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A  novel  electrochemical  sensor  based  on  molecularly  imprinted  polymer  membranes  (MIPM) as
biomimetic  molecular  recognition  element  involved  in  o-aminothiophenol  functionalized  Au nanopar-
ticles  (ATP@AuNPs)  modified  gold  electrode  was  constructed  for sensitive  and  selective  detection  of
herbicide  simazine  (SMZ).  The  nano-scaled  MIPM,  with  high  specific  surface  area,  was  prepared  by  self-
assembly  of  o-aminothiophenol  (ATP)  and  electrodeposition  of ATP@AuNPs  in the  presence  of  template
SMZ. Cathodic  current  of  SMZ  was  measured  by cyclic  voltammetry  and  the  results  exhibited  that  the  pro-
posed  sensor  possess  a  high  electrocatalytic  activity  at a  negative  potential  and  a  fast  rebinding  dynamics
towards  the  reduction  of  SMZ  in 0.01 M  H2SO4 solution  (pH  1.7).  Linear  dependency  of peak  current  on
SMZ  concentrations  was  observed  from  0.03  to 140 �M and  detection  limit  was  estimated  to  be  0.013  �M
(3S/N).  The  enhancement  of  sensitivity  was  attributed  to the  presence  of gold  nanoparticles  (AuNPs)
-Aminothiophenol which  decreased  the  electron-transfer  impedance  and  increased  imprinting  sites,  lead  to  the superior
enrichment  effect  of the  trace  amount  of  SMZ  in aqueous  solvent.  The  developed  SMZ  imprinted  sensor
exhibited  excellent  long-term  stability  and  acceptable  repeatability.  In addition,  the  proposed  method
was  successfully  applied  to  measure  SMZ  in  several  real  samples  with  the  spiked  recoveries  changing
from  91.4%  to  96.8%,  showing  a promising  potential  in  practical  application.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Simazine (SMZ,6-chloro-N,N-diethyl-1,3,5-triazine-2,4-
iamine), an usual s-triazine herbicides, is distributed in soil
r natural water, and may  be spread to adjacent areas due to
rift, runoff or evaporation [1]. Serious environmental problems
an originate from SMZ  persistence due to its low solubility in
ater and strong sorption on carbonous materials or clays. So

MZ  is suspected of being an endocrine disrupting chemical and
as potentially hazardous to human health [2]. Several methods

uch as thin-layer chromatography [3], surface plasmon reso-
ance [4,5], high-performance liquid chromatography [6,7], gas
hromatography–mass spectrometry [8] and immunosensor [9,10]

∗ Corresponding author at: School of Chemistry and Life Science, Guizhou Normal
ollege, Guiyang 550018, PR China. Fax: +86 851 5816647.
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925-4005/© 2016 Elsevier B.V. All rights reserved.
have been developed for SMZ  quantification. Unfortunately, some
of these methods require sophisticated equipment, advanced
technical expertise, high cost, and time-consuming. So they are
difficult for in situ or online monitoring. Particularly, a biosensor
fabricated by using biological receptors is generally expensive and
unstable [11]. Consequently, the development of a simple, rapid,
inexpensive, stable and sensitive analytical method for routine
SMZ  screening is of particular significance and necessity.

Molecularly imprinted polymers (MIP), recognized for their ver-
satile adsorption and catalytic properties, is a promising material
as the recognition element or modifying agent in the preparation
of sensors. MIP  has been regarded as good candidate to replace
biological receptor and investigated intensively [12,13], owing to
their high selectivity, chemical stability, moderate cost and easy
preparation [14]. The molecularly imprinted electrochemical sen-

sor (MIECS), however, typically suffers from drawbacks such as
poor binding sites resulting in low sensitivity, slow binding kinetics
leading to long analysis time, and the reported difficulties related
to the integration of the MIP  with the transducer [15,16]. To over-

dx.doi.org/10.1016/j.snb.2016.02.068
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ome these situations, electropolymerization with the advantages
f simplicity and speed of preparation, thickness and morphology
ontrolling, high reproducibility and the possibility of prepara-
ion and operation in aqueous solutions [17,18], is utilized to
irectly prepare rigid, uniform, and compact MIP  films on trans-
ucer surfaces [11]. A drawback of electropolymerization is that
ewer imprinted sites form on the surfaces of electrode because of
he relatively high density of polymers [19], which subsequently
ecrease the selectivity and sensitivity of MIECS. Fortunately, the
anoparticle-based amplification platforms and amplification pro-
esses have been reported to dramatically enhance the intensity
f the electrochemical signal and lead to ultrasensitive assays [20].
hus the integration of various nanoparticles with MIP  polymers
lms have been proposed to overcome the mentioned defects of
IECS [21,22]. In particular, AuNPs have caused considerable inter-

st and been extensively applied in fabrication of MIECS because of
heir excellent conductivity, good catalytic activity, high effective
urface area, easy to be functionalized and quite stable in aqueous
nvironment [23,24].

