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Abstract In this paper, a selective and sensitive sensor for
the determination of p-aminophenol (PAP) was devel-
oped by grafting molecularly imprinted polymers (MIPs)
on the surface of silica-coated CdTe quantum dots
(CdTe@SiO, @MIPs). The obtained CdTe@SiO, @MIPs
were characterized by X-ray powder diffraction, Fourier trans-
form infrared spectroscopy, transmission electron microscopy
and fluorescence spectroscopy. The fluorescence intensity of
CdTe@SiO,@MIPs was more strongly quenched by
PAP than that of the structural analogues of PAP. Under
the optimal conditions, the fluorescence intensity of the
CdTe@SiO,@MIPs decreased sensitively with the increase
of PAP concentration in the range of 0.05-50 uM. The limit
of detection was 0.02 uM (30/K,). The sensor was success-
fully used to determine PAP in tap and lake water samples,
and the average recoveries of PAP at various spiking levels
ranged from 97.33 % to 103.3 % with relative standard
deviations below 20 %.

Keywords Silica-coated CdTe quantum dots - Surface
molecular imprinting - p-aminophenol - Fluorimetry
Introduction

Luminescent semiconductor quantum dots (QDs) have
attracted worldwide increasing attention and been widely used
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as fluorescent probes in recent decades due to their excellent
optical properties, such as broad excitation spectra, narrow
and tunable emission spectra, quantum size effect, good
photostability, high luminescence efficiency and so on [1-3].
However, lack of selectivity of QDs based probes was com-
monly reported, and the study on the development of novel
and selective QDs based sensors is a current focus.
Molecularly imprinted polymers (MIPs) are tailor-made
synthetic receptors, prepared by the copolymerization of func-
tional monomers and crosslink agents in the presence of tem-
plate molecules. After removal of the template, definite cavi-
ties, specific to both shape and chemical functionality of the
template, are left, and thus MIPs show excellent affinity to the
template molecules over their structural analogs [4—06].
Anchoring MIPs layer on the surface of QDs (QDs@MIPs)
is a promising way to obtain QDs based probes with high se-
lectivity and sensitivity. MIPs would recognize the analyte, and
the fluorescence intensity of QDs would change according to
the concentration of the bound analyte. The concentration of
analyte can then be converted into optical signals and detected
directly by fluorimetry [7-22]. Li et al. [23] reported molecular-
ly imprinted silica nanospheres embedded CdSe QDs for highly
selective and sensitive optosensing of pyrethroids. Fang et al.
[24] prepared a novel MIPs on CdSe/ZnS QDs for highly selec-
tive detecting of mycotoxin zearalenone in cereal samples.
Chantada-Vazquez et al. [25] synthesized MIPs coated Mn-
doped ZnS QDs for specific fluorescent recognition of cocaine.
p-aminophenol (PAP) is an important materials in various
fields, such as medicine, dyes, plastics, feeding stuff, antiox-
idants and artificial tanning agents. As a result, large amounts
of PAP are inevitably released into the environment as a pol-
lutant [26]. PAP is toxic and irritable to the eyes, skin and
respiratory system, and the target sites of PAP in the body
are blood and the kidneys. PAP is also very toxic to aquatic
organisms and may cause long-term adverse effects in the
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aquatic environment [27, 28]. The determination of PAP is an
important content of environmental monitoring. HPLC is the
most common method for the detecting of PAP [29-31], but
the method requires expensive instrumentation, and highly
trained technical staff to perform the analysis. Therefore, it is
very necessary to develop a simple and reliable analytical
method for the determination of PAP. In recent years, various
techniques have been developed to determine PAP, such as
electrochemical method [32—37], surface enhanced Raman
scattering [38] and fluorimetry [39]. However, no literature
has reported the application of QDs@MIPs to determine PAP.

