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a  b  s  t  r  a  c  t

A  novel  molecular  imprinting  fluorescence  sensor  was  constructed  by  anchoring  mesoporous  structured
imprinting  microspheres  on  the  surfaces  of quantum  dots  (QDs)  surface  for  the  selective  and  sensitive
detection  of  2,4-dichlorophenoxyacetic  acid  (2,4-D)  on  the basis  of  an electron-transfer-induced  fluo-
rescence  quenching  mechanism.  The  resulting  sensor  was  well  characterized  and  had  ideal  spherical
morphology  and  fluorescence  properties.  Under  the  optimized  conditions,  the  sensor  exhibited  a  sat-
eywords:
,4-Dichlorophenoxyacetic acid
olecular imprinting
uantum dots

isfactory  linearity  within  0.66–80  �M, with  a low  detection  limit  of  2.1 nM  within  20  min.  The  sensor
was successfully  applied  for the  detection  of  2,4-D  in  bean  sprout  samples,  and  high  recoveries  at  three
spiking  levels  of  2,4-D,  ranging  from  95.0  to 110.1%,  with  precisions  below  4.9%,  were  attained.  By  taking
advantage  of  surface  imprinting  and  QDs, the  sensor  exhibited  high  sensitivity  and  good  selectivity  for
the separation,  enrichment  and  detection  of  2,4-D  in  real food  samples,  thereby  ensuring  food  safety.
esoporous

luorescent detection

. Introduction

In a modern agricultural society, various herbicides, insecticides,
nd fungicides are commonly used at a large scale for the con-
rol of weeds, insects, and rodents, but some of these compounds
ave a detrimental effect on the ecosystem and human life, includ-

ng carcinogenic or endocrine disrupting activities due to their
ccumulation in the food chain [1,2]. 2,4-D, which is a phenoxy
ompound, is commonly used in barley, wheat, corn and sorghum

elds to control broad-leaf weeds [3]. As one of the top 10 pesti-
ides, 2,4-D is used worldwide and has strong endocrine disrupting
ctivities [4]. This compound is a pollutant of environmental con-

Abbreviations: QD(s), quantum dot(s); 2,4-D, 2,4-dichlorophenoxyacetic acid;
IP(s), molecularly imprinted polymer(s); MES, 2-N-morpholinoethanesulfonic

cid; APTES, 3-aminopropyltriethoxysilane; CTAB, cetyltrimethylammonium bro-
ide; EDC, 3-ethylcarbodiimide hydrochloride; NHS, N-hydroxysuccinimide;

iO2, Silica nanoparticles; TEM, transmission electron microscopy; BET,
runauer–Emmett–Teller; BJH, Barrett–Joyner–Halenda; TG, thermogravime-
ry; DTG, derivative thermogravimetry; LUMO, lowest unoccupied molecular
rbital; RSD, relative standard deviation; LOD, limit of detection.
∗ Corresponding authors.

E-mail addresses: zzhang@snnu.edu.cn (Z. Zhang), xbyang@snnu.edu.cn
X. Yang).

ttp://dx.doi.org/10.1016/j.snb.2017.06.090
925-4005/© 2017 Elsevier B.V. All rights reserved.
© 2017  Elsevier  B.V.  All  rights  reserved.

cern and has been associated with the occurrence of cancer in
humans, endocrine disruption, acute congestion, and degenerative
changes in the central nervous system [5].

Conventional analytical methods, such as mass spectrometry
[6], chromatography [7], electrochemistry [8] and colorimetric
assays [9], are powerful tools that offer high sensitivity and speci-
ficity for the determination of pesticides; however, their associated
high costs, complex sample pretreatment, and time-consuming
labor requirements, as well as the low 2,4-D content in typi-
cal samples, impede their applications. Subsequently, several fast,
cheap, and easy-to-use methods have been developed, includ-
ing biosensors based on enzymes, aptamers or nucleic acids and
enzyme-linked immunosorbent assays [10]. However, these meth-
ods require the isolation of other elements from the detected
pesticides. Therefore, novel methods for highly effective detection
of pesticides should be developed.