Previously, we implemented the AuNPs-based amplification
latforms to improve the conductivity of MIP  films via adsorption of
uNPs to the prepared ATP polymer (PATP) film, which enhanced
ffectively sensitivity of MIECS and constructed a novel method
or indirect detection of tolazoline with ferrocyanide/ferricyanide
edox probe [25]. The objectives of this study were (a) to investigate

 new design of the MIECS modified by o-aminothiophenol func-
ionalized gold nanoparticles (ATP@AuNPs) to prevent from AuNPs
ggregation and enhance the immobilized amounts of template
er unit surface area, and (b) to apply the as-prepared MIECS for
irect and ultrasensitive electrochemical determination of herbi-
ide SMZ  in environmental samples using cyclic voltammetry (CV)
echnique. ATP@AuNPs was  prepared firstly as a substrate. Then the
lectro-polymerization process was implemented on PATP modi-
ed gold electrode, in the presence of template molecule SMZ, to

orm a porous and rigid three-dimensional (3D) SMZ  imprinted
lm. Which contribute to the MIECS exhibited fast rebinding
ynamics, high selectivity, excellent sensitivity and prominent sta-
ility for ultrasensitive determination of SMZ.

. Experimental

.1. Reagents and materials

o-Aminothiophenol (ATP, 99%), p-aminobenzenesulfonic acid
ABS) and dodecanethiol (DDE) were purchased from Aladdin
hemistry Co., Ltd. (Shanghai, China). Simazine (SMZ), picloram
PL), acetochlor (AC) and terbutylazine (TL) were obtained from
hanghai Pesticide Research Institute (Shanghai, China). Sodium
orohydride (NaBH4) and gold chloride (HAuCl4) were purchased
rom Sigma Chemical Co. (St. Louis, MO,  USA). All chemicals and
olvents used were of analytical grade and used as received. Ultra-
ure water obtained from a Millipore water purification system
≥18 M�,  Milli-Q, Millipore) was used throughout the experi-

ents. Solutions of either sulfuric acid, for pH < 2, or 0.1 M in both
cetic and phosphoric acids, for 2 < pH < 6, were used as support-
ng electrolytes. The ionic strength was adjusted to 0.3 M with solid
aCl and the pH was adjusted with 0.2 M NaOH. Phosphate buffered

olution (PBS, pH 6.8) was prepared using 0.2 M Na2HPO4 and 0.2 M
H2PO4.

.2. Apparatus
Electrochemical experiments were carried out with a CHI 660D
lectrochemistry workstation (Shanghai CH Instruments, China).
he AC impedance of the MIP  film was measured with the
tors B 249 (2017) 747–755

Autolab PGSTAT302 electrochemical analyzer (Metrohm,
Switzerland). Scanning Electron Microscope (SEM) images were
obtained using a S-4800 Scanning Electron Microscope (Hitachi,
Japan). Transmission Electron Microscope (TEM) images were
performed on a JEM-2000FX II Transmission Electron Microscope
(JEOL, Japan). And Atomic Force Microscope (AFM) images were
obtained using a Veeco Introduces Dimension Edge Atomic Force
Microscope System (Bruker, USA). All the pH measurements were
performed with a MP  230 pH meter (Mettler-Toledo Switzerland).

2.3. Synthesis of the ATP functionalized Au nanoparticles

The ATP@AuNPs was  synthesized refering to the method
reported elsewhere [26] with slight modifications. Briefly, 10 mL
solution containing 197 mg of HAuCl4 in ethanol was  added quickly
to a 5 mL  solution containing 51.1 mg  of ABS and 8 mg  of ATP
in methanol. The mixture solution was stirred in the presence of
2.5 mL  of glacial acetic acid in an ice bath for 1 h. Subsequently,
7.5 mL  1.0 M NaBH4 aqueous solution was added dropwise, result-
ing in a rapid color change from pale yellow to deep red that
indicated the formation of AuNPs. The solution was  stirred for an
additional 1 h in an ice bath and then for 12 h at room temperature
(a dark solid confirmed that the AuNPs were coated with ATP). The
black solid was separated by centrifuging at a speed of 10000 rpm
for 15 min, washed and centrifuged successively (twice in each sol-
vent) with methanol, absolute ethanol and acetone, and then dried
in a vacuum oven overnight at 80 ◦C. The obtained ATP@AuNPs was
stored at 4 ◦C prior to use.