In this paper, MIPs layer was grafted on the surface of
CdTe@Si0O, QDs (CdTe@SiO, @MIPs) to develop a selective
and sensitive sensor for rapid determination of PAP in water.
CdTe@Si0O, QDs were prepared by the one-pot method, and
CdTe@SiO, @MIPs were synthesized by the surface modifi-
cation method. The CdTe@SiO, @MIPs were characterized by
X-ray powder diffraction, Fourier transform infrared spectros-
copy (FT-IR), transmission electron microscopy (TEM) and
fluorescence spectroscopy. The CdTe@SiO, @MIPs sensor
was finally applied to the determination of PAP in tap and lake
water samples.

Materials and Methods
Reagents

Tellurium powder (Te), sodium borohydride (NaHB,), cadmium
acetate, tetracthylorthosilicate (TEOS) and ethanol were provid-
ed by Sinopharm chemical reagent Co. Ltd. (Shanghai, China).
PAP, 1,4-diaminobenzene, p-benzenediol, 1,3-benzenediol,
Mercaptopropanoic acid (MPA), 3-aminopropyltriethoxysilane
(APTES) were purchased from Sigma-Aldrich chemical compa-
ny (St. Louis, MO, USA). Ultrapure water was obtained from a
PURELAB Classic water purification machine (PALL, USA).
All reagents used above were of at least analytical grade.

Apparatus

Fourier transform infrared (FT-IR) spectra were recorded
using a Tensor-27 FT-IR spectrometer (Bruker, Germany)
with a resolution of 2 cm ™' and a spectral range of 4000—
400 cm™'. Fluorescence spectra were recorded on an F-4600
spectrophotometer (Hitachi, Japan) and the measurements
were performed with the excitation wavelength at 370 nm.
UV-vis absorption spectra were obtained using a UV-2450
UV-vis spectrophotometer (Shimadzu, Japan). X-ray diffrac-
tion (XRD) spectra were collected on a D1 SYSTEM X-ray
diffractometer (Bebe, Britain). Transmission electron micros-
copy (TEM) images were recorded on a JEM-200CX micro-
scope (JEOL, Japan). All the spectral measurements were car-
ried out at room temperature.
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Synthesis of CdTe@SiO, QDs

CdTe@Si0O, QDs were prepared by a one-pot method accord-
ing to the reference [40]. Firstly, 19.10 mg of Te powder and
34.00 mg of NaHB, were added to a 50 mL three-necked
flask. After purged with nitrogen for 30 min, 5.0 mL of ultra-
pure water was added to the flask. The mixture was stirred
under nitrogen at room temperature until NaHTe aqueous so-
lution was obtained. Secondly, NaHTe solution was intro-
duced into N,-saturated cd* aqueous solution (2.0 mM) at
pH 9 ~ 10 in the presence of MPA (4.8 mmol) at 90 °C. Then,
3.5 mL of TEOS was injected into the mixture, and the mix-
ture was refluxed for 5 h. Finally, the CdTe@SiO, QDs solu-
tion was concentrated to 1/4 of the original volume and pre-
cipitated with ethanol. The CdTe@SiO, QDs were centri-
fuged and washed with absolute ethanol repeatedly. After pu-
rification, the CdTe @SiO, QDs were dried at 60 °C for 24 h
under a vacuum.

Synthesis of CdTe@SiO,@MIPs

200 mg of the above prepared CdTe@SiO, QDs, 10 mL of
ethanol and 33 mg of PAP were added into a 50 mL three-
necked flask. The mixture was stirred under nitrogen at room
temperature for 20 min. Then, 140 uL of APTES (functional
monomers) was added to the mixture. After stirred for 30 min,
535 uL of TEOS (crosslink agents) was added and the mixture
was kept stirring for 10 min. At last, 500 puL of 6.25 % NH;-
H,O was added and stirred for 20 h. The as-prepared
CdTe@SiO,@MIPs were centrifuged, and sequentially
washed with ethanol and ultra-pure water for several times
until the template could not be monitored by UV-vis. The
non-imprinted polymers (NIPs) were synthesized in the same
way except for the addition of PAP.

