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a b s t r a c t

A novel molecularly imprinted (MIP) impedimetric sensor was promoted for selective detecting

melamine (MEL). The Au electrode modified with MIP poly (2-mercaptobenzimidazole) (PMBI) was

prepared by electrochemical polymerization of 2-mercaptobenzimidazole (2-MBI) with cyclic voltam-

metry (CV) in the presence of template molecule MEL. The surface morphology and structure of MIP

PMBI are characterized by atomic force microscopy (AFM), infrared spectra (IR), electrochemical

impedance spectroscopy (EIS), and CV. The main driving force of recognition is the p-donor–acceptor

interaction between MEL and PMBI. The imprinted electrode could avoid the interference successfully.

In addition, a linear response curve was obtained from 1.0�10�8 M to 5.0�10�5 M, with the detection

limit of 3.0�10�9 M. The sensor exhibits remarkable advantages, such as higher sensitivity, wider

linear range and lower detection limit. The effective method has a potential application to monitor

nonelectrochemically active substances in food analysis in the future.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Melamine (C3H6N6, MEL), a kind of triazine analog with three
amino groups, is usually used to produce MEL–formaldehyde
resin. In plastics manufacturing, MEL–formaldehyde resins are
necessary for making surface coatings, laminates, adhesives, and
flame retardants. Due to its high nitrogen level (66% by mass),
MEL has been illegally added to dairy products to give a high
reading of total nitrogen content as a false measurement of the
protein level. In 2007, MEL was found in pet-food products, and
led to kidney toxicity in dogs and cats in the USA. In September
2008, the occurrence of kidney stones in thousands of infants
across China captured the attention of the world. This situation
prompted the US Food and Drug Administration, the European
community, and other countries and regions to establish the
criteria of maximum residue limits for MEL in various food
products. Standard limits of 1 ppm (8 mM) for MEL in infant
formula and 2.5 ppm (20 mM) in other milk products have been
introduced by many countries [1,2]. Investigations of MEL migra-
tion in vivo were reported in some literatures [3–5]. Therefore, a
sensitive and reliable method is urgently needed for the determi-
nation of MEL in food, and is the subject of much recent research,
particularly in dairy products for children. Up to now, some
ll rights reserved.
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modern instrument analytical methods have been employed for
the determination of MEL, such as gas chromatography [6], gas
chromatography–mass spectrometry [7], liquid chromatography–
mass spectrometry [8], liquid chromatography–triple-quadrupole
tandem mass spectrometry [9], high performance liquid chroma-
tography [10], high-performance liquid chromatography–tandem
mass spectrometry [11,12], surface enhanced Raman spectro-
scopy [13], near-infrared/mid-infrared spectroscopy [14],
matrix-assisted laser desorption/ionization-mass spectrometry
[15], desorption atmospheric pressure chemical ionization mass
spectrometry [16], nanoextractive electrospray ionization [17],
extractive electrospray ionization mass spectrometry [18], low-
temperature plasma probe combined with tandem mass spectro-
metry [19], nuclear magnetic resonance spectroscopy [20], capillary
zone electrophoresis/mass spectrum [21,22], capillary electrophor-
esis and diode-array detection [23], capillary zone electrophoresis
with diode-array detection [24], electrochemiluminescence [25], and
chemiluminescence [26]. Unfortunately, the current MEL determina-
tion methods, although mostly accurate and sensitive, are difficult to
implement for they always require advanced and sophisticated
instrumentation, and all the instruments should be operated by
some specially trained workers. Moreover, in many instances, they
also need a complicated matrix and extensive sample pretreatment
including extraction, preconcentration, or derivatization [2,27].
Recently, sensor technology has also been developed for the analysis
of MEL and its analogs, including nanoparticle-based sensor [28–31],
electrochemical sensor [32–34] and molecularly imprinted polymer
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(MIP)-based sensor [35–37], because of its sensitivity, rapidity,
simplicity and cost effectiveness.