2.4. Fabrication of SMZ imprinted sensor

Prior to modification, gold electrode (� = 2 mm)  was polished to
a mirror-like surface repeatedly by applying 1.0, 0.3 and 0.05 �m
alumina slurries on the chamois, respectively. Then it was chem-
ically cleaned by immersing into a freshly prepared mixture of
“piranha” solution (a 3:7 mixture of 30% H2O2 and conc. sulfuric
acid) for 10 min  and successively sonicated with ethanol and dis-
tilled water for 10 min  and then dried in air. Finally the electrode
was electropolished via a CV process, with the potential scanning
from −0.2 to 1.4 V in 0. 5 M H2SO4 until a stable cyclic voltammo-
gram was obtained at 50 mV  s−1 vs. SCE.

The schematic diagram of the preparation of SMZ  imprinted
sensor is shown in Scheme 1. Firstly, PATP/Au electrode was
prepared by immersing the cleaned electrode for 20 h into deoxy-
genated 0.01 M H2SO4 solution (pH 1.7), with a 20% volume of
ethanol solution to ensure the solubility, containing 2 mM ATP and
0.5 mM SMZ. Secondly, PATP/Au electrode was  implemented CV
scan for 10 cycles in aqueous dispersion of 1.0 mg  mL−1ATP@AuNPs
and 0.5 mM SMZ  under nitrogen atmosphere, at a scan rate of
100 mV  s−1 between −0.4 V and 0.8 V. Thirdly, the resulting elec-
trode was soaked in 5% DDE ethanol solution for 5 h to seal the
blank surface where did not form imprinted PATP film. Finally,
the obtained electrode was  immersed in 0.01 M H2SO4 sup-
porting electrolyte to remove non-polymeric ATP@AuNPs and
named as SMZ@MIP/ATP@AuNPs/ATP/Au electrode. As control,
non-imprinted polymer modified electrode, was  prepared under
the same experimental conditions without adding SMZ, both the
self-assembly and electrodeposition process, to check the reliability
of the measurements.

2.5. SMZ removal from electrode surface
There are electrostatic interactions and hydrogen bonding
between ATP monomer and polar groups of SMZ molecules.
In order to break the interactions, we used methanol/acetic
acid (7:3 v/v) solution in water as a desorption agent. The
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Scheme 1. Schematic representation for th

ompletely removal of SMZ  was verified electrochemically.
MZ@MIP/ATP@AuNPs/ATP/Au electrode was dipped into 25 mL
f desorption agent for 1 h at room temperature under con-
inuous agitation (200 rpm). After SMZ  removal, the electrode
as washed with ultra-pure quality water and dried under vac-
um (200 mmHg, 25 ◦C), and the obtained electrode, tagged as
IP/ATP@AuNPs/ATP/Au electrode, was stored at 4 ◦C in dry con-

ition when not in use.

.6. Electrochemical detection of SMZ

Electrochemical measurements were performed with a conven-
ional three-electrode system composed of the imprinted sensor
s working electrode, a saturated calomel electrode (SCE) as ref-
rence electrode and platinum wire as auxiliary electrode. The
easurements were carried out in a glass vial containing 10 mL

eoxygenated electrolyte solution and maintained in nitrogen
tmosphere during the experiment at room temperature. The
odified process experiments were performed in PBS (pH 6.8)

ontaining 0.1 M KCl and 5.0 mM [Fe(CN)6]3−/4−. The CV potential
ange was taken from −0.1 to 0.5 V at 50 mV s−1. Electrochem-
cal impedance spectroscopy (EIS) data were measured at 100
Hz∼0.1 Hz at wave amplitude of 10 mV and an electrode poten-
ial of 0.197 V. Rebinding experiments and selectivity experiments
ere carried out by immersing the imprinted electrode in a 0.01 M
2SO4 solution (pH 1.7) with different SMZ  concentrations. After
MZ  solution was injected into the vial, the electrodes were incu-
ated for 5 min  to ensure SMZ  molecule diffuse into the MIP

lm and rebound by MIP/ATP@AuNPs/ATP/Au electrode, and then
ashed carefully with distilled water. The data for condition opti-
ization and the calibration curve were the average of three
easurements.
Fig. 1. Repeated cyclic voltammograms for the electrochemical polymerization of
ATP@AuNPs in the presence of SMZ  in 0.01 M H2SO4 solution (pH 1.7) at scan rate
of  50 mV s−1.