Determination of Photoluminescent Quantum Yield

The photoluminescent quantum yield (PLQY) of CdTe @SiO,
QDs was calculated as the following equation [41]:

Ay Fyo (n\’
Px = Ps 7 N

ns

Where, the subscripts “x” and “s” denote sample and stan-
dard, respectively. A is the absorbance of the solution at
the exciting wavelength (<0.05). F is the integrated
fluorescence intensity. n is the refractive index of the
solvent. Rhodamine 6G was selected as the standard. The
solvents for CdTe@SiO, QDs and rhodamine 6G were ultra-
pure water and ethanol, respectively.
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Fig. 1 Schematic illustration of fabricating CdTe@SiO, @MIPs

Fluorescence Measurement

0.2 mL of CdTe@SiO,@MIPs suspension, 1.0 mL of
0.1 M Tris-HCI buffer solution (pH 10.0), and 1.0 mL
of PAP standard solution were sequentially added to a
test tube. The mixture was ultrasonicated for 10 min.
Then, fluorescence measurement was carried out with
the excitation wavelength of 370 nm. The slit widths of
excitation and emission were both 5 nm. The photomultiplier
tube voltage was set at 750 V.

Analysis of Samples

The water samples were collected from our laboratory
tap water and a local lake. The samples were filtered
through 0.45 pum filter membrane before detecting. The
analysis of PAP was carried out by using the method
described above.

Fig. 2 TEM images of
CdTe@SiO, QDs (a) and
CdTe@SiO,@MIPs (b)

KO\Si/O\S(o\SI/O\Si’

Results and Discussion
Synthesis and Characterization of CdTe @SiO,@MIPs
Synthesis of CdTe@SiO,@ MIPs

Figure 1 gave the schematic diagram for preparing
CdTe@Si0,@MIPs. The preparation process included
formation of CdTe@SiO, QDs, assembly of APTES
and PAP, polymerization of recognizing cavities on the
surface of CdTe@SiO, QDs, and elution of template
molecules.

Coating QDs with silica can not only protect QDs from the
environment, but also provide silicon hydroxyl groups which
are needed in sequently introducing the functional monomer
and imprinting process. In our experiment, CdTe@SiO, QDs
were prepared using a one-pot method by adding TEOS di-
rectly into the mixture of NaHTe, Cd**, MPA and NaOH at
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Fig. 3 XRD patterns of
CdTe@SiO, QDs (a) and
CdTe@SiO,@MIPs (b)
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90 °C. MIPs layer was grafted on the surface of the obtained
CdTe@SiO, QDs via a surface molecularly imprinting pro-
cess. APTES was used as a functional monomer, and incubat-
ed with PAP to form pre-polymers via strong non-covalent
interaction. The resultant pre-polymers were further
immobilized onto the surface of CdTe@SiO, QDs by the
silanization reaction. Through the hydrolysis and condensa-
tion reaction of APTES and TEOS, the molecularly imprinting
polymers were finally formed, in which the cavities for recog-
nizing PAP were assembled via -Si-O- linkage by using NH3-
H,O as a catalyst. Prior to the removal of PAP, the fluores-
cence intensity of CdTe@SiO,@MIPs was 45.9 % of that of
CdTe@SiO,@NIPs. After several cycles of washing, the fluo-
rescence intensity of CdTe@SiO,@MIPs was increased to
94.5 % of that of CdTe@SiO, @NIPs.
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Fig.4 FT-IR spectra of CdTe@SiO, QDs (a) and CdTe @SiO, @MIPs (b)
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Characterization of CdTe @SiO, @MIPs

The morphology of CdTe@SiO, QDs and CdTe@SiO, @MIPs
was determined by TEM. As shown in Fig. 2, CdTe@SiO,
QDs and CdTe@SiO,@MIPs were nearly uniform in size,
well-dispersed and spherical. The diameters of CdTe@SiO,
QDs and CdTe@SiO,@MIPs were about 10 and 15 nm,
respectively.