Fluorescence-based methods have potential applications in the
detection of trace amounts of analytes because of their sensitivity,
simplicity, and cost-effective features [11,12]. These methods are

also considered to be feasible approaches to indicate the presence
of an analyte, which induces a change in fluorescence color that is
visible to the naked eye [13]. Organic dyes are often used as tradi-
tional fluorescent labels in fluorescence detection; however, these

dx.doi.org/10.1016/j.snb.2017.06.090
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.06.090&domain=pdf
mailto:zzhang@snnu.edu.cn
mailto:xbyang@snnu.edu.cn
dx.doi.org/10.1016/j.snb.2017.06.090
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yes are easily photobleached and often exhibit narrow absorp-
ion and broad emission spectra with long tails, resulting in a low
etection sensitivity [14]. By contrast, QDs are particularly attrac-
ive due to their good photostability, bright photoluminescence,
igh quantum yields, narrow emission, broad excitation, long flu-
rescence lifetimes, large extinction coefficients, and large Stokes
hifts [15,16]. QDs have been widely introduced as valid fluores-
ence probes in the analysis of metal ions [17], small molecules
18], and even biomacromolecules [19].

Another attractive material, molecularly imprinted polymers
MIPs), which are highly stable, easily prepared, and low cost, has
een introduced for use in recognition to improve the selectivity
f QDs-based probes and sensors [19,20]. This molecular imprint-
ng technique (MIT) has been widely applied in various areas,
ncluding sample pretreatment [21], chromatographic separation
22], and chemical or biological sensing [23]. MIT  is considered to
e effective for the development MIP-based fluorescence sensors,
hich could combine the high selectivity of MIPs and high sensi-

ivity of fluorescence detection [19]. However, MIPs prepared by
raditional methods have numerous limitations, including incom-
lete template removal, small binding capacity, low affinity, and

rregular material shapes [24]. Recently, MIPs on the surface of
atrices have exhibited prominent properties. Surface imprinting

s regarded as an effective technique to overcome material prob-
ems [25,26]. Subsequently, surface imprinting technique based
n silica nanoparticles [27], magnetic Fe3O4 particles [28], nano-
ubes [29], polystyrene beads [30], and other materials, has been
xtensively investigated. Recently, surface imprinting of core-shell
IPs has been commonly applied and more widely used due to its

ntrinsic advantages, such as producing MIPs with good dispersion,
etter site accessibility, higher mass transfer, and easier and more
ompleted template removal [31,32]. Among the support materi-
ls, silica nanoparticles are peculiarly prevalent for ameliorating
he morphology of core-shell MIP  particles. Moreover, mesoporous

aterials could enhance the selectivity of fluorescence sensors [33].
he use of mesoporous silica structured MIPs as selective recogni-
ion units and QDs as fluorescent detection units could improve
ensitivity, response time, binding capacity and selectivity because
f the large pore volumes and nanoscale pore wall thickness of the
esoporous structure and strong fluorescent signal of the QDs [34].
Inspired by these studies, we developed a simple, surface

mprinting fluorescence sensor that used a QD-based mesoporous
mprinted microsphere sensor strategy via sol-gel polymerization
or the convenient, sensitive, and rapid recognition and detection of
,4-D based on an electron-transfer-induced fluorescence quench-

ng mechanism. QD-embedded silica nanoparticles act as the core
f the support materials, and the mesoporous imprinted silica shell
as deposited to fabricate the unique mesoporous MIP  micro-

phere sensor, named SiO2@QDs@m-MIPs. SiO2@QDs@m-MIPs use
dTe QDs as fluorescence detection units and a mesoporous

mprinted silica shell as highly selective recognition units. The sen-
or was well characterized, and its binding capacity, sensitivity,
esponse time, stability, and selectivity were investigated system-
tically. Moreover, the sensor was successfully applied to complex
ood samples with satisfactory results, suggesting high potential
or the specific recognition and accurate quantification of 2,4-D in
omplex matrices.

. Experimental

.1. Reagents and chemicals
2,4-D, carbendazol, tellurium powder, phenol,
oluene, 2-N-morpholinoethanesulfonic acid (MES), 3-
minopropyltriethoxysilane (APTES), cetyltrimethylammonium
rs B 252 (2017) 934–943 935

bromide (CTAB), 3-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), cadmium nitrate (Cd(NO3)2),
thioglycollic acid (TGA), and sodium borohydride (NaBH4)
were purchased from Sigma-Aldrich (Shanghai, China). High-
performance liquid chromatography (HPLC)-grade methanol was
purchased from TEDIA (Fairfield, OH, USA). All solvents, chemicals,
and materials were at least of analytically pure grade and used
directly without further purification unless otherwise specified.
All aqueous solutions throughout this work were prepared using
ultrapure water (18.2 M� specific resistance), which was prepared
using a Millipore Milli Q-Plus system (Millipore, Bedford, MA,
USA).

