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A novel and selective electrochemical sensor was successfully developed for the determination of sucrose by
integrating electropolymerization of molecularly imprinted polymer with multiwall carbon nanotubes. The
sensor was prepared by electropolymerizing of o-phenylenediamine in the presence of template, sucrose,
on a multiwall carbon nanotube-modified glassy carbon electrode. The sensor preparation conditions including
sucrose concentration, the number of CV cycles in the electropolymerization step, pH of incubation solution,
extraction time of template from the imprinted film and the incubation time were optimized using response
surface methodology (RSM). A mixture of acetonitrile/acetic acid was used to remove the template.
Hexacyanoferrate(II) was used as a probe to characterize the sensor using electrochemical impedance spectros-
copy, cyclic voltammetry and differential pulse voltammetry. Capturing of sucrose by the modified electrode
causes decreasing the response of the electrode to hexacyanoferrate(II). Calibration curve was obtained in the
sucrose concentration range of 0.01–10.0 mmol L−1 with a limit of detection 3 μmol L−1. This sensor provides
an efficient way for eliminating interferences from compounds with similar structures to sucrose. The sensor
was successfully used to determine sucrose in sugar beet juices with satisfactory results.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Molecular imprinting methods are becoming more commonly
accepted as a useful technique for the creation of highly efficient syn-
thetic molecular receptors [1–3]. The possibility of tailor made, highly
selective artificial receptors at low cost with high reliability, stability
and good mechanical, thermal, and chemical properties makes these
synthetic materials appear as ideal chemoreceptors in many scientific
and technical fields [4–6]. The general principle of molecular imprint-
ing is based on a process where target analyte acts as molecular tem-
plate is combined with functional monomers and form molecularly
imprinted polymers (MIPs). After removing the template molecule
from the polymer, the cavities that match the target molecules in
size and shape are formed in MIPs, which could selectively recognize
template molecule [7–9].

The sensitivity of the imprinted sensor is controlled by the amount
of effective binding sites in themolecularly imprinted polymers. Thus,
for selective sensing thick polymer matrices are required. On the
other hand, thick imprinted membranes can lead to slow diffusion
of the analytes to the binding sites and to inefficient exchange be-
tween the imprinted sites and the analytes. The use of various
nanoparticles at the surface of the electrode provides a higher surface
area and thus increases the amount of effective binding sites. In
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addition, combining of nanoparticles with MIPs enhances the intensi-
ty of the electrochemical signal and improves the sensitivity of the
sensor [10,11].

For the preparation of MIPs-based sensor, the molecularly
imprinted membranes can be synthesized at the electrode surface
by electropolymerization technique. Comparing with other tech-
niques, the advantages of electropolymerization are (1) the genera-
tion of a rigid, uniform and compact molecularly imprinted layer
with good adherence to a transducer surface of any shape and size
and (2) the thickness and density of the polymer layer which could
be easily controlled (e.g., using suitable applied voltage, the number
of CV cycles) [12,13].

o-Phenylenediamine (o-PD) functional monomer is a suitable
monomer for molecular imprinting because it grows to form compact
polymer films, which offer hydrophilic, hydrophobic, basic, and other
recognition sites. Meanwhile, these films can be made thin and contin-
uous, which required to afford a short response time of a sensor [14].

Sucrose commonly known as table sugar comes from plant sources.
Sugar beets and sugarcane are the two important sugar crops in which
sugar can account for 12–20% of the plants (by dry weight). Several
methods including colorimetry, fluorometry, calorimetry, polarimetry,
spectrophotometry, gas chromatography–mass spectrometry and high
performance liquid chromatography have been developed for the
determination of sucrose. These methods, however, are expensive, are
time consuming and/or sometimes require highly qualified technicians
[15–19]. Compared with the methods mentioned above, chemosensors
3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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have the characteristics of simplicity, low cost, accuracy, sensitivity and
high stability. In spite of sucrose abundance in the vegetable world, a
few papers have reported using chemosensors to determine sucrose
[20–30]. Among these papers, there are only two reported papers
using MIP-based sensors for determination of sucrose. Kirk et al. intro-
duced MIP-based sensor for sucrose detection. They imprinted sucrose
with methacrylic acid and ethylene glycol dimethacylate from aqueous
batch rebinding [26]. Their method for the preparation of MIP-based
sensor is complicated and time-consuming, and needs cross-linker
and initiator (in addition to the monomer and template). Okutucu and
Önal [28] aimed to synthesize the covalently imprinted sucrose–
phenylboronic acid polymer. But sucrose did not form a complex with
boronic acid.