3. Results and discussion

3.1. The formation of ATP@AuNPs imprinted film

It is a prerequisite for the formation of a strong complex between
the template and functional monomer prior to polymerization, and
the ATP was  chosen for this end. In the self-assembly process, the
formed SMZ  imprinted ATP monolayer is not only benefit for fix-
ing the MIP  film on electrode surface through Au S covalent bonds
between gold electrode and the thiol groups (-SH) of ATP molecules
[27,28]. But also serve as an initial polymerizable monolayer to

improve the “wetting” of the surface by the polymer [29], which
drives the selective occurrence of electrochemical polymerization
at the surface of AuNPs. Fig. 1 exhibits a cyclic voltammogram for
the modification of ATP@AuNPs onto the monolayer. As shown,
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he electropolymerization was an irreversible process. The first
weep showed the characteristic oxidation peak at about 0.35 V
nd the subsequent scans showed a passivated electrode. The peak
urrent decreased with increasing sweep cycles, indicating that
he SMZ  imprinted ATP@AuNPs composites film was successfully
rafted to the monolayer surface via electrochemical polymeriza-
ion of the aniline moiety of ATP [20]. During the electrochemical
olymerization process, the SMZ  molecules diffused towards the
urface of ATP@AuNPs and trapped in the PATP@AuNPs matrix
wing to ability of these molecules to interact with ATP. SMZ  has
ifferent functional groups which could be involved in hydrogen-
onding formation with the NH group of PATP@AuNPs units.
hain branching and cross linking in PATP@AuNPs generate a 3D
atrix with niches containing the template SMZ. The recognition

f SMZ  molecule is based on shape selection and positioning of the
unctional groups [30].

.2. Morphological characterization

The morphology of AuNPs and ATP@AuNPs were analyzed by
ransmission electron microscopy (TEM). The inset of Fig. 2A dis-
lays that the synthesized AuNPs were monodispersed spheres
ith the smooth surface and a uniformed size of ca. 20 nm.  Com-
ared with AuNPs, it is clear that in Fig. 2A the size of the
TP@AuNPs became bigger (the mean size was about 30 nm),
arker and their external surface became rough, indicating the ATP
as successfully linked on the AuNPs surface. The surface rough-
ess and size distributions of ATP@AuNPs were further measured
sing atomic force microscopy. As illustrated in Fig. 2B, the AFM
mage of the ATP@AuNPs exhibited irregular shape in morphol-
gy, with sizes of 25–35 nm were homogeneously dispersed, and a
ough surface doped some bright spot, verifying the successful syn-
hesis of ATP@AuNPs. The doped AuNPs are expected to enhance

ig. 2. (A) TEM images of ATP@AuNPs and AuNPs (inset); (B) AFM images of ATP@AuNPs
EM  image of MIP/ATP@AuNPs/ATP/Au electrode after sealing with 1-dodecanethiol.
tors B 249 (2017) 747–755

electronic transmission rate of PATP film and in turn the ATP might
be important for preventing aggregation of AuNPs to maintain
high surface area. After electropolymerization, the electrode sur-
face became rather rough and uneven because of the formation of
SMZ  imprinted ATP@AuNPs composites film (Fig. 2C). This mor-
phology confirms that imprinted film possess a porous and 3D
space distribution, the rough surface provides a large surface area
for the adsorption of the target species at the modified electrode.
Furthermore, after the electrode was continuously immersed in 5%
DDE solution for 5 h, the Au electrode surface exhibited a dense cov-
erage with a compact film (Fig. 2D), indicating that DDE can seal the
exposed Au surface effectively.

3.3. Electrochemical characteristics

Considering that SMZ  has lower electroactivity at the selected
working potential range of −0.1 V–0.5 V, [Fe(CN)6]3−/4− was
selected as the probe to evaluate the formation of MIP film on
electrode. As illustrated in Fig. 3, well-defined reversible peaks
of 5.0 mM  [Fe(CN)6]3−/4− with 106 mV  of peak potential differ-
ence (�Ep) were observed on bare gold electrode (curve a). Only
small background response, however, was  observed on the SMZ
imprinted monolayer film modified electrode (curve b). Compared
with the curve b, after covalently rebinding of ATP@AuNPs, the
values of �Ep decreased significantly (from 106 to 84 mV)  with
a 13.1 �A increase in the peak current (curve c). This down-
shifting demonstrated that the introduction of AuNPs in ATP
polymer film played an important role in providing the conducting
bridges for the electron transfer of ferrocyanide/ferricyanide cou-

ple and increased the effective surface area of electrode, leading to
enhanced electron transfer kinetics [24]. After the removal of SMZ, a
visible oxidation-reduction peak was  observed (curve d). This situ-
ation is owing to the removed templates making electronic transfer

