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Abstract ZnO quantum dots (QDs) based molecularly im-
printing polymer (MIP)-coated composite was described for
specific detection of the dimethoate (DM) as a template. The
MIP was synthesized by simple self-assembly of 3-
aminopropyl triethoxysilane (APTES) monomers and
tetraethyl ortho-silicate as cross linking agent in the presence
of template molecules. The used imprinting course can im-
prove the tendency of the prepared QDs toward the DM tem-
plate molecules. The MIP-coated ZnO QDs showed a strong
fluorescence emission which undergoes a quenching effect in
the presence of DM. So, a selective probe could be designed
based on these composites to recognize DM in water
samples. Under optimized experimental conditions, a
linear relationship between the emission intensity of
MIP-coated ZnO QDs and concentration of DM, in the
range of 0.02–3.2 mg L−1 with a detection limit of
0.006 mg L−1. Combination of high specificity of MIP
element and distinct fluorescence features of ZnO QDs
provides a sensitive and selective recognizing method for pes-
ticide detection. The developed method was successfully ap-
plied for the determination of DM contamination in environ-
mental water samples.

Keywords ZnO quantum dots . Molecularly imprinting
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Introduction

Organophosphorous pesticides (OPs), as a wide series of toxic
compounds, prevent the activity of acetylcholinesterase, which
play an important role in nerve functions of insects, humans, and
other animals [1]. OPs have been widely applied to control pests
[2]. The usage of pesticides leads to the introducing of their
residues in environmental water and soils. This can also result
in contamination of vegetables and fruits [3] and finally, OPs can
entry human body and cause serious side effects. It is demon-
strated that pesticides can have mutagenic and carcinogenic ef-
fect and cause many diseases [3]. So, to provide a healthful and
safe environment for humans, we need a sensitive and efficient
screening technique for the recognition of trace pesticides in
environmental samples. Dimethoate (O,O-dimethyl-S-
methylcarbamoylmethyl phosphorodithioate, DM) is one of the
important pesticides, which is applied for destroying an extensive
variety of insects and acari in agriculture products. The chemical
structure of DM is showed in Fig. 1. The maximum acceptable
limit of DM in environment is in the range of fewμg/kg [2]. DM
and other pesticides is commonly quantified by chromatographic
based techniques or immunoassays [2, 4–8] which are more
expensive, complicated and laborious. Thus, developing a sim-
ple, cost-effective and rapid method for the determination of
pesticides is a challenge for researchers.

Fluorescence techniques with high sensitivity can be
assigned as a useful case for this purpose. They have unique
interesting features such as simplicity, high speed, and low-
cost. Fluorescence sensors based on quantum dots (QDs),
have been recently reported for many of important analytes
which have several advantages to other developed methods.
High luminescent QDs have widely applied in analytical areas
to sense several organic and inorganic compounds [9] that is
because of their unique features [10, 11] such as high photo-
stability, narrow emission with a high quantum efficiency,
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broad absorption spectrum and large Stokes shift [11–13].
They have quanum-size effect that’s mean the emission wave-
length is dependent to the diameter of nanomaterial [14–16].
These unique advantages make QDs superior to common or-
ganic fluorescent materials. More specific, ZnO QDs with
high quantum yield, broad excitation spectrum and a narrow
emission spectrum have been exploited by many researchers
in chemosensors [16–21]. According to the Fonoberov and
Balandin studies [14, 22], ZnO QDs with a size of less than
7 nm can exhibit a tunable fluorescence emission [14, 15].
Furthermore, they are non-toxic, bio-compatible, cheap, eco-
friendly and can be synthesized by a simple and cost-effective
process and so, they are superior to other QDs [14, 15, 23–26].
These properties make ZnO QDs as an interesting material in
fluorescence-based probes. They have been applied in many
studies leading to excellent analytical features.

Molecular imprinting as a potent procedure for the synthe-
sis of particular polymeric receptors with high tendency to
specific analytes, is interesting in sensor designing owing to
its great selectivity, high physical strength and thermal stabil-
ity along with an easy and low-cost preparation method [2, 11,
27–32]. Molecularly imprinted polymers (MIPs) are usually
created based on the co-polymerization of certain monomers
and cross-linkers in the presence of specific template mole-
cules. The presence of template in the polymerization process
leads to its trapping in polymer matrix, which can be removed
by suitable washing methods. The created molecularly
imprinted polymers have specific sites for rebinding template
molecules [27]. The binding between MIP sites and template
molecules is based on the key-lock principle, providing high
selectivity and specificity for template. The high selectivity of
MIPs-based methods along with a simple preparation process
make them preferable to immunosorbents, increasing their
applications area. The combination of the specific recognition
features of MIPs and the outstanding advantages of QDs-
based fluorescence detection methods can be an attracting
analysis technique for the selective detection of important
analytes [33–43].

