that MPTS was modified on the surface 
of ZnS:Mn QDs by silylation reaction. Comparing with the 
spectra of ZnS:Mn QDs, the spectra of MIPs-QDs and NIPs-
QDs showed an obvious difference. A new peak appearing 

Fig. 1  Schematic representation of the TBZ molecularly imprinted polymer synthesis
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at 1544  cm−1 was attributed to the N-H bending vibration, 
indicating the presence of aminopropyl in both MIPs-QDs 
and NIPs-QDs. The peak of N-H stretching vibration in 
the spectra of NIPs-QDs was seen at 1618  cm−1, while this 
peak was shifted to 1638  cm−1 in the spectra of MIPs-QDs. 
Other peaks in the spectra of MIPs-QDs and NIPs-QDs were 
similar. The peak at 1089  cm−1 was assigned to the Si-O-
Si asymmetric stretching peak. The peaks at 796  cm−1 and 
461  cm−1 were attributed to Si-O symmetric stretching and 
Si-O bending vibrations, respectively. These results indi-
cated that the MIPs and NIPs generated from sol-gel con-
densation of APTES and TEOS was successfully grafted on 
the surface of MPTS-capped ZnS:Mn QDs.

Figure 2B recorded the X-ray diffraction patterns of 
MPTS-ZnS:Mn QDs (1), MIPs-QDs (2) and NIPs-QDs 
(3), and revealed the same diffraction peaks corresponding 

to the (111), (220) and (311) crystal planes in cubic zinc 
blende (JCPDS No.65-0309). The results showed that the 
crystal structure was not changed after the MPTS modifica-
tion and coating of polymer layer. The ZnS:Mn diffraction 
peaks of MIPs-QDs and NIPs-QDs became weaker than 
that of MPTS-ZnS:Mn QDs, which can be explained by 
the presence of more amorphous phases in MIPs-QDs and 
NIPs-QDs.

The SEM images of ZnS:Mn QDs and MIPs-QDs were 
shown in Fig. 2C, D. It can be seen that the particle of 
ZnS:Mn QDs were small and had uniform size about 16 nm. 
While the particles of MIPs-QDs were irregularly spherical 
with a non-uniform size ranging from 150 to 250 nm. The 
size of ZnS:Mn QDs was smaller than that of MIPs-QDs, 
and the average particle size of ZnS:Mn QDs and MIPs-
QDs in the aqueous solution was measured by dynamic light 

Fig. 2  A Fourier transform infrared spectra of ZnS:Mn QDs (1), 
NIPs-capped ZnS:Mn QDs (2) and MIPs-capped ZnS:Mn QDs 
(3); B X-ray diffraction patterns of ZnS:Mn QDs (1), MIPs-capped 

ZnS:Mn QDs (2) and NIPs-capped ZnS:Mn QDs (3); SEM images 
of C ZnS:Mn QDs (scale bar: 1  μm) and D MIPs-capped ZnS:Mn 
QDs(scale bar: 1 μm)
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scattering (DLS) and the average particle size of ZnS:Mn 
QDs and MIPs-QDs were estimated at around 16 nm and 
185 nm, respectively, the results of DLS were consistent 
with SEM. These results indicate that MIPs layer has been 
coated on the surface of QDs.

Stability of the MIPs‑QDs and NIPs‑QDs

The fluorescence intensities of MIPs-QDs and NIPs-QDs 
remained relatively constant at 10 min intervals at room 
temperature over a period of 1 h, as shown in Fig. 3A. This 
may be due to the fact that the silane layer can effectively 
protect the polymers and improve its stability. Figure 3B 
shows the fluorescence intensity at various time when the 
MIPs-QDs and NIPs-QDs were exposed to TBZ. When a 
certain amount of TBZ was added, the fluorescence inten-
sity of both MIPs-QDs and NIPs-QDs decreased. The fluo-
rescence intensity of MIPs-QDs was quenched rapidly in 
the initial 15 min and then became relatively stable, while 
that of NIPs-QDs decreased rapidly in the first 5 min and 
then became stable, as show in Fig. 3B. This may be due to 
the specific interaction between MIPs-QDs and TBZ which 
caused the fluorescence intensity to be quenched. The results 
show that the recognition sites of the MIPs-QDs composite 
can specifically capture the analyte and that the material can 
be used for rapid and stable determination of TBZ. Hence it 
was 15 min that was chosen as the optimal time throughout 
the subsequent experimental.