Molecular imprinting technique is an approach to synthesize a
polymer matrix with molecular recognition sites, which are specific
in shape and size to the target molecule, showing specific high
binding behaviors to the target molecules [38]. Due to their mechan-
ical and chemical stabilities, high affinity and outstanding substrate
recognition ability, low cost and easy preparation, MIP has been
successfully applied in chemical sensing area [39–44]. Different types
of electrosynthesized MIP had been reported in the literatures
[45–48]. Poly (2-mercaptobenzimidazole) (PMBI) is very stable even
under harsh conditions and is widely applied in the field of anti-
corrosion [49,50]. The formation and electrosynthesis, characteriza-
tion and mechanism of PMBI films were previously described in
detail [51,52]. 2-mercaptobenzimidazole (2-MBI) contained a mer-
capto group and might consequently improve the polymer–gold
binding characteristics [53–56]. PMBI films seemed suitable for the
imprinting procedure because of their compactness, inertness, and
high stability derived from the strong adherence to Au.

Electrochemical impedance spectroscopy (EIS) is a powerful
tool for examining many chemical and physical processes in
solution as well as in solids. EIS has wide applications in corro-
sion, battery, fuel cell development, sensors and physical electro-
chemistry and can provide information on reaction parameters,
corrosion rates, electrode surfaces porosity, coating, mass trans-
port, and interfacial capacitance measurements [57–59]. In con-
trast to the numerous MIP-based sensors employing other signal
transducing mechanisms reported in literatures, EIS sensors are
reported relatively less. In the present study we introduced a
novel impedimetric sensor for imprinting of MEL molecular
recognition sites that is based on the electropolymerization of
2-MBI on Au electrode. A linear response curve was obtained from
1.0�10�8 M to 5.0�10�5 M and the detection limit is
3.0�10�9 M. Moreover, the interference of some commonly co-
existing substances can be effectively avoided in the detection.
The sensor has a wide range for food and feed sample analysis
that might be affected by MEL adulteration.
2. Experimental

2.1. Reagents and materials

MEL, glucose and sodium perchlorate (NaClO4) were purchased
from Beijing Chemical Reagent Co. Ltd. Histidine and arginine were
purchased from Shanghai Kangda amino acid Factory. 2-
mercaptobenzimidazole was purchased from Aladdin Chemistry
Co. Ltd. NaOH, absolute ethanol and all other chemicals were of
analytical reagent grade and were used as supplied without further
purification. All aqueous solutions were prepared with double-
distilled water. High-quality nitrogen was used for deaeration.

2.2. Apparatus and equipments

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements were carried out by a CHI832 electrochemical
Au
N
H

N
SH+

Electropolymerization 

Scheme 1. Schematic of
workstation (CHI Instrument Company, Shanghai, China). EIS was
conducted on a VMP2 Multi-potentiostat (Princeton Applied
Research, USA). A three-electrode system was used in the measure-
ments; bare and modified Au electrode (d¼2 mm) with a geome-
trical area (A) of 0.0314 cm2 each were used as working electrodes.
A platinum wire was employed as the counter electrode, and an
Ag9AgCl9KClsat electrode as the reference electrode. The pH mea-
surements were performed with a PB-10 pH meter (Sartorius,
Germany). Atomic force microscopy (AFM) measurements were
carried out at ambient temperatures with an Agilent 5400 AFM.
The instrument was operated in noncontact (AC) mode using a
cantilever with a nominal spring constant of 40 N m�1. The infrared
spectra (IR) were measured by a FT-IR spectrometer (Bruker Vertex
70v) under vacuum.