To the best of our knowledge, there is no report for the
determination of DM based on MIPs-functionalized ZnO
QDs. Here, a selective probe based on MIP-coated ZnO
QDs was developed for the rapid recognition of DM in envi-
ronmental samples. ZnO QDs were synthesized via a simple
mixing method and applied as an efficient support for MIPs
due to their high luminescence and other aforementioned

advantages. The MIP shell are produced on the surface of
ZnO QDs by self-assembly of 3-aminopropyl triethoxysilane
(APTES) and tetraethyl orthosilicate (TEOS) in the presence
of DM as template. The created MIP-coated ZnO QDs com-
posite could specifically bind to DM molecules, and in this
format, the fluorescence emission of ZnO QDs undergoes a
diminishing effect proportional to DM concentration. So, it is
applicable for the accurate and sensitive determination of DM
which provided a low detection limit. The offered probe was
used to the determination of DM in some environmental water
samples. The method is more economical and sensitive in
comparison with common chromatographic and immuno-
based techniques. Figure 2 shows the schematic design for
developed MIP-based probe for the determination of DM.

Experimental

Reagents and Apparatus

Dimethoate (DM), Zinc acetate dihydrate (Zn(OAc)2.2H2O),
3-aminopropyl triethoxysilane (APTES) and tetraethyl
orthosilicate (TEOS) were all from Sigma Aldrich
(Germany) and were applied without any purification.
Ethanol and KOH were obtained from Merck (Germany).
All the used materials were of analytical grade. All solutions
were prepared in deionized water (Kasra CO., Iran).

Fluorescence (FL) experiments were accomplished by
using a Shimadzu RF-5301 PC spectrofluorometer. UV-
visible absorption spectra were achieved by UV-1800 spectro-
photometer (Shimadzu). The size and morphology of synthe-
sized QDswere investigated by Transmission electronmicros-
copy (TEM, Leo 906, Zeiss, Germany). A Tensor 27 FTIR
spectrometer (Bruker, Germany) was used to achieve Fourier
transform infrared (FTIR) spectra.

Synthesis of ZnO Quantum Dots

Preparation of ZnO quantum dots was performed by a simple
and rapid method [26]. Briefly, a certain amount of
Zn(OAc)2.2H2O (0.001 mol) was added to 100 mL ethanol
and ultra-sonication was used to its dissolving. 10 mL ethanol
containing 2.8 mmol KOH was added slowly to Zn(OAc)2
solution at room temperature. The solution was vigorously
stirred during the KOH addition. ZnO QDs was gradually
formed as a white suspension after about 1 h, which was then
precipitated by its centrifugation (10,000 rpm) for 15min. The
obtained QDs were dispersed in ethanol and then were centri-
fuged to eliminate unreacted reagents. The rinsing process
was repeated for several times. In order to increase the stability
of obtained QDs in aqueous solution, they were modified by
using APTES. ZnO QDs (0.04 g) were dispersed in 50 mL
ethanol and then APTES solution (0.5 g in 5 mL ethanol) was

Fig. 1 Chemical structure of dimethoate
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drop-wisely added, followed by addition of 0.2 mL distilled
water. The mixture was stirred for another 1 h without its
heating and then, coated QDs were separated by centrifuga-
tion (10,000 rpm, 10 min). Again, to remove excess precur-
sors, QDs were twice redisposed and then precipitated by their
centrifugation. The yellow emission which was observed from
obtained solution under UV radiation, confirmed the success
synthesis of ZnOQDs. The QDs were completely washed and
dispersed in deionized water for future experiments.

Synthesis of MIP-Coated ZnO Quantum Dots

In order to prepare the MIP coating layer on the surface of
ZnO QDs, 500 μL of APTES (as the main monomer) and
20mL of DM (as the template molecules) solution (containing
250 mg DM in ethanol) were mixed and stirred for 30 min.
Then, TEOS (2 mL) was added as the cross-linking monomer.
After 5 min stirring, certain amounts of prepared ZnO QDs
(600 mg) as well as 2 mL of 8% NH3·H2O were added. The
solution was stirred for another 16 h. Also, for control exper-
iments, non-imprinted polymer (NIP)-coated ZnO QDs was
obtained by the same way, but in the absence of template.
Finally, the produced modified ZnO QDs were centrifuged
and rinsed with ethanol for three times to remove template
molecules and get approximately the identical FL emission
intensity from NIP and MIP-QDs.