XRD was used to observe the crystalline structures of
CdTe@SiO, QDs and CdTe@SiO,@MIPs (Fig. 3). The
diffraction patterns of the two materials were consistent
with that of bulk cubic CdTe structure [42], while the peak
intensity of (220) and (311) of CdTe@SiO,@MIPs became
weak due to the growth of the polymeric layer on the surface
of CdTe@SiO, QDs.

To further confirm the successful anchoring of MIPs layer
on the surface of CdTe@SiO, QDs, the FT-IR spectra of
CdTe@SiO, QDs and CdTe@SiO,@MIPs were studied. In
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Fig. 5 Fluorescence excitation (a) and emission (b) spectra of
CdTe@SiO, QDs
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Fig. 6 Fluorescence spectra of CdTe@SiO, QDs (a), CdTe@SiO, @MIPs
before the removal of PAP (b), CdTe@SiO, @MIPs after the removal of
PAP (¢), CdTe@SiO, QDs with addition of PAP (d) and
CdTe@SiO, @MIPs with addition of PAP (e)

Fig. 4a, the peaks located at 1569 and 1404 cm ' were the
asymmetric and symmetric stretching bands of carboxylate
anion of MPA, respectively, which was used as stabilizer in
the preparation of CdTe@SiO, QDs; the peaks around 1115
and 799 cm™' showed the Si-O stretching and bending vibra-
tion of CdTe@SiO, QDs [43], respectively. After the imprint-
ing process, aliphatic C-H stretching band (2933 cm™') ap-
peared in Fig. 4b. Although C-H bonds existed in
CdTe@SiO, QDs, the C-H stretching band did not appear in
Fig. 4a due to the low sensitivity of IR spectrophotometry and
relatively less number of C-H bonds in CdTe @SiO, QDs than
that of CdTe@Si0,@MIPs. The peaks of 1569 and
1404 cm ™" of carboxylate anion of MPA which existed in
the spectrum of CdTe @SiO, QDs disappeared in the spectrum
of CdTe@SiO,@MIPs, this suggested that MIPs layer was
successfully grafted on the surface of CdTe@SiO, QDs and
CdTe@SiO, QDs were tightly wrapped by MIPs layer. The

N-H band around 1545 cm " in Fig. 4b resulting from APTES
which was used as functional monomer in the synthesis of
CdTe@SiO,@MIPs, also proved the presence of MIPs
on the surface of CdTe@SiO, QDs. Furthermore, after
the imprinting process, the peaks of the stretching and
bending vibration of Si-O shifted from 1115 cm™' to
1046 cm™" and 799 cm™' to 789 cm™ ', respectively. All the
above results affirmed the successful synthesis of
CdTe@SiO,@MIPs.

Fluorescence Sensing of PAP by CdTe@SiO,@MIPs
Fluorescence Characteristics of CdTe@SiO, QDs

Polymeric layer formed on the surface of QDs is not luminous
and the optical properties of QDs@MIPs depend on the orig-
inal QDs. So, QDs with excellent luminescence properties
should be synthesized first. The common route for coating
silica shell on QDs needs multistep complicated manipula-
tions in which the QDs have to be presynthesized and sepa-
rated before the SiO,-coating reaction [44]. In our experiment,
CdTe@SiO, QDs were prepared using a one-pot method [40]
by adding TEOS directly into the mixture of NaHTe,
Cd**, MPA and NaOH at 90 °C. This could avoid the
decrease of the PLQY of QDs during the separation
process. Figure 5 showed that the CdTe@SiO, QDs syn-
thesized in our experiment had a narrow full width at half
maximum of 47 nm and broad excitation spectrum in the
range of 375 to 450 nm. The PLQY of CdTe@SiO, QDs
was as high as 81 %. The results indicated that the as-
prepared CdTe@SiO, QDs had high optical qualities of nar-
row emission spectra, broad excitation spectra, and high
photoluminescent quantum yield.