2.3. Preparation of MIP impedimetric sensor

The surface of the Au electrode was polished with 0.3, and
0.05 mm alumina slurry, and also sonicated with double-distilled
water after each polishing step. Then the electrodes were cleaned
with a 1:3 mixture of 30% H2O2/concentrated H2SO4 and rinsed
with double-distilled water. Finally the electrode was subjected
to cyclic potential sweeps between �0.1 and 0.5 V in 5 mM
[Fe(CN)6]3�/[Fe(CN)6]4� containing 0.1 M KCl as the supporting
electrolyte until a stable CV was obtained. The electropolymer-
ization was performed by cyclic voltammetry (10 cycles) in the
potential range from �0.1 to 1.3 V with a scan rate of
100 mV s�1. The reaction solution comprises of 80 mM NaClO4,
1 mM MEL, 8 mM 2-MBI and ethanol alkaline solution (pH 9.5).
Similarly, the nonimprinted electrode was prepared in the same
way without addition of the template MEL. The removal of the
template MEL was carried out by immersing the electrode
prepared above in an ethanol:water (4:1) solution containing
0.1 M NaOH (pH 13) for 20 min at room temperature under
continuous agitation. And then it was washed with ethanol and
double-distilled water and dried with nitrogen. The finished
imprinted electrode was stored at 4 1C in dry condition when
not in use. A schematic diagram of the sensor preparation is
shown in Scheme 1.

2.4. Experimental measurements of MEL

The imprinted electrode was dipped into 3 mL ethanol solu-
tion containing the desired concentration of MEL for 5 min,
washed with ethanol and double-distilled water carefully to
remove the possible adsorptive substances on the electrode sur-
face, and then transferred to the electrochemical cell containing
5 mM [Fe(CN)6]3�/[Fe(CN)6]4� and 0.1 M KCl as the supporting
electrolyte. CV and DPV measurements were performed in the
potential range from �0.1 to 0.5 V with a scan rate of 50 mV s�1.
The electrochemical cell was connected to a VMP2 Multi-potentiostat
interfaced to a PC, which was controlled by EC-Lab (V9.24) software
(Bio- Logic SA). EIS was scanned at the formal potential of 0.25 V in
the frequency range from 100 kHz to 100 mHz, using an AC voltage of
5 mV amplitude. An R(Q(RW)) equivalent circuit could be used to
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simulate the modified Au electrode that was coated with almost
nonconductive MIP polymeric film (Scheme 2). The impedance data
(Rct) thus obtained were fitted to the R(Q(RW)) equivalent circuit
using the ZsimpWin (Princeton Applied Research) program. All
measurements were performed at room temperature.
3. Results and discussion

3.1. Preparation of polymeric film

A typical CV recorded during electropolymerization in the
presence of 2-MBI and MEL is shown in Fig. 1. It was observed
that two oxidation peaks appeared during the first cycle and
disappeared during the second cycle in the potential range from
�0.1 to 1.3 V. The peak current decreased significantly under
continuous cyclic scan, indicating that the insulating polymer was
formed and bound to the electrode surface. It does not have
significant differences in comparison with the CV obtained under
the same conditions in the absence of MEL template. The results
obtained may contribute to the fact that MEL does not possess
electroactivity on gold in the chosen potential range [34] for the
polymerization and its structure was not electrochemically
altered while the polymer was growing around it.

2-MBI exists in two tautomeric forms, the thioketo and
thiolate forms. The thioketo form predominates in acidic solu-
tions, while the thiolate form exists in sufficiently alkaline
electrolytes. Therefore, the anodic peaks observed in the first cycle
at 0.546 V and 0.864 V might be assigned to the electrochemical
oxidation of the thiol group and pyrrole nitrogen respectively
[11,47,49]. The anodic peak at 0.864 V obtained with 2-MBI
accounts for the oxidation of the pyrrole nitrogen that allows the
building of the polymer network [51].

It is thought that the analyte diffusion into polymer film is
slow; an excessively thick layer would not be beneficial for fast
response kinetics. Thus, formation of ultrathin polymer films on
the electrode surface is preferred to improve the sensitivity of the
devices. The thickness of the polymer can be adjusted by
controlling the scan rate and the number of cycles during
electropolymerization [47]. The film formed on the surface of
electrode may be compact and smooth in a slow polymerization
process and become rough and porous with the increase in
growth rate of films [60,61]. It is known that the molecular
template would be entrapped in the polymer firmly and can
hardly be removed, because when the scan rate is lower the
compact PMBI film will be thicker. However, when the scan rate
was too fast, the formed polymerization film would be relatively
porous and thin which is not desirable for subsequent use. In
order to circumvent the problem, we designed the scan rate
relatively high. It was found that the optimized scan rate was
100 mV s�1 [46].