MIPs‑QDs and NIPs‑QDs with Different pH 
and Template (TBZ)

The fluorescence intensity of MIPs-QDs and NIPs-QDs 
showed great differences with pH values in the presence and 
absence of TBZ (Fig. 3C). The fluorescence intensity of MIPs-
QDs and NIPs-QDs were significantly reduced in the range of 
pH 5.0–11.0 before the addition of TBZ. After adding TBZ, 
both MIPs-QDs and NIPs-QDs were obviously quenched, but 
the fluorescence intensity change of MIPs-QDs composites 
was greater than that of NIPs-QDs composites. When the pH 
value was less than 7.0, the fluorescence intensity of the solu-
tion was lower, which may be due to the increase of the ioniza-
tion of  H2S and the increase of the concentration of  S2− in the 
solution, thereby producing ZnS. More ZnS were formed at pH 
7.0, resulting in the highest emission fluorescence intensity. As 
the pH increases from 8 to 11, the fluorescence intensity drops 
rapidly. The reason is that the silica shell can be ionized at 
high pH, and  OH− can nucleophilically attack the surface and 
produce surface defects. The different pH values made larger 
differences to the fluorescence intensity of MIPs-QDs. So, in 
order to obtain stable fluorescence intensity and high sensitiv-
ity, pH 7.0 was chosen as our further experiment.

Sensitivity of the MIPs‑QDs and NIPs‑QDs

To further evaluate the recognition and quantitative deter-
mination ability of MIPs-QDs, the limit of detection (LOD) 

Fig. 3  A Influence of time on 
the fluorescence intensity of 
MIPs-QDs and NIPs-QDs; 
B Influence of time on the 
fluorescence quenching between 
MIPs-QDs and NIPs-QDs and 
TBZ; C The influence of differ-
ent pH values on the fluores-
cence intensity of MIPs-capped 
ZnS:Mn QDs and NIPs-capped 
ZnS:Mn QDs in the presence 
and absence of TBZ
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and linear range were investigated. The relationship between 
the fluorescence intensity and the concentration of TBZ can 
be described by the following formula:

where  F0 and F are the fluorescence intensities in the absence 
and presence of target molecule, respectively, [C] is the con-
centration of the TBZ, and  KSV is the quenching constant of 
the quencher. The fitted curve with  R2 > 0.9857 reflects a 
good linear relationship between  F0/F and TBZ.

According to the reported literature, the fluorescent 
quenching is possibly based on an electron-transfer pro-
cess [38]. We supposed that the quenching of MIPs-QDs 
after binding with TBZ was due to the hydrogen bond 
occurred between the amino groups (−NH2) of the mono-
mer (APTES) and TBZ, which led to the electron transfer 
from conducting bands of the QDs to the lowest unoccu-
pied molecular orbital of TBZ. The quenching amount is 
quantitatively related to the concentration of TBZ.

The imprinting factor (IF) was 3.06, indicating that 
MIPs-QDs had better selectivity than NIPs-QDs. As 
can be seen from the Fig. 4, the fluorescence intensity 
decreased with the addition of TBZ, while the fluores-
cence intensity of NIPs-QDs changes slightly. Thus, the 
fluorescence of MIPs-QDs was better sensitive com-
pared to NIPs-QDs. This is due to the presence of spe-
cific recognition sites in the MIPs-QDs. The detection 
limit of MIPs-QDs is 2.4 μg/L (calculated by the equa-
tion LOD =  3Sb/KSV, where  Sb was the standard deviation 
of blank measurement (n = 11) and  KSV was the slope of 
calibration graph).

(1)F0/F = 1 + KSV[C]

Selectivity Study

To demonstrate that the obtained MIPs-QDs can selectively 
adsorb the target molecule even in a mixed system containing 
other molecules, we performed a selectivity study by compar-
ing the fluorescence intensity response of the MIPs-QDs com-
posites to their template molecule with that to their structural 
analogue. Four BUs pesticides (hexafiumron, chlorbenzuron, 
triflumuron and diflubenzuron) were selected as TBZ struc-
tural analogues for selective analysis. The linear relationships 
were showed for BUs of MIPs-QDs and those of NIPs-QDs in 
Fig. 5A, B, respectively. As shown in Fig. 5A, B, the quanti-
ties of changed fluorescence intensity of MIPs-QDs to TBZ 
was larger than that of the other BUs. At the same time, the 
changed fluorescence intensity values of NIPs-QDs four BUs 
were not obvious. This indicates that fluorescence quenching 
only occurs in the presence of a recognition cavity in the MIPs 
layer for the template molecule. The specific recognition of 
TBZ by the prepared MIPs-QDs is attributed to the presence 
of -NH2 in the APTES, which specifically adsorbs and recog-
nizes TBZ by hydrogen bonding interactions with the template 
molecule. The experimental results obtained using MIPs-QDs 
and NIPs-QDs for other BUs pesticides (Table 1) yielded low 
 KSV constants, indicating that the prepared materials are highly 
selective for the template molecule TBZ. Table 1 also lists 
imprinting factor (IF) and selectivity factor (SF) which were 
calculated in accordance with

where  KMIP and  KNIP are the quenching constants of MIPs-
QDs or NIPs-QDs with template TBZ, respectively.