Fluorescence Determinations

Fluorescence studies for the determination of DM were per-
formed at room temperature in a batch system. The synthe-
sized MIP-capped ZnO QDs (500 μL, 100 mg L−1) were
added to certain volumes of DM standard or sample solutions
in a 5 mL volumetric flask. The pH of solution was adjusted to
about 7 by adding 500 μLTris buffer. The solution was effec-
tively mixed and its final volume was increased to 5 mL by
deionized water. Finally, the fluorescence emission intensity

of solution was measured at maximum emission wavelength
of ZnO QDs (λem = 520 nm and λex = 374 nm).

Sample Preparation

To assess the practical applicability, some environmental wa-
ter samples were used for the determination of DM by devel-
oped probe. No further pretreatments was performed for sam-
ples. Just, each sample was cleaned by 220 nm micro-porous
filter to remove suspended particles. Also, to study the recov-
ery of probe, certain volumes of DM standard solution were
spiked into samples before any pretreatment. The fluorescence
intensity of DM solutions can be related to its concentration
using a calibration graph plotted for standard solutions.

Results and Discussion

Characterization of Synthesized ZnO QDs

Surface structure of synthesized ZnOQDs andMIP-ZnOQDs
was investigated by FTIR spectra (Fig. 3a). FTIR spectrum of
ZnO QDs contains clear peaks at about 3412 and 1522 cm−1

which are related to N-H bonds. The peak at 2948 cm−1 is for
well-known symmetric C-H vibrations. Two peaks at 1110
and 1021 cm−1 show Si-O bonds, and a characteristic peak
at 505 cm−1 indicates the Zn-O bonds [44]. In FTIR spectrum
of MIP-capped ZnO QDs, the peaks of Si-O and N-H were
strengthened and a peak at 1611 cm−1 was appeared which is
related to C = C bonds. Also, the peak of Zn-O bonds at about
500 cm-1was weakened because of the coating of a polymeric
layer on its surface. These changes confirm the MIP placing
on the surface of ZnO QDs.

TEM images of ZnO QDs and MIP-coated ZnO QDs were
indicated in Fig. 3b and c. As it is clear, mono-dispersed
spherical ZnOQDs with a diameter size of about 2–8 nmwere
obtained. Also, the average size of MIP-coated QDs was

Fig. 2 Schematic design of
offered probe for the
determination of DM, based on
MIP-coated ZnO QDs
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about 35 nm and so, it can be considered an about 20 nm layer
of MIP on the QDs. Also, XRD analysis was applied to in-
vestigate the crystallinity of QDs, which indicated some clear
intense peaks showed in Fig. 3d. The observed peaks con-
firmed the crystalline structure of obtained QDs with the size
in nanometer range. Also, there isn’t any additional peak
which indicates that the synthesized ZnO QDs are free from
any impurity. The size of obtained particles was calculated to
be 5.93 nm by using Debye Scherrer formula [44].

Furthermore, UV-visible absorption spectrum of prepared
ZnO QDs is indicated in Fig. 4a. The spectrum showed a
shoulder at about 315 nm. Comparing to bulk ZnO, there is
a clear shift to shorter wavelengths in absorption spectrum of
QDs which can be related to their nanometer size [44]. On the
other hand, the synthesized QDs showed an intense fluores-
cence emission at 536 nm (λex = 389 nm). The stability and
quantum yield of the fluorescence emission were investigated
for prepared MIP-coated QDs. The results showed a stable
emission (Fig. 4b) with a quantum yield of 13%. It can be

observed from Fig. 3b that the florescence emission intensity
of MIP-coated ZnOQDs remains constant during 50 day after
their synthesis. The relative standard deviation (RSD) of
0.48% was acquired by 20 repetitive determination of the
emission intensity for the aqueous solution of MIP-coated
ZnO QDs every 10 min. The silica coating of ZnO QDs is
the chief cause of the stable emission.