The MEL exhibits p-donor properties, thus, the PMBI is the
expected electron acceptor. The formation of p-donor–acceptor
complexes between MEL and PMBI occurs during the electro-
polymerization on gold. The optimal position of the p-acceptor
sites by subsequent removal of MEL imprint molecules was
applied for the association of the MEL analyte.

3.2. AFM evaluation of MEL MIP PMBI morphology

Fig. 2 shows the two-dimensional (left: A1,B1,C1,D1) and
three-dimensional (right: A2,B2,C2,D2) AFM images which display
surface morphologies of PMBI and MEL copolymer films in
different scan ranges (Upper (A and B): scan size 10 mm�10 mm,
Down (C and D): scan size 80 mm�80 mm), before (A and C) and
after (B and D) remove template molecule. When MEL is removed,
the surface of the MIP film becomes rougher and the thickness of
imprinted films decreased.

3.3. IR of polymer

The structure studies of the MEL MIP PMBI polymer (MEL–
MIP–PMBI) are performed using IR spectroscopy. Fig. 3 shows the
IR spectrum of PMBI–MEL extraction (a), PMBI–MEL (b), 2-MBI
(c) and MEL (d). For MEL (Fig. 3d), the peaks at 3469 cm�1,
3419 cm�1, and 3333 cm�1 represent the vibrating peaks of the –
NH2. For 2-MBI (Fig. 3c), the peak at 3154 cm�1 represents the
vibrating peak of the N–H. Comparison with curves b, c and d
reveals that the peaks become weaker in PMBI (Fig. 3b) because of
the interaction between MEL that acts as electron donor and PMBI
that acts as electron acceptor. The absorption peaks of triazine
ring move from 1652 cm�1, 1552 cm�1, and 1437 cm�1 (Fig. 3d)
toward 1145 cm�1, 1115 cm�1, and 1089 cm�1 respectively in
PMBI–MEL film (Fig. 3b). After removing MEL, the peaks of
triazine ring almost disappeared (Fig. 3a). The IR absorption peaks
of benzene ring around 1465 cm�1 decreased (Fig. 3b) because of
the interaction between MEL and PMBI. After removing MEL, the
peaks of benzene ring increased significantly (Fig. 3a).

3.4. Electrochemical characterization and evaluation of

polymeric film

To characterize the different prepared electrodes, CV and DPV
were performed with supporting electrolytes containing 5mM
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[Fe(CN)6]3�/[Fe(CN)6]4� and 0.1 M KCl in the potential range
from �0.1 to 0.5 V with a scan rate of 50 mV s�1. DPV were
recorded with pulse amplitude 50 mV, and pulse width 50 ms.
Fig. 4 shows a typical comparison of the CV and DPV among the
three types of Au electrode. As we expected, the modification of
Au electrode by PMBI film caused a decrease in peak current. It
indicates that the electrosynthesized polymer was formed on the
surface of Au electrode (shown in Fig. 4(A)b, Fig. 4(B)b).

In fabricating the MIP electrode, MEL was imprinted and
formed specific sites on Au electrode by electrosynthesis of PMBI.
And the amperometric response of the modified electrode
decreased. These results showed that the electron transfer
kinetics of [Fe(CN)6]3�/[Fe(CN)6]4� redox reactions was per-
turbed when the bare Au electrode was modified with PMBI,
confirming that the PMBI was assembled successfully on the gold
surface through Au–S bond.
EIS is an effective method for probing the features of a surface
modified electrode. In the EIS, the semicircle portion at higher
frequencies corresponds to the electron transfer limited process
and the linear portion at lower frequencies may ascribe to
diffusion. The semicircle diameter equals the electron transfer
resistance (Rct) [62], which depends on the dielectric and insulat-
ing features at the electrode/electrolyte interface [63–65].
Fig. 5(a) shows the EIS of the bare Au electrode. Almost straight
lines were exhibited, which were characteristic of a mass diffu-
sion limiting electron transfer process [66,67]. The results showed
faster electron transfer kinetics of [Fe(CN)6]3�/[Fe(CN)6]4� on the
bare Au electrode. After the Au electrode was modified with PMBI
in the presence of MEL (Fig. 5(b)), the impedances were signifi-
cantly enlarged. These results indicate that PMBI membranes
have a larger obstruction effect, which leads to reducing electron
transfer rate or increasing resistance to the flow of electrons.
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When the imprinted PMBI–Au electrode was washed to remove
the template molecule (Fig.5(c)), the semicircle diameter was
much less than that of the Au electrode modified PMBI with MEL
and it was not removed. The reason may be that there were large
numbers of the imprinted cavities of MEL in the imprinted PMBI
membranes, which enhanced the diffusion rate of [Fe(CN)6]3�/
[Fe(CN)6]4� through the PMBI membranes and made it easier for
electron transfer to take place. These results were accordant with
AFM and CV assays as described in detail above.