Fig. 7 Absorption spectrum of 08 8000
PAP (a) and emission spectrum of
CdTe@SiO, QDs (b) b
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Table 1 Quenching constant of CdTe@SiO,@MIPs and
CdTe @Si0, @NIPs for PAP and its structural analogues

Koo M) Kones M) IF
PAP 52,422 11,911 4.40
1,4-diaminobenzene 11,159 10,433 1.07
p-benzenediol 19,974 9933 2.01
1,3-benzenediol 15,687 11,011 142

Fluorescence Sensing of PAP by CdTe @SiO,@MIPs

Figure 6 showed the changes in the fluorescence spectra of the
original CdTe@SiO, QDs, CdTe@SiO,@MIPs before and
after the removal of PAP, CdTe@SiO, QDs with addition of
PAP and CdTe @SiO, @MIPs with addition of PAP. As shown
in Fig. 6, the fluorescence intensity of the original
CdTe@SiO, QDs (Fig. 6a) was almost quenched after the
polymerization process and the fluorescence of the raw mate-
rial of CdTe@SiO,@MIP (Fig. 6b) was very weak. The fluo-
rescence intensity of CdTe@SiO,@MIPs was significantly
increased (Fig. 6¢) after the removal of the template, but didn’t
restore to the strength of the original CdTe@SiO, QDs.
Compared with the original CdTe@SiO, QDs, the intensity
of CdTe@SiO, @MIPs decreased by 15 % due to the fact that
the fluorescence of CdTe@SiO, QDs was slightly blocked by
the MIPs layer. Moreover, the maximum emission wavelength
of CdTe @Si0, @MIPs also had an obvious red shift of 30 nm.
It is well known that a single charge (Si-O groups, hydroxyl
ions, or ammonium ions) close to the surface of QDs
can generate an electric field that is sufficiently large to
cause a red shift and significant quenching of the QDs
emission. Thus, the fluorescence quenching and red shift of
CdTe@SiO,@MIPs were ascribed to the attachment of fully
hydrolyzed and subsequently condensed APTES and TEOS
to the surface of CdTe@SiO, QDs [45]. Meanwhile, the im-
printing process led to the increase of the size of QDs, and red
shift of the CdTe@SiO, QDs emission appeared due to the
quantum size effect.

Table 2 Interfering effect of common metal ions
Substance Ratio of substance Change of fluorescence
to PAP intensity (%)

NaCl 100 1.7

KcCl 100 0.4

CaSO, 100 -1.9

FeCl, 100 1.0

ZnSOy 100 32

Aly(SOy4); 50 0.8

CuSOy 50 22
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Fig. 8 Fluorescence spectra of CdTe@SiO,@MIPs at different
concentrations of PAP

When PAP was present in CdTe@SiO, QDs, the fluores-
cence intensity of CdTe@SiO, QDs remained almost un-
changed (Fig. 6d). However, the fluorescence intensity of
CdTe@SiO,@MIPs was quenched obviously when the same
concentration of PAP was added (Fig. 6¢). Because there was
no spectral overlap between the absorption spectrum of PAP
and the emission spectrum of CdTe@SiO, QDs (Fig. 7), en-
ergy transfer was therefore not a possible mechanism for the
fluorescence quenching. The fluorescence quenching might
involve charge transfer when PAP molecules interacted with
the functional groups in the imprinting cavities by hydrogen
bonding [46]. In addition, when PAP molecules entered into
the cavities of CdTe @SiO, @MIPs, they would block the light
emitted by CdTe@SiO,@MIPs just like shading plates.