Basis of Developed Probe

MIP-capped ZnO QDs were used as recognition element for a
specific pesticide. ZnO QDs can act as optical readout and
lead to intensification of obtained signal. The stability of syn-
thesized QDs was enhanced by their coating with APTES
hydrolysis reaction which leads to reduction of surface defects
of QDs. Furthermore, in order to increase selectivity for DM
and remove the interfering effect of other compounds, the
MIP recipient was employed on the surface of ZnO QDs. It
was done by self-assembling of APTES monomers on the

Fig. 3 a FT-IR spectra for ZnO
QDs and MIP-ZnO QDs; b, c
TEM images for ZnO QDs (b)
and MIP-ZnO QDs (c), the insets
show the size distribution of QDs;
and d) XRD pattern for ZnO QDs
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amino capped-ZnO QDs in the presence of TEOS as cross-
linking agent and DM as template molecules. The amino
groups on the surface of the APTES-modified QDs can sup-
port the template molecules to enter the designed MIP shell
during the imprinting polymerization stage. The template mol-
ecules were non-covalently entrapped into the polymer and
after eliminating the template, specific sites with a shape and
functional groups matching to the DMmolecules were shaped
in the polymer matrix. Also, NIP-coated ZnO QDs were syn-
thesized to further investigation of selectivity. Study of the
fluorescence emission of MIP-coated ZnO QDs showed a
relatively strong emission peak at about 536 nm with an exci-
tation wavelength of 389 nm. In the presence of templates,
MIP-coated QDs had a weaker emission intensity which was
remarkably restored after template removal (Fig. 5). The fluo-
rescence intensity of the MIP-coated QDs without templates
was almost equal to that of the NIP-coated QDs. This indicate
the complete removal of template molecules from the MIP
sites on the surface of QDs.

Observations showed that the MIP-coated QDs can be
practically applied to facile and rapid recognition of DM in

aqueous media without any preconcentration stage. Decrease
in fluorescence intensity of MIP-coated QDs in the presence
of DM used as the probe signal, and concentration of DM in a
sample can be obtain by using standard addition method.

Optimization of Experimental Condition for DM
Determination

In order to obtain a high sensitive probe for DM, the effect of
some important factors including the pH of determination me-
dia and incubation time were investigated.

The pH effect on the fluorescence response of MIP-coated
QDs was studied in the range of 4–12 (Fig. 6a). As the results
showed, the fluorescence signal decreased in very low or high
pHs and a pH between 5 and 8 is suitable for determination
process. The low fluorescence response outside of this range
can be explained as follows: The high concentration of H+ or
OH- can affect the functional group ofMIP sites and therefore,
decrease their tendency for template molecules. Also, ZnO
QDs in the center of probe, may be affected in very low or
high pH values. In result, their fluorescence emission would
be changed. Experiments showed that Tris buffer in a relative-
ly low concentration (0.5 mmol L−1) was useful for pH
adjusting. Other buffers such as phosphate quenched the fluo-
rescence of ZnO QDs and were not suitable.

In order to study the effect of incubation time on the re-
sponse of probe, MIP-coated ZnO QDs were exposed to DM
in a constant concentration for different time scales and then,
the fluorescence intensity was recorded (Fig. 6b). A rapid
quenching effect was observed in the emission of QDs by
addition of DM. The fluorescence intensity was decreased in
first 5 min and then remained constant. This result show that
the interaction of DMmolecules with created specific sites on

Fig. 4 a Absorption spectrum of MIP-coated ZnO QDs; b Emission
spectra for MIP-coated ZnO QDs recorded in different times after their
synthesis (10 min, 10 h, 3 day and 15 day)

Fig. 5 Fluorescence emission spectra for (a) NIP-coated ZnO QDs and
(b-d) MIP coated ZnO QDs before (b) and after (c) template removal; (d)
Fluorescence emission spectrum for template removed MIP-coated ZnO
QDs in the presence of 2.5 mg L−1 DM
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MIP matrix occur with high speed. So, an incubation time of
7 min was considered for all experiments.

Effect of DM Concentration on the FL of MIP-Coated
ZnO QDs

The fluorescence of MIP-coated QDs showed a sensible de-
crease in the presence of DM in trace concentrations (Fig. 7a).
Based on this observation, a sensitive and selective method
was designed for the determination of DM in aqueous media.
The calibration graph was obtained as the response of QDs to
DM, F0/F, against to the concentration of DM (C) in mg L−1

(F0 and F show the fluorescence intensity of MIP-coated ZnO
QDs in the absence and presence of DM, respectively). The
obtained linear range was 0.02–3.2 mg L−1 with a regression
equation of F0/F = 0.551C + 0.983 (R2 = 0.9995) (Fig. 7b).
The limit of diction (LOD) for method was achieved 0.006 mg
L−1. On the other hand, the reducing effect of analyte on the
fluorescence emission of MIP-coated ZnO QDs can be de-
scribed by electron transfer process [44]. Analyte molecules
on the MIP sites near the QDs can trap the excited electron
leading to decrease of excited QDs. Figure 2 explains the
entire procedure for the determination of DM.

The reproducibility of the developed method was investi-
gated by calculating relative standard deviation (RSD) for
seven replicate determinations of 0.1 and 1 mg L−1 DMwhich
were obtained 2.31 and 1.67%, respectively.