3.5. Analytical performance

In this study, EIS was employed which is relatively sensitive
compared with conventional CV and DPV. The responses in the
impedance values of the imprinted sensor to 30 mM MEL are shown
in Fig. 6. The impedance of the imprinted sensor increased when
the imprinted electrode was dipped into 30 mM MEL solution at
5 min. The response time was 5 min, and a steady value was
obtained after about 35 min. It was observed that the change of
impedance caused by the addition of MEL was reversible and the
sensor could be revived by immersion into an ethanol:water (4:1)
alkaline solution containing 0.1M NaOH (pH 13) for 20 min.

It is possible that during flash washing of imprinted polymer
electrode, some MEL active pores rupture from the electrode. For
that reason, the modified electrode will lose its stability after
washing 30 times and must be prepared again. However, this
phenomenon did not affect electrode performance toward MEL at
4000
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low concentration. In fact, in each experiment, relative impedance
change is used to determine MEL concentration in the sample
solution.

The values of impedance as a function of MEL concentration are
plotted in Fig. 7 using the data generated after 5 min of incubation.
As at the high concentration range, the impedance tends to be
stable, indicating that the imprinting sites were almost occupied
by MEL molecules. A linear relationship between impedance and
MEL concentration was obtained by covering the concentration in
a large range from 1.0�10�8 to 5.0�10�5 M; the linear regres-
sion equation is Rct (ohm)¼3248.52þ1150.42l g(C/mM), with a
correlation coefficient of 0.9979. The detection limit is calculated
to be 3�10�9 M based on the 3s of the blank signals.

3.6. The selectivity for MEL detection

In order to assess the impedimetric sensor for the analysis of MEL
in dairy products, the interference effects of some substances which
were expected to be present in the dairy samples were examined.
The solutions used for this purpose contained 20 mM MEL and
corresponding interfering species. It showed that, more than 1000-
fold excess of NO3
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Table 1
Determination of MEL in liquid milk, yogurt and milk powder samples.

Sample Added (mM) Found (mM) Recovery (%) RSD (%) (n¼4)

Liquid milk 0 0 – –

2.5 2.30 92 3.1

5.0 4.85 97 4.2

10.0 9.62 96.2 3.0

Yogurt 2.5 2.42 96.8 4.8

5.0 5.15 103 5.2

10.0 9.76 97.6 4.3

Milk powder 2.5 2.62 104.8 4.6

5.0 4.82 96.4 5.3

10.0 10.12 101.2 4.2
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of fructose, borate, lactose, glucose, urea, lysozyme, uric acid,
VB1, VB2, VB6, VC barely interfere in the determination of MEL.
The results indicate that the MIP impedimetric sensor exhibits
good selectivity toward MEL. In addition, we also analyzed the
selectivity pattern of the nonimprinted electrode. An increase in
concentrations of MEL did not lead to a significant change in the
response. Thus, satisfactory selectivity of MEL was obtained by
such a kind of sensor.