2.2. Synthesis of amino-functionalized SiO2 nanoparticles

Silica nanoparticles (SiO2) were synthesized based on the Stöber
method and our previous experiment [35] with modifications. In
brief, 30 mL  of ethanol and 50 mL of ultrapure water were mixed,
followed by the addition of 10 mL  of NH3·H2O. The mixture was
magnetically stirred at room temperature for uniformity. Then,
7 mL  of TEOS and 28 mL  of ethanol were added dropwise with a
constant-pressure dropping funnel, and the resultant mixture was
stirred for 6 h. After 5 mL  of APTES was  added, the mixture reacted
at room temperature for approximately 12 h with constant stir-
ring. Then, the nanoparticles were separated from the reaction
medium by centrifugation and washed several times with ethanol.
The amino-functionalized SiO2 nanoparticles were dispersed in
50 mL  of ethanol for subsequent use.

2.3. Synthesis of carboxylated CdTe QDs

Carboxylated CdTe QDs were synthesized according to our pre-
vious report [36]. As a result, TGA-stabilized carboxylated CdTe QDs
were attained.

2.4. Preparation of SiO2@QDs

Nine milliliters of 20 mg/mL  EDC in MES  buffer (pH = 5.2,
0.1 mM)  was  mixed with a CdTe QD aqueous solution (15 mL) for
10 min. Then, 9 mL  of 10 mg/mL  NHS was  added and mixed uni-
formly. Meanwhile, 5 mL  of amino-functionalized SiO2 particles
was uniformly dispersed in 45 mL  of MES  buffer (pH = 5.2, 0.1 mM),
followed by the addition of the above resultant QD solution drop-
wise. The mixture solution was stirred for 6 h at room temperature
in the dark. Then, the obtained SiO2@QDs composite nanoparticles
were purified by repeated centrifugation at 7000 rpm for 10 min  to
remove the unbound QDs. As a result, SiO2@QDs were obtained and
dispersed in 50 mL  of a PBS solution (0.01 M,  pH 7.0).

2.5. Preparation of mesoporous MIPs (SiO2@QDs@m-MIPs)

A 10 mL  aliquot of a SiO2@QDs nanoparticle solution was dis-
persed into 30 mL  of ultrapure water. After ultrasonic vibration for
10 min, 160 �L of APTES and 37.78 mg  of 2,4-D were added and
stirred in the dark for 30 min. Then, 1.6 mL  of CTAB (0.2 M) was
added. After stirring for 30 min, 200 �L of NH3·H2O and 200 �L
of TEOS were added into the mixture, and then, the mixture was
stirred continuously for 12 h in the dark. The products were washed
three times by using a mixed solvent of ethanol/0.001 M HCl (8:2,
v/v) to remove 2,4-D and CTAB and then dried in a vacuum oven
at 40 ◦C. Finally, mesoporous products were obtained and named

SiO2@QDs@m-MIPs (MIPs, for simplicity). In addition, mesoporous
nonimprinted polymers, that is, SiO2@QDs@m-NIPs (NIPs, for sim-
plicity), were prepared via the same procedure, but without the
addition of the template 2, 4-D.
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Fig. 1. Schematic of the process fo

.6. Characterization

Morphological evaluation was performed by transmission
lectron microscopy (TEM, HT-7700, operated at 80 kV). N2
dsorption-desorption isotherms and structural parameters were
etermined via Brunauer-Emmett–Teller (BET) analysis by Fully
utomatic Specific Surface Instruments (ASAP 2020, Beishide

nstruments). Fourier Infrared spectra (FT-IR) were obtained using
n infrared spectrometer (Tensor 27, Bruker) to examine the
reparation process. Fluorescence spectra were recorded using

 spectrofluorometer (Thermo): the excitation light was set at
50 nm,  emission spectra were measured from 370 nm to 670 nm
or 2,4-D, and slit widths of excitation and emission were set at

 nm and 5 nm,  respectively. The amount of 2,4-D adsorbed onto
he imprinted polymer shells was determined by measuring the
ifference between the total 2,4-D amount and residual amount

n solution using HPLC-UV. For the HPLC-UV procedure, a C18 col-
mn  (4.6 mm i.d. × 250 mm,  5 �m,  Venusil, USA) was  used as the
nalytical column. The HPLC conditions optimized for 2,4-D were
s follows: mobile phase, methanol-water (6:4, v/v); flow rate,
.0 mL  min−1; room temperature; UV detection, 285 nm for 2,4-D;
nd injection volume, 20 �L.