Specificity and Interference Experiments

According to the references [47-51], the fluorescence
quenching in this system followed the Stern-Volmer equation:

Fo/F =1+ K[Q]

Table 3  Determination of PAP in tap water and lake water (n = 3)

Samples Added (uM)  Found (uM)  Recovery (%) RSD (%)
Tap water 0 0 - -
0.150 0.154 102.7 18.0
7.50 7.35 98.0 1.7
30.0 31.0 103.3 3.0
Lake water 0 0 - -
0.150 0.154 102.7 19.0
7.50 7.30 97.3 3.7
30.0 303 101.0 0.7
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Where, Fy and F are the fluorescence intensities in the
absence and presence of quencher, respectively. [Q] is the
concentration of the quencher. K, is the quenching constant.
K, and the imprinting factor (/F, the ratio of K, mips to
Kvnips) are usually used to evaluate the sensitivity and selec-
tivity of the sensor, respectively.

Table 1 exhibited that both K., and IF of
CdTe@SiO,@MIPs to PAP were about three times as much
as that of CdTe@SiO,@MIPs to the structural analogues of
PAP. As special PAP recognition sites based on the size, shape,
and location of the hydrogen bond of the binding cavity were
grafted on the surface of CdTe@SiO,@MIPs, PAP could
easily reunite with CdTe@SiO,@MIPs materials, caus-
ing obviously fluorescence quenching. For the other
molecules, the imprinting sites were not match, so little
fluorescence quenching was observed.

The K, of CdTe@SiO,@NIPs to PAP and the analogues
were similar, indicating that there were no selective binding
cavities in CdTe@SiO,@NIPs, and the molecules were
retained on the NIPs shell through a non-specific process.

Meanwhile, in order to investigate the possibility of prac-
tical application of the CdTe @SiO,@MIPs sensor in the de-
termination of PAP in water, the interferences from common
metal ions existing in water were tested under the optimal
conditions. As shown in Table 2, they had basically no effect
on the fluorescence intensity of CdTe@SiO,@MIPs even at
high concentrations.

All the above results indicated that the as-prepared
CdTe@SiO,@MIPs had high sensitivity and selectivity, and
could be used as a fluorescent sensor for the determination of
PAP in water.

Sensitivity of CdTe@SiO,@MIPs Sensor

Under the optimal conditions, the fluorescence intensity of the
CdTe@SiO, @MIPs decreased sensitively with the increase of
PAP concentration in the range of 0.05-50 uM (Fig. 8). The
linear regression equation of CdTe@SiO,@MIPs was Fy/
F=1.1308 + 0.0469 [Q]. The limit of detection (LOD) was
defined as the concentration of PAP that quenched three times
the standard deviation of the blank signal divided by the slope
of the standard curve (30/K,,), and the LOD was evaluated to
be 0.02 uM.

Application to Water Sample Analysis

The sensing of PAP in water samples collected from our lab-
oratory tap water and a local lake was carried out to investigate
further the practical application of CdTe@SiO,@MIPs sen-
sor. Table 3 revealed that PAP was not detected in the collect-
ed water samples. The accuracy of the method was estimated
by determining water samples spiked with three different

concentrations of PAP at 0.150, 7.50 and 30.0 uM. The re-
coveries were in the range of 97.33-103.3 % with the relative
standard deviations less than 20 %, demonstrating the poten-
tial applicability of the CdTe@SiO,@MIPs sensor for the
quantification of PAP in real samples.

Conclusions

In summary, CdTe @SiO, @MIPs fluorescence sensor was de-
signed, synthesized and investigated for detection of PAP. The
CdTe@SiO, @MIPs showed uniform morphology, good
dispersibility, fantastic binding capacity and selectivity for
PAP. Selective and sensitive determination of PAP can be
achieved on the basis of an electron-transfer-induced fluores-
cence quenching mechanism between CdTe@SiO, @MIPs
and PAP. The proposed method has a potential to be used to
simply and fast monitor PAP in environmental water samples.
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