 and (C) ATP/Au electrode after electrochemical polymerization of ATP@AuNPs; (D)
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Fig. 3. Cyclic voltammograms of 5.0 mM [Fe(CN)6]3−/4− in 0.1 M KCl at (a) bare Au
electrode, (b) ATP/Au electrode, (c) SMZ@MIP/ATP@AuNPs/ATP/Au electrode, (d)
MIP/ATP@AuNPs/ATP/Au electrode and (e) MIP/ATP@AuNPs/ATP/Au electrode after
rebinding in 60 �M SMZ, (f) NIP/ATP@AuNPs/ATP/Au electrode before and (g) after
undertaking elution process.

Fig. 4. Electrochemical impedance spectra of (a) bare Au electrode, (b)
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Fig. 5. CV responses of 0.12 mM SMZ  in 0.01 M H2SO4 solution (pH 1.7) at (a) bare
Au  electrode, (b) MIP/ATP@AuNPs/ATP/Au electrode, (c) NIP/ATP@AuNPs/ATP/Au
electrode and (d) MIP/ATP/Au electrode.
IP/ATP@AuNPs/ATP/Au electrode, (c) SMZ@MIP/ATP@AuNPs/ATP/Au electrode (d)
IP/ATP@AuNPs/ATP/Au electrode in 5.0 mM [Fe(CN)6]3−/4− solution containing

.1  M KCl.

ossible. The peak current from curve d to curve e decreased
ecause the holes of PATP structure were filled. Hence, the elec-
ron transfer of [Fe(CN)6]3−/4− redox couple was blocked again. In
ontrast, the redox current change of [Fe(CN)6]3−/4− from curve f
o curve g was negligible after the elution step because no cavities
ormed in non-imprinted polymer (NIP) when the ATP@AuNPs/ATP
lm polymerized on the electrode in the absence of template SMZ.
his finding indicates that the NIP/ATP@AuNPs/ATP/Au electrode
as unselective and unrecognizable.

As an effective method for probing the surface features
f modified electrode, electrochemical impedance spectroscopy
EIS) was also applied to characterize the stepwise construc-
ion process of the SMZ  imprinted sensor. The typical impedance
pectrum includes a semicircle portion and a linear portion. The
emicircle diameter at higher frequencies corresponds to the
lectron-transfer resistance (Ret), and the linear part at lower fre-
uencies corresponds to the diffusion process [31]. As illustrated

n Fig. 4, the values of Ret were calculated for bare Au electrode,
IP/ATP@AuNPs/ATP/Au electrode, MIP/ATP@AuNPs/ATP/Au elec-

rode before and after elution was 192.8, 2467.5 and 2211.0 and
29.1 �,  respectively. Curve a displayed almost a straight line
n the Nyquist plot, indicating that there was improved diffu-
ion on the bare gold electrode, a big resistance was present in
urve b, implying a high electron transfer resistance to the redox-
robe and the block of charge transfer by the MIP  film formed in
electropolymerization. The Ret of MIP/ATP@AuNPs/ATP/Au elec-
trode before (curve c) and after (curve d) extraction of template
SMZ  possessed larger changes of frequency response, indicating
that the template was successfully removed and formed some cavi-
ties which facilitated the electron exchange between the redox [32].
In addition, this phenomenon could be attributed to the introduc-
tion of AuNPs, which provided more imprinted sites after extraction
of template SMZ  molecules and in turn left more channels for the
penetration of [Fe(CN)6]3−/4− through the MIP  film to the electrode
for further oxidation.