.7. Analysis of real samples

Bean sprout samples, including soybean sprout and mung bean
prout juice, were utilized to examine the practical applicability of
iO2@QDs@m-MIPs for 2,4-D detection. Bean sprout juice was col-

ected from the bean sprout medium, and the samples were filtered
sing a 0.45 �m microfiltration membrane to remove any possible
uspended particles before use and then diluted 100-fold for spik-
ng. Spiked samples with known concentrations of 2,4-D were used
reparation of SiO2@QDs@m-MIPs.

to validate the accuracy and application of the SiO2@QDs@m-MIPs
sensor.

3. Results and discussion

3.1. Preparation of SiO2@QDs@m-MIPs

The preparation and imprinting process of SiO2@QDs@m-MIPs
is schematically illustrated in Fig. 1. In the first step, SiO2 nanopar-
ticles were used as core support materials, and abundant CdTe
QDs were introduced to the surface of the amino-functionalized
SiO2 core by amide bonding. Subsequently, the imprinted silica
shell on the surface of SiO2@QDs was  formed in the course of
the second-stage mini-emulsion polymerization with APTES, TEOS,
NH3·H2O, and CTAB as the functional monomer, cross-linker, cata-
lyst, and surfactant, respectively. Finally, specific imprinted cavities
and mesoporous structures of SiO2@QDs@m-MIPs were obtained
after removing the template 2,4-D and surfactant CTAB. Compared
with the complex surface modification for the general prepara-
tion of MIPs, this m-MIPs silica shell layer not only facilitated high
accessibility to binding sites and rapid mass transfer of template
molecules but also protected the fluorescence of the QDs and effec-
tively decreased the QDs toxicity. The obtained SiO2@QDs@m-MIPs
enabled the easy recognition, separation, and enrichment of 2,4-D
from complex food samples. With the use of SiO2@QDs@m-MIPs
to detect 2,4-D, a Meisenheimer complex was  produced on the
surface of the QDs between 2,4-D and the primary amino groups.

Then, the photoluminescent energy of the QDs  was transferred to
the complex and resulted in QD fluorescence quenching. Therefore,
the obtained SiO2@QDs@m-MIPs facilitated the easy recognition,
separation, and enrichment of 2,4-D from complex food samples.
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Fig. 2. (A) TEM image of SiO , (B) TEM image of SiO @QDs, and (C,D) TEM images of SiO2@QDs@m-MIPs. (Inset of B: photographs of SiO2@QD  solution under sunlight (left)
a  under sunlight (left) and ultraviolet lamps (right)).
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nd  ultraviolet lamps (right), inset of D: photographs of SiO2@QDs@m-MIP solution

.2. Characterization of SiO2@QDs@m-MIPs

The morphologies of SiO2, SiO2@QDs and SiO2@QDs@m-MIPs
ere characterized by TEM. SiO2 nanoparticles (Fig. 2A) exhib-

ted good dispersion and a diameter of approximately 50–80 nm,
nd SiO2@QDs nanoparticles (Fig. 2B) displayed good dispersion
nd smooth surfaces, with an average diameter of 50–80 nm.  As
hown in Fig. 2C and D, m-MIPs exhibited similar morphologies;
he rough surfaces of m-MIPs and worm-like channels indicated
he existence of a shell and the mesoporous structures. In addition,
he mesoporous structures of the m-MIPs and m-NIPs were fur-
her examined by BET analysis, and the obtained specific surface
reas of m-MIPs and m-NIPs were 127.6 and 139.4 m2/g, respec-
ively. As shown in Fig. S1A and S1B, the N2 sorption isotherm of
he m-MIPs and m-NIPs showed a rapid increase in the adsorption
ranch at a relative pressure of 0.4–0.6, clearly indicating con-
iderable numbers of uniform mesopores in the m-MIPs. These
niform mesopores of the m-MIPs possessed an average diame-
er of 3.95 nm,  as obtained from the Barrett-Joyner-Halenda (BJH)
ore size distribution curve (Fig. S1C). This mesoporous structure
arkedly decreased mass-transport resistance, provided easier

ccessibility, and improved the recognition sites. These results
rove that binding cavities were formed on the surface of m-MIPs
y the template molecules.