Selectivity

To investigate the probable interfering effect of some species
present in the real samples on the offered determination probe,
increasing quantities of them were added into a DM solution
(0.2 mg L−1) and determination process was accomplished
according the general procedure. The results in Table 1
showed that the most of the examined species have not con-
siderable interfering effect on the signal of probe. The tolera-
ble concentration ratios for interferences mentioned in
Table are for relative error of <5%. The amounts of most of

tested substances in real samples are below their tolerable
levels and so, no interferences were observed in DM
determination.

Furthermore, the effect of some similar compounds with
DM for example other organophosphates have been studied.
Figure 8a shows the response of developed probe for the
10 mg L−1 solutions of these compounds. No considerable

Fig. 7 a Fluorescence intensity of MIP-coated ZnO QDs in the presence
of different concentrations of DM and b corresponding calibration graph

Fig. 6 a Fluorescence response
of MIP-coated ZnO QDs for
1.2 mg L−1 DM in different pH
values, b Fluorescence intensity
of MIP-coated ZnO QDs after
their exposing to 1.2 mg L−1 DM
in different times
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effect was observed on the fluorescence of MIP-coated ZnO
QDs from examined compounds. It can be explained by spe-
cific sites produced in the presence of DM as template. The

functional groups in these sites are matching to the DM chem-
ical structure. This shows the great selectivity of present sen-
sor for DM. The ZnOQDs withoutMIP shell on their surfaces
show a sensible response for about all of examined
organophosphates.

Also, three different water samples (including deionized
water, tap water and river water) have been applied to prepare
the analyte solution with constant concentration (1 mg L−1).
The response of probe for the prepared solutions was recorded
(Fig. 8b) which showed no obvious difference between three
examined solution. So, developed method is applicable for the
determination of pesticides in real water samples.

Analysis of Real Samples

The presented system was applied for DM quantification in
environmental water samples (Table 2). For more validation
of method, certain quantities of DM standard were added into
samples prior to preparation stages, and then DMwas follow-
ed according to the described method in Experimental section.
As can be seen from the results (Table 2), the obtained recov-
eries were acceptable.

Conclusions

The ZnO QDs coated with MIP have been applied to recog-
nize a specific pesticide in water samples. The MIP created on
the surface of ZnO QDs using the co-plymezation of APTES
and TEOS in the presence of DM as template molecules. So,
recipient sites molecules can be created in the polymer matrix
which is specific for DM providing the selective interaction of
MIP-coated QDs with DM. Adsorption of DM molecules on
the MIP sites leads to an efficient electron transfer from ZnO
QDs to DM which quench the FL emission of ZnO QDs. The
developed technique has more advantages such as high selec-
tivity and sensitivity. This provide a rapid, cost-effective,

Fig. 8 a Effect of different organophosphates on the signal of MIP-
coated ZnO QDs developed for DM; b fluorescence emission of MIP-
coated ZnO QDs in the presence of 1 mg L−1 DM [a: absence of DM, b:
DM in deionized water, c: DM in tap water and d: DM in river water]

Table 1 Interference of different species on the determination of 1 mg
L−1 DM (in optimum condition)

Coexisting substance Tolerance limit (interference
to analyte ratio)

Na+, K+, Ca2+, Cl−, NO3
− 1500

Al3+, Mn2+, CO3
2−, PO4

3−, Oxalate 1100

HCO3
−, CH3COO

−, SO4
2−, Mg2+ 900

Cu2+, Ni2+, Fe2+, Fe3+, Cr3+ 350

Glucose, Ascorbic acid, Uric Acid 260

Citrate, Glutathione 150

I−, Zn2+, Pb2+, Cd2+ 70

Cysteine, Hg2+ 50

Table 2 Results of DM determination in the water samples by
established system

Sample Add
(mg L−1)

Found a

(mg L−1)
Recovery
% ± RSD

t-statistic b

River Water (1) 0 ND - -

0.10 0.098 ± 0.002 97.67 ± 1.59 2.65

0.30 0.294 ± 0.004 98.11 ± 1.19 2.79

River Water (2) 0 ND - -

0.20 0.193 ± 0.004 96.59 ± 1.96 3.05

0.50 0.498 ± 0.004 99.67 ± 0.70 0.82

aMean of three determinations ± standard deviation, b t-critical = 3.18 for
n = 3 and P = 0.05
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simple and safe system for the detection of DM in the linear
range of 0.02–40 mg L−1 with a LOD of 0.006 mg L−1. The
method displays good specificity for DM in the presence of
other similar compounds.
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