3.4. Electrochemical behavior of the proposed sensors

To investigate the electrochemical redox behavior, SMZ  was
subjected to CV in 0.01 M H2SO4 solution (pH 1.7). As seen in
Fig. 5, the scanning was  started at −0.2 V in the cathodic direction
and reversed at −1.20 V. No oxidation signal corresponding to the
cathodic response was  observed in the anodic branch, indicating
the irreversible character of the overall processes. Because of weak
catalysis, a poor reduction peak could be observed on the bare gold
electrode (curve a). In order to confirm whether the SMZ  molecules
had been embedded in the MIP/ATP@AuNPs/ATP film, CVs of
MIP/ATP@AuNPs/ATP/Au electrodes and NIP/ATP@AuNPs/ATP/Au
electrodes were recorded and compared. SMZ  exhibits a well-
defined reduction peak, correspond to first-order two-electron
reduction processes (SMZ suffers a cleavage of the Cl atom to
yield a dechlorinated intermediate) [33], at −1.09 V was  observed
at the MIP/ATP@AuNPs/ATP/Au electrode (curve b), but no peak
for the NIP/ATP@AuNPs/ATP/Au electrode (curve c), indicating the
successful fabrication of imprinted cavities and it is feasible to
use ATP@AuNPs to prepare electropolymers with highly catalytic
ability towards the reduction of SMZ. To be specific, the peak on
MIP/ATP@AuNPs/ATP/Au electrode was 23 times more than bare
gold electrode, 56 times more than NIP/ATP@AuNPs/ATP/Au elec-
trode and about 10 times more than MIP/ATP/Au electrode (curve
d). The higher reduction current verified that AuNPs as an enhancer
played an important role in the preparation of MIP  film, due to their
high adsorption capacity for the template, increased surface area
and good conductivity. Additionally, the creation of the molecular
imprints is favored by the diffusion of the electroactive template,
generating a far higher number of recognition sites during the elec-
trodeposition of the polymer, which result in a large amount of SMZ

was concentrated in the MIP  layer on the gold electrode from the
solution [34].
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.5. Optimal conditions for the electrochemical detection

In this study, AuNPs were used to immobilize the functional
onomer ATP to form a rigid 3D framework structure via S Au

ond, which can in turn prevent from AuNPs aggregation and
nhance the immobilized amounts of template per unit surface
rea. Thus, the concentration of the ATP@AuNPs was  an impor-
ant parameter that affected the sensitivity and selectivity of the
ensor for SMZ  recognition. Three electrodes were electropolymer-
zed in ATP@AuNPs concentrations of 0.5, 1.0 and 2.0 mg  mL−1,

ith a constant SMZ  concentration of 0.5 mM.  As illustrated in
ig. 6A, the current response reached maximum with the concen-
ration of 1.0 mg mL−1, and then decreased with further increasing
f ATP@AuNPs concentration. A lower peak current at ATP@AuNPs
oncentration lower than 1.0 mg  mL−1 may  be due to the less cap-
ure of SMZ  during electropolymerization. However, the decrease in
urrent response when the concentration of ATP@AuNPs was  above
.0 mg  mL−1 could be resulted from template molecules situated at
he central area of the polymer membranes cannot completely be
emoved from polymer matrix [30]. Thus, the optimum concentra-
ion of ATP@AuNPs for preparing MIECS was 1.0 mg  mL−1.

The thickness of the imprinted film is another important factor
ffecting the recognition ability of imprinted sensor and it could
asily be adjusted by controlling the number of CV scanning cycles
uring the electropolymerization process. To investigate the effect
f CV scanning cycles on the electrochemical response of SMZ, the
mprinted sensor was prepared with constant ATP@AuNPs concen-
ration of 1.0 mg  mL−1 and varying CV scanning cycles in the range
f 2–18 cycles. As shown in Fig. 6B, it was found that the maxi-
um peak current was obtained for 10 potential cycles, and then

ecreased with further increasing the scanning cycles. Although
reater deposition of ATP@AuNPs contributes to a higher number

f imprinted sites and better membrane stability, it becomes dif-
cult to remove the template from excessively thick membranes.
his reduces the number of accessible imprinted sites, leading to
ow binding capacity and slow kinetics [35,36]. Thus, 10 potential

ig. 6. Effects of (A) ATP@AuNPs concentration, (a) 0.5, (b) 1.0 and (c) 2.0 mg mL−1; (B) sw
esponse of 60 �M SMZ  on MIP/ATP@AuNPs/ATP/Au electrode.
tors B 249 (2017) 747–755

cycles was chosen for the electrochemical polymerization to obtain
the highest sensitivity for the determination of SMZ.

In order to illustrate the efficiency of prepared SMZ  imprinted
electrode, the adsorption dynamics experiment was carried out by
recording the current response of MIP/ATP@AuNPs/ATP/Au elec-
trode in 60 �M SMZ  solution for different time. As shown in Fig. 6C,
the peak current of MIP/ATP@AuNPs/ATP/Au electrode increased
sharply with the incubation time up to 3 min  and then leveled off
slowly, indicating the rapid recognition ability of the imprinted
film and its high affinity to the target molecule. Longer incuba-
tion time did not obviously improve the response. As a result, a
time of 3 min  incubation is taken as compromise for all the experi-
ments. The improved sensitivity and speedy balance response were
ascribed to the introduction of ATP@AuNPs, which decreased elec-
tric resistance of the MIECS and accelerated the immobilization of
SMZ  to the MIECS. The integration of nanoparticles in MIP  materials
has the benefits of enhancing the number of accessible comple-
mentary cavities, the catalytic activity of the surface and the fast
equilibration with the analyte [37]. This electrochemical advan-
tage will allow real-time analysis of SMZ  in spot specimens, thereby
representing a novel approach for rapid assessment.