The FT-IR of the samples are shown in Fig. 3. The wide, strong
bsorption band at approximately 1091 cm−1 is attributed to the
symmetric stretching vibrations of Si O Si, and the peaks at
pproximately 466 and 794 cm−1 are ascribed to the Si-O anti-
ymmetric stretching vibration (Fig. 3a). These characteristic peaks
ere evident in the three FT-IR spectra, indicating the occurrence

f SiO2 matrices in the three materials. Meanwhile, the stretching
−1
ibrations of N H at 1631 and 3436 cm reveal that the amino

roup was modified on the surface of SiO2 nanoparticles. As shown
n Fig. 3b and c, the enhanced absorption peak at approximately
411 cm−1 is assigned to the C N stretching vibration of the acy-
Fig. 3. FT-IR spectra of (a) SiO2, (b) SiO2@QDs, and (c) SiO2@QDs@m-MIPs.

lamino group, thereby suggesting the successful grafting of QDs
on SiO2. As displayed in Fig. 3c, SiO2@QDs@m-MIPs did not show
other characteristic peaks; however, the characteristic absorption
peaks for SiO2 and the acylamino group were significantly weak-
ened, suggesting that a thin imprinted shell layer was successfully
modified on the surface of the SiO2@QDs particles.

The thermogravimetry (TG) and derivative thermogravimetry
(DTG) curves of the m-MIPs and m-NIPs are shown in Fig. S2A and
S2B . With the increase in temperature from 25 to 100 ◦C, the weight
loses of the m-MIPs and m-NIPs are mainly due to the volatile loss of
absorbed water. As shown in Fig. S2, the weight of the m-MIPs suf-

fered a sharper decrease than that of the m-NIPs possibly because of
the existence of more pores on the surface of the m-MIPs compared
to the m-NIPs; these pores can absorb more water molecules before
100 ◦C. In the range of 100–460 ◦C, the weight losses of the m-MIPs
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Fig. 4. (A) Fluorescence spectra of (a) QDs and (b) SiO @QDs@m-MIPs. (B) Effect of pH on the fluorescence intensity of SiO @QDs@m-MIPs. (C) Fluorescence intensity of
S QDs@
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iO2@QDs@m-MIP solution within 60 min. (D) Fluorescence response time of SiO2@

nd m-NIPs were extremely slow, suggesting that the stabilities of
oth particles were below 460 ◦C. By contrast, the higher weight

oss rates of the m-MIPs and m-NIPs observed at temperatures
anging from 460 to 650 ◦C may  have resulted from the dissolu-
ion of the MIPs [37]. The peak temperature levels of the m-MIPs
nd m-NIPs were both at 580 ◦C, and the residual amounts of m-
IPs and m-NIPs were 70.5 and 81.5%, respectively. Therefore, we

an conclude that the prepared m-MIPs and m-NIPs have excellent
hermal stability at temperatures lower than 460 ◦C. This was  also
learly observed from the DTG curve.

.3. Binding properties of the SiO2@QDs@m-MIPs for 2,4-D

To estimate the binding performances of the m-MIPs and
-NIPs, we conducted adsorption capacity analysis by using

.1 mg/mL  of 2,4-D through HPLC-UV analysis. As shown in Fig.
3, the adsorption capacity of the MIPs is 1.50 mg/g, which is con-
iderably larger than that of the NIPs (0.50 mg/g), indicating that
bundant specific binding sites are obtained during the MIP  prepa-
ation procedure after the removal of the template molecules.
herefore, the m-MIPs can be applied as ideal adsorption materials
or the selective recognition and determination of 2,4-D.