3.7. Reproducibility, repeatability and stability

To test the reproducibility of the proposed technique, four MIP
impedimetric sensors were constructed under identical experi-
mental conditions. For 30 mM MEL, relative impedance change
was obtained by using each of the MIP impedimetric sensors. The
standard deviation of the response obtained did not exceed 5%.
The repeatability of the sensor was also investigated for 30 mM
MEL. The calculated RSD was about 3.8% (n¼8). The sensor can
retain its properties for 3 weeks if stored in air at room
temperature. The impedance change upon interaction with
30 mM MEL decreased by about 30% after 1 month of storage. If
the sensor is stored in air, the sensors may suffer from contam-
ination which can accumulate over the MEL sites. So it should be
stored in a sealed preserving condition at ambient temperature,
and washed by ethanol:water (4:1) alkaline solution containing
0.1 M NaOH (pH 13) before use.

3.8. Sample analysis

To assess impedimetric sensors applicability, the proposed
method was applied for the analysis of MEL in liquid milk, yogurt
and milk powder samples. The concentration of MEL was
calculated by the standard addition method. The recovery rate
of the MIP sensor is less, 75% (Table 1). Good relative standard
deviations (RSDs) of 3.1–5.3% and recoveries of 92–101.2% were
obtained. Thus, this proposed method shows potential application
for the determination of MEL in dairy products.

To further investigate the performance of the proposed sensor,
we compared the results with other methods in Table 2. It can be
seen that the sensor exhibits remarkable advantages, such as
higher sensitivity, wider linear range and lower detection limit. It
is noticed that the recovery obtained in this method provides the
requirements for determination of MEL in real samples.
4. Conclusions

A novel electrochemical sensing strategy for sensitive detec-
tion of MEL was developed. The new method relies on the p-
donor–acceptor interactions between MEL and PMBI. The



Table 2
Comparison of the proposed sensor for MEL detection with other methods.

Methods Linear range LOD Recovery References

Impedimetric sensor 1.0�10�8–5.0�10�5 3.0�10�9 92–101.2% This work

LC-UV and GC-MSD – 10 ppb 92% and 95% [6]

DAPCI-MS 10�3–10,000 mg kg�1 3.4�10�15 g mm�2 87–113% [16]

HPLC – 5 mg g�1 8174% [10]

Electrochemical sensor 3.9�10�8–3.3�10�6 M 9.6�10�9 M 95% [32]

LC/MS – 0.008 mg kg�1 98.9% [68]

Ion-pair LC-ESI-MS/MS 0.5–100 ng mL�1 0.01 mg kg�1 86–89% [69]

GC–MS and UPLC-MS/MS 1–1000 mg L�1 and 5–1000 mg L�1 10 and 5 mg kg�1 85.2–103.2% [70]

GC/MS 0.05–2 mg kg�1 0.01 mg kg�1 93.9–102% [71]
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imprinted film provided perfect imprinting and impedance per-
formance. The tailor-made cavities formed in the imprinted film
showed good selectivity toward MEL. The reproducibility, repeat-
ability and stability of the MIP impedimetric sensor were all
found to be satisfactory. The sensing strategy was applied to
determine MEL in milk products with satisfying results, which
makes great sense in practical detection. In addition, the fabrica-
tion procedure was very simple. Compared with other techniques,
this method has highly selective separation and enrichment of
trace analyte, and has low detection limit down to 3.0�10�9 M,
which implies that it will have a potential application to monitor
nonelectrochemically active substances in complicated real sam-
ples in the future.

The new scheme has many advantages for the following
reasons: (1) MEL can be absorbed selectively on MIP and the
specific binding property greatly improves the selectivity and
sensitivity of MEL analysis. (2) When the MEL was reunited in the
MIP site, the sensor could be washed with ethanol and double-
distilled water carefully to remove the possible adsorptive sub-
stances on the electrode surface. (3) The MIP composites system
can serve as effective matrices for fast solid phase extraction of
the target from analyte samples. (4) Desorption of the analyte at
MIP composites can be readily revived by ethanol:water (4:1)
alkaline solution containing 0.1 M NaOH (pH 13). (5) It is possible
that both extraction and EIS detection can be carried out at the
same MIP composites.
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