(2)IF = KMIP∕KNIP

Fig. 4  A Fluorescence emission spectra of MIPs-ZnS:Mn QDs; B NIPs-ZnS:Mn QDs
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where  KMIP(target) is the quenching constants of MIPs-QDs 
with template TBZ, and  KMIP(non-target) is the quenching 
constants of MIPs-QDs with others. IF was used to evaluate 

(3)SF = KMIP(target)/KMIP(non-target)
the recognition ability of the MIPs-QDs by monitoring the 
fluorescence. The selectivity of the MIPs for the target mol-
ecule increases as the IF value increases. The SF is usually 
considered as a better determinant of selectivity. As shown 
in Table 1, for the TBZ the IF values and were much higher 
than for the other BUs and the SF values were 3.92, 5.06, 
5.17 and 8.76 respectively. These results indicated that the 
synthetic MIPs-QDs had higher recognition ability for TBZ 
than other BUs. In addition, the extent of TBZ quenching did 
not show any significant specificity of NIPs-QDs compared 
with other BUs insecticides. This phenomenon can be rea-
sonably explained by the fact that specific recognition sites 
complementary to TBZ in shape, size and spatial arrange-
ment were generated on the surface of the MIPs-QDs during 
the synthesis process. The results indicated that MIPs-QDs 
were better specific to TBZ but less specific to other BUs.

Fig. 5  A Quenching constant of MIPs-capped ZnS:Mn QDs by differ-
ent kinds of benzoylureas at pH 7.0; B Quenching constant of NIPs-
capped ZnS:Mn QDs by different kinds of benzoylureas at pH 7.0; 

C The imprinting factors of MIPs-and NIPs-capped ZnS:Mn QDs for 
standard solutions of five benzoylurea insecticides

Table 1  Stern-Volmer constants, imprinting effect, and selectivity 
factors for TBZ and other BUs

KSV(MIP) KSV(NIP) IF SF

TBZ 0.00718 0.00235 3.06 \
HFM 0.00183 0.00109 1.68 3.92
CBZ 0.00142 0.00097 1.46 5.06
TFM 0.00139 0.00141 0.99 5.17
DBZ 0.00082 0.00109 0.75 8.76
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Application to Vegetable Samples Analysis

In order to verify the feasibility of the MIPs-QDs analysis for 
real samples, the cabbage juice samples spiked at different 
concentrations of TBZ were determined by using the proposed 
method. They were applied to determine the TBZ of spiking 
cabbage juice samples. As was shown in Table 2, the recovery 
study was carried out on the samples spiked with 1.0–5.0 mg/L 
TBZ to evaluate the developed the composites, and the corre-
sponding results were listed judge the accuracy of this method. 
The average recoveries from samples were varied between 
90.35% to 97.09% with relative standard deviations (RSD) in 
the range of 2.45–3.17%. The presence of specific recognition 
sites in MIPs-QDs has a high recovery effect on TBZ. Thus, the 
developed MIPs-QDs can be used detect TBZ in real sample.

The comparison between the MIPs-QDs and other meth-
ods for the detection of TBZ is shown in Table 3. As can 
be seen, the MIPs-QDs showed relatively excellent levels 
of recovery and RSD. However, the LOD is higher than 
MSPE-HPLC/MOFs method. In comparison to chromato-
graphic methods, fluorescence technology is used instead 
of tedious chromatographic separation process, resulting in 
saved analysis time. Furthermore, our method is simple and 
rapid compared to other methods. Meanwhile, the materials 
used in this method are highly selective because of using 
molecularly imprinting technique. However, while retaining 
the high selectivity of the MIPs-QDs system, we need to 
further improve the sensitivity of the system.

Conclusions

In this study, we have developed a novel strategy to fabri-
cate the core-shell spherical silica molecularly imprinted 
polymer based on ZnS:Mn QDs for the detection of 

teflubenzuron. The nanocomposites were prepared and 
characterized by FT-IR, SEM, DLS, FL and XRD. The 
binding time, pH value of the solution and different con-
centrations of TBZ played important roles on the bind-
ing ability. Under optimal conditions, the MIPs-capped 
ZnS:Mn QDs was applied to detection of TBZ based on 
the fluorescence quenching with a higher imprinting fac-
tor. The detection of teflubenzuron in real sample was suc-
cessfully carried out with good recoveries and a very low 
detection limit. This work would provide a method with a 
promising potential for the on-site detection of TBZ resi-
dues in real samples or in environmental waters.
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