.4. Fluorescence properties of the SiO2@QDs@m-MIPs

In this work, QDs were buried under the thin mesoporous

mprinted silica layer after MIP  shell encapsulation. Our previous
tudy demonstrated that encapsulated QDs retained their fluores-
ence properties while the emission peak showed a slight red shift
36], which is consistent with this work (Fig. 4A). Therefore, we
2

m-MIPs.

conclude that SiO2@QDs@m-MIPs have good fluorescence proper-
ties. Moreover, the suitable excitation wavelength was tested in
this work, and the results are shown in Fig. S4.

In addition, the acidity of the solution plays a key part in the
fluorescence property because of its significant impact on the three-
dimensional structures, charge of 2,4-D, the fluorescence intensity
of SiO2@QDs@m-MIPs. Thus, acidity influenced the rebinding of
2,4-D at different pH values. Fig. 4B shows the effects of pH on the
fluorescence intensity change of MIPs. The fluorescence intensity
was low at pH values below 7.0; however, the fluorescence inten-
sity increased with an increase of pH from 5.0 to 7.0. At pH levels
higher than 7.0, the fluorescence intensity increased more slowly
as the pH value increased, and the fluorescence intensity became
virtually steady at pH 8.0. Considering the good fluorescence inten-
sity and possible applications of MIPs in food samples, we  selected
pH 7.0 as the appropriate level for subsequent experiments.

Accordingly, the fluorescence stability of m-MIPs was  estimated
by repeated detection of the fluorescence intensity every 10 min
at the maximum emission peak. As shown in Fig. 4C, the fluo-
rescence intensity of the m-MIPs was virtually unchanged within
60 min, revealing that the m-MIPs have good physical stability and
chemical inertness because of the core-shell structure. Further-
more, for storage stability, repeated detection of the fluorescence
intensity was  recorded every week, and intensity remained at 94.3%
of the original intensity, indicating that the fluorescence sensor has
satisfactory storage stability. Moreover, the m-MIPs sensor still pro-

vided nearly equivalent detection results after storage at 4 ◦C for
two months. These results suggest that the MIP  silica shell protects
the QDs well.
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Fig. 5. (A) Schematic for the QDs fluorescence quenching mechanism based on electron-transfer-induced energy transfer. (B) Schematic of molecular orbital theory for the
fl
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uorescence quenching mechanism.

To evaluate the accessibility to binding sites, the response time
f this sensor was tested. As shown in Fig. 4D, at a template 2,4-D
oncentration of 50 �M in the m-MIPs, the fluorescence intensity
t 540 nm decreased rapidly within 20 min, after which the curve
eached equilibrium. The recognition sites among the pores of the
esoporous structure offered rapid mass transfer and high recogni-

ion accessibility toward 2,4-D, resulting in a rapid response speed
or the template molecule. Therefore, 20 min  was  selected as the
esponse time for further study.

.5. Possible detection mechanism of the SiO2@QDs@m-MIPs

The prepared SiO2@QDs@m-MIPs were used to recognize and
etect 2,4-D, and the process is schematically illustrated in Fig. 1.

 strong charge-transfer interaction reportedly occurs between
his electron-rich aromatic ring (conjugating OH) and electron-
eficient amino group. Herein, as shown in Fig. 5A, electron transfer
rom the carboxyl groups to the amino groups led to the forma-

ion of a Meisenheimer complex between the radical amino groups
nd 2,4-D on the surface of the QDs. Afterward, the energy of the
Ds was transferred to the complex, leading to QD fluorescence
uenching. Thus, the fluorescence of 2,4-D was detected. Moreover,
as shown in Fig. 5B, the quenching mechanism could be expounded
on by molecular orbital theory. The electrons of the QDs are able
to accept the UV energy and then become excited from the valence
band to the conduction band. Subsequently, the excited electron
returns to the ground state. During the return course, QDs emit flu-
orescence (Fig. 5B). In addition, a hydrogen bond forms between
2,4-D and the primary amino groups on the surface of the QDs after
the addition of 2,4-D, and the strong interaction force results in
electron transfer between the QDs and 2,4-D.