The effect of working buffer pH on the MIP/ATP@AuNPs/ATP/Au
electrode was also studied by measuring the SMZ  concentrations of
60 �M,  in pH range 0.5–5.0. The dependence of the peak currents
on pH is shown in Fig. 6D. As can be noticed that the reduction peak
current has biggish (and roughly pH-independent) values below ca.
pH 2.0, and the maximum response at about 1.7, then decreased
sharply with pH increases further. As we  known, SMZ  has a pK
(aqueous) value of the ring nitrogen N5 of 1.7 [33], which implies
that above this pH value the protonated form of the compound pre-
dominates in the solution. The experimental result also indicates
that protons play a role in the electrochemical reaction of SMZ  on

the MIP/ATP@AuNPs/ATP/Au electrode and protons participated in
the catalytic reaction. When the solution pH is 1.7, the interaction
between SMZ  and the PATP film is facilitated. And above this pH,
the protonated SMZ  interacts weakly with the functional groups of

eep cycles; (C) incubation time and (D) extermal solution pH on the amperometric
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he recognition site [33]. Thus, pH 1.7 was selected as the optimum
H and used in the remaining experiments.

.6. Performance of the SMZ  imprinted sensor

.6.1. CV response and calibration curve
A series of river water samples with varying SMZ  concentra-

ions were measured under the optimal experimental conditions
o determine the calibration curve of the developed sensors. The
elation between the cathodic peak current and the SMZ  concen-
ration was illustrated in Fig. 7. The good relationship was observed
t the SMZ  concentration range from 0.03 to 140 �M,  described by a
athematical expression i(�A) = −1.491[SMZ](�M) − 104.33, with

 correlation coefficient of 0.99 (n = 3) and a relative standard devi-
tion (RSD) lower than 3.1%. The detection limit, estimated as the
MZ  concentration yielding an amperometric signal equal to three
imes the peak-to-peak noise of the baseline, was  estimated to be
.013 �M,  which was much lower than 0.4 �M for a SMZ  MIP  sens-

ng based on gold chip [34]. The sensor presented more sensitive
esponse could be owe to the AuNPs, which have an important role
n the matrix, for the enhancement of the conductivity by increasing
he electron transfer, and for the number of imprinted sites, lead-
ng to abundant and homogenous distribution of the recognition
ites [38]. Moreover, the sensitivity of AuNPs properties, such as
olor, surface plasmon resonance, electrical conductivity and bind-
ng affinity is significantly enhanced when AuNPs are subjected
o functionalize with appropriate metals, organic or biomolecular
unctional groups [39]. So it was demonstrated that the electro-
hemical detection of SMZ  became more sensitive with the usage
f ATP@AuNPs composites as the reduced substrate. As a result, the
IP  receptor layer can enrich the trace amount of SMZ  from sample

olution and made it contact to the surface of the gold electrode.

.6.2. Affinity and selectivity of the imprinted sensor
Selectivity is one of potential merits for MIECS. To substanti-

te the selectivity, competitive transport studies were undertaken.
hree possible coexisting electroactive components and analo-
ous structures, picloram (PL), acetochlor (AC) and terbutylazine
TL), were chosen to evaluate the specific recognition ability
f the prepared sensor. CV responses of SMZ, TL, AC and PL
ith individual concentrations of 2, 20, 60, 100 and 140 �M on
IP/ATP@AuNPs/ATP/Au electrode were compared and the results

re shown in Fig. 8A. Notably, the MIP  modified electrode exhib-
ted a much higher current response toward SMZ  than that of the

tructural analogues. No perceivable difference of current response,
owever, was observed for any of these analogues, showing that
IP film had the highest specific selectivity toward SMZ. Further-
ore, the anti-interference property of the sensor was  evaluated

ig. 8. (A) MIP/ATP@AuNPs/ATP/Au electrode response for different concentrations of SMZ
lectrode to 60 �M SMZ  and 60 �M SMZ  in the presence of 1.2 mM PL, AC, and TL, respec
Fig. 7. CV curves for SMZ  detection using the proposed sensor in 0.01 M pH
1.7 H2SO4 solution containing 0.03, 0.3, 3, 20, 40, 60, 80, 100, 120 and 140 �M SMZ
(from a to j). Inset: Plot of peak current vs.  SMZ  concentration.