The UV absorption of 2,4-D is at approximately 285 nm,  which is
close to the conduction band of the CdTe QDs; therefore, electrons
excited to the conduction band could directly jump to the ultravi-
olet and visible energy levels of the lowest unoccupied molecular
orbital (LUMO) of 2,4-D, as indicated by the arrows in Fig. 5B. All of
the energy of 2,4-D is higher than that of CdTe QDs at approximately
540 nm;  therefore, the excited electrons returned to the ground
state in the manner shown by the dotted line in Fig. 5B, result-
ing in fluorescence quenching of the QDs. According to the above
explanation of the detection mechanism, when more template

molecules are adsorbed onto the surface of the core-shell micro-
spheres, greater fluorescence quenching will be initiated and the
quenching constant will remain constant, indicating that the con-
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Fig. 6. (A, B) Fluorescence emission spectra of SiO @QDs@m-MIPs and SiO @QDs@m-NIPs with the addition of the indicated concentrations of 2,4-D, respectively. (C, D)
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entration of 2,4-D is positively correlated with the fluorescence
uenching value. Thus, 2,4-D could be detected by fluorescence.

.6. Sensitivity and selectivity of the sensor

The quality of the SiO2@QDs@m-MIPs fluorescent sensor for the
uantitative determination of 2,4-D was further evaluated. Under
he optimized parameters, the fluorescence spectra of the meso-
orous fluorescence m-MIPs sensor at different concentrations of
,4-D were examined to determine their sensitivity. As shown

n Fig. 6A, the fluorescence intensities clearly decreased with the
ncrease in 2,4-D concentrations and linearity was presented within

 wide range of 0.66–80 �M,  with a correlation coefficient of 0.996
Fig. 6B). In addition, a favorable limit of detection (LOD, S/N = 3) of
.1 nM was obtained and could be applied to trace analysis. Also,
s shown in Fig. 6C, the fluorescence intensity of m-NIPs could be
uenched by the addition of 2,4-D; however, the linear range was
arrow, and the decrease of fluorescence intensity of the corre-
ponding m-NIPs was not obvious at the same 2,4-D concentration.
his phenomenon can be explained by the absence of specific recog-
ition sites in m-NIPs; therefore, 2,4-D could not enter the inner of
he m-NIPs and only the fluorescence intensity of the QDs located
n the surface of m-NIPs were able to be quenched, with most QDs
emaining steady [38]. Thus, this m-MIPs sensor detected 2,4-D
ith good sensitivity and selectivity, indicating the feasibility of

he sensor for determining 2,4-D residues in food samples.

Accordingly, the fluorescence quenching in this system followed

he Stern-Volmer equation as follows:

0/F = 1 + KSVCq
@QDs@m-NIPs.

where F0 and F are the fluorescent intensities in the absence and
presence of quencher, respectively; KSV is the quenching constant
for the quencher; and Cq is the concentration of the quencher.
The ratio of Ksv,m-MIP to Ksv,m-NIP is defined as the imprinting fac-
tor, and (F0/F)−1 is defined as the quenching amount. In general,
fluorescence quenching includes two  quenching modes, namely,
dynamic and static quenching. In this work, the absorption spectra
of SiO2@QDs@m-MIPs were measured to determine the quenching
mechanism. The absorption spectra of SiO2@QDs@m-MIPs changed
with the addition of the quencher; thus, we concluded that fluores-
cence quenching occurred as static quenching. As shown in Fig. 6A
and C, m-MIPs and m-NIPs displayed different Stern-Volmer plot
relationships and the decrease in fluorescence intensity of the m-
MIP  coated QDs was  substantially larger than that of the m-NIP
coated QDs at the same concentration of 2,4-D. In addition, an
imprinting factor of 2.17 was  obtained.

By contrast, the selectivity of the m-MIPs sensor was evaluated
by recording the fluorescence emission of the sensor in the presence
of 2,4-D and its structurally similar compounds, including phenol,
toluene, and carbendazol. As shown in Fig. 7, the m-MIP sensor
displayed a significant change in fluorescence quenching toward
2,4-D, which was  considerably larger than that of its analogs; this
change was  possibly caused by the extremely close and relatively
low fluorescence quenching. This difference is likely due to the dif-
ference in molecular weight, spatial structure, and interaction with
APTES between 2,4-D and its analogs. Therefore, the MIPs sensor

possesses high selectivity toward the template molecule 2,4-D.
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Table  1
Spiked recoveries and relative standard deviations (RSD, %, n = 3) for the determination of 2,4-D in bean sprout samples using the SiO2@QDs@m-MIPs and HPLC-UV analysis.

Sample Spiked (�mol/L) SiO2@QDs@m-MIPs HPLC results

Found (�mol/L) Recovery ± RSD (%) Found (�mol/L)

Soybean sprout 0 0 – –
5  4.81 96.2 ± 4.9 4.96
10  10.4 104.2 ± 4.5 9.89
20  21.5 107.5 ± 4.1 20.9

Mung  bean sprout 0 0 – –
5  4.82 96.4 ± 4.8 4.93
10  9.51 95.0 ± 4.6 10.1
20  22.0 
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ig. 7. Selectivity of the mesoporous SiO2@QDs@m-MIPs and SiO2@QDs@m-NIPs
o  other template analog (2,4-D, phenol, toluene, and carbendazol) solutions at the
ame concentration.

.7. Practical application of the sensor to real samples

To further assess the applicability of the SiO2@QDs@m-MIPs
ensor, the detection of 2,4-D in bean sprout juice samples was
igorously evaluated by recovery tests. The average recovery was
cquired with the relative standard deviation (RSD) based on three
riplicate measurements for each concentration. As listed in Table 1,
he recoveries of 2,4-D were statistically approximate to those
f the spiked values, indicating the absence of severe positive or
egative interferences in real food samples. Moreover, satisfactory
ecoveries of 96.2–107.5% with RSDs of 4.1–4.5% were obtained for
he spiked soybean sprout samples, respectively, and 95.0–110.1%
ith RSDs of 3.9–4.8% were achieved for the mung bean sprout juice

amples. In addition, this experiment confirmed that the data were
n agreement with those obtained by the HPLC method (Table 1).
verall, the results indicate that the SiO2@QDs@m-MIPs sensor
ossesses considerable potential for the practical detection of 2,4-D

n real food samples.

.8. Method performance comparison

The performance of the developed SiO2@QDs@m-MIPs method
or the detection of 2,4-D was compared with several reported MIP-
ased methods, as listed in Table S1. As shown in the table, most
eported MIP-based methods presented long [39,40] or uncertain
41–43,45] response time, meaning that these methods require
ophisticated sample treatment and long analysis times. More-
ver, the LODs for some methods were not clear or the methods

ere not applied in real samples [42–44]. Yu et al. [46] reported a
aper-based MIP-grafted multi-disk micro-disk plate for the sen-
itive and specific chemiluminescence detection of 2,4-D with a
esponse time of only 4 min. However, time-consuming synthe-
110.1 ± 3.9 19.6

sis and hard control performance restricted its application. Our
developed SiO2@QDs@m-MIPs sensor system required no compli-
cated sample pretreatment or costly instruments, and this system
demonstrated high sensitivity and selectivity as well as rapid
response for the fluorescent detection to 2,4-D. In our study, the
ultrathin imprinting shell layer was anchored on the surface of CdTe
QDs via a surface imprinting process. Moreover, the mesoporous
structure played a key role in response rapidity and sensitiv-
ity improvement. As a result, SiO2@QDs@m-MIPs presented high
sensitivity and selectivity, a short analysis time, as well as good
reliability and applicability.

4. Conclusions

Based on electron-transfer-induced fluorescence quenching, a
sol-gel core-shell imprinting approach for the convenient, selec-
tive recognition and highly sensitive detection of 2,4-D in real
food samples was successfully developed by fabricating a meso-
porous SiO2@QDs@m-MIPs sensor. In the presence of 2,4-D, the
fluorescence intensity of the m-MIPs sensor was weakened due
to electron transfer. By taking advantage of the synergy of the
high selectivity of the MIPs and excellent fluorescence property
of the QDs, the SiO2@QDs@m-MIPs sensor demonstrated highly
selective and sensitive recognition and determination of 2,4-D.
Moreover, the obtained sensor exhibited reproducibility, respon-
siveness, repeatability, and stability. The sensor can be utilized as
an alternative analytical tool for 2,4-D and is expected to present
strong potential in the routine monitoring of food quality control
and market surveillance to ensure food supply safety. Furthermore,
more efforts should be focused on the development of QDs@m-
MIP-based sensors with improved performances. The combination
of imprinting technology, signal units (such as QDs), and core-
shell polymers opens a new window of interest in the exploration
of functionalized polymers and provides new opportunities for
applications involving the highly selective recognition of targeted
species.
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