via calculating the cathode peak current ratio (Im/Io) of CV response
in the presence of structural analogs. Im and Io were cathode peak
current of SMZ  at −1.09 V in the presence and absence of inter-
ferences, respectively [40]. As seen from Fig. 8B, compared with
reference peak current ratio of SMZ  (Im/Io = 1), Im/Io was  only
slightly changed from 91.7% to 106.1% in 20-fold excess of interfer-
ing substances. The origin of selective recognition can be attributed
to the size and arrangement of functional group of specific cavi-
ties matched with SMZ  in the MIP/ATP@AuNPs/ATP film created
by the imprinting process. Therefore, these results demonstrated
that the imprinted sensor can avoid the interference of the coexist-
ing electroactive components existed commonly in environmental
samples and thus can allow the detection of SMZ  in a complex
matrix without separation.

3.6.3. Regeneration and long-term storage stability of the
imprinted sensor

The reproducibility of the SMZ  imprinted sensor was  investi-
gated by measuring the CV responses of 2 �M SMZ  at the same
electrode following retention/removal processes. The RSD for 30
successive detections is about 3.5%, indicating acceptable fabrica-
tion reproducibility. MIP/ATP@AuNPs/ATP/Au electrode was  stored
at 4 ◦C under desiccated condition when not in use and mea-
sured intermittently (every 2 days). The CV peak current response
decreased to 95.2% of its original current after the first 10 days stor-
age period, and was  approximately 90.5% of its original response

after 30-day period. The RSD of peak current was calculated to
be 4.1% for five successive washing and determination operations,
indicating the favorable long-term storage stability of the proposed
sensor in this experiment, which could be attributed to the rigid

, TL, AC and PL, respectively; (B) Peak current ratio (Im/Io) of MIP/ATP@AuNPs/ATP/Au
tively.
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Table 1
Results for the determination of SMZ  in local water and soil samples.

Environmental
samples

Added
(�M)

Foundeda

(�M)
Recovery%
(mean ± SD, n = 5)

Tap water 2 1.91 95.6 (±1.4)
40 38.71 96.8 (±2.1)

River water 2 1.86 93.2 (±2.2)
40 38.09 95.2 (±1.9)

Soil 2 1.83 91.4 (±2.6)
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40 37.64 94.1 (±1.7)

a The results were expressed as mean value based on five replicates.

D framework structure arises from the ATP@AuNPs that involves
u S bonds and hydrogen–bond interaction between the template
nd monomer, lead to a reversible complexation and exchange
etween SMZ  and recognition sites in the MIP  film.

.7. Preliminary analysis of real samples

In an attempt to evaluate the feasibility of the proposed method
or practical applications, MIP/ATP@AuNPs/ATP/Au electrode was
pplied to detect SMZ  by CV in several environmental samples,
ncluding tap water, river water, and soil samples (collected from
uiyang, China) under optimized conditions. Prior to analysis,

reshly collected water samples (obtained from Nanming River,
uiyang, China) were immediately filtered through a millipore
ellulose nitrate membrane (pore size was 0.45 �m)  to remove
uspended particles. The collected wet soil was dried in air and
xtracted with absolute ethanol for 1 h. After centrifugation filtra-
ion, the filtrate was collected and diluted to mark with 0.01 M
2SO4. Then the pH of all samples was adjusted to 1.7. As no
MZ  was found in all samples, the standard addition method was
dopted and the results are summarized in Table 1. The recoveries
f the proposed method were in the range from 91.4% to 96.8% and
he alteration of RSD was below 2.88%, suggesting an acceptable
eletion result. Therefore, the developed imprinted sensor could
e reliable and effective for the determination of SMZ  in the real
ample matrix.

. Conclusions

In the present paper, a simple and sensitive monitoring method
f SMZ  was proposed by stepwise fabricating of PATP film and

 thin MIP/ATP@AuNPs film on gold electrode. From the pre-
eding results, we have demonstrated that ATP@AuNPs could
ffectively prevent from AuNPs aggregation via forming a rigid
D framework structure, enhance electron transport and increase
he immobilized amounts of template per unit surface area, which
eads to prominent improvement of the selectivity and sensitiv-
ty of SMZ  imprinted sensor. The detection limit was 0.012 �M
nd the the peak on MIP/ATP@AuNPs/ATP/Au electrode was  23
imes more than bare gold electrode or 56 times more than
IP/ATP@AuNPs/ATP/Au electrode. In addition, SMZ  was  detected

electively more than structurally-similar herbicides, such as AC, TL
nd PL, without the matrix interference of environmental sample.
n summary, the proposed sensor provided a simple and reliable
echnique for SMZ  detection in environmental samples and a notion
o perfect the MIP-based sensor for trace detection.
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