To date, no research has been reported on using an electrochemi-
cal sensor based on molecularly imprinted o-PD film for sucrose
detection at the surface of glassy carbon electrode (GCE) modified
with multiwall carbon nanotubes (MWCNTs). Response surface
methodology (RSM) is a mathematical tool, which can help in arriv-
ing at optimum conditions for a reaction with minimum number of
experiments to obtain statistically acceptable results. RSM enables
evaluation of the effects of multiple parameters, alone or in combina-
tion on response variables and also predicts their behavior under
given sets of conditions [31]. The objective of this study was to opti-
mize the variables of the MIP-based sensor fabrication by RSM for
achieving the best response of the sensor to sucrose. The sensor was
studied with respect to its response to hexacyanoferrate(II) as a
probe using electrochemical impedance spectroscopy, cyclic voltam-
metry and differential pulse voltammetry. Capturing of sucrose by
the modified electrode causes decreasing the response of the elec-
trode to hexacyanoferrate(II). Sucrose as low as 3 μmol L−1 could
be detected. This sensor provides an efficient way for eliminating in-
terferences from compounds with similar functional groups to that of
sucrose. The sensor was successfully applied to determine sucrose in
sugar beet juices.

2. Material and methods

2.1. Chemicals

All chemicals and reagents used were of analytical grade and used
without further purification. All solutions were prepared with dis-
tilled water.

Sucrose, glucose, fructose, raffinose, dimethylformamide, o-phen-
ylenediamine, phosphoric acid, acetic acid and acetonitrile were pur-
chased from Merck. MWCNTs (with the purity of 95%) were bought
from Iran's Research Institute of Petroleum Industry with average
thicknesses of about 40 nm.

2.2. Apparatus

Cyclic voltammetry (CV), electrochemical impedance spectrosco-
py (EIS), and differential pulse voltammetry (DPV) were performed
in an analytical system in which Autolab PGSTAT 12, potentiostat/
galvanostat has been connected to a three-electrode cell, Metrohm
Model 663 VA stand. The system was run on a PC using GPES and
FRA 4.9 software package (Eco Chemie, The Netherlands). A conven-
tional three-electrode cell assembly consisting of a platinum wire as
an auxiliary electrode and an Ag/AgCl (KClsat) electrode as a reference
electrode was used. Glassy carbon electrode coated with MWCNTs
and modified with molecularly imprinted polymer (MIP/MWCNTs/
GCE) or modified with non-imprinted polymer (NIP/MWCNTs/GCE)
was used as working electrodes. The CVs were achieved under a po-
tential window of −0.10 V to 0.50 V with a scan rate of 50 mV s−1.
The DPV was obtained from −0.10 V to 0.50 V (using pulse ampli-
tude of 50 mV, a modulation time of 0.05 s, and a step potential of
8 mV). For impedance measurements a frequency range of 100 kHz
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to 0.05 Hz was employed. The AC voltage amplitude and the potential
were 5.0 mV and 0.20 V, respectively. All of electrochemical experi-
ments were carried out at room temperature.

Scanning electron microscope (SEM) images were obtained with
scanning electron microanalyzer (Ziess, UK). The solution pH was
measured using a Metrohm (Model 827 pH − lab) pH meter.

All the experimental data were statistically analyzed by Minitab
software, version 14.0.

HPLC was carried out with a Knauer high-performance liquid
chromatographer (HPLC) equipped with a Smartline pump 1000,
and a Smartline 2300 RI detector. Nucleosil 100-5 NH2 silica gel col-
umn (250 mm × 4.6 mm) with precolumn was used. The separations
were carried out with acetonitrile/water (75:25 v/v) as a mobile
phase at a flow rate of 1 mL min−1.

2.3. Fabrication of the imprinted electrode

MWCNTs functionalized with carboxylic group were prepared as
follows: 0.50 g of the MWCNTs was added into a glass reactor includ-
ing 60 mL of 3.0 mol L−1 HNO3. This mixture was refluxed for 20 h at
80 °C and then cooled, filtered andwashed several timeswith distilled
water to neutrality and dried at room temperature. The prepared func-
tionalized MWCNTs were used as a base for the configuration of the
polymer on the surface of GCE. The surface of GCE was polished with
0.05-μm alumina powders for 3 min at polishing cloth and rinsed
with distilled water. Then it cleaned ultrasonically into ethanol:
water solution (1:1) for 1 min to remove any particles that might be
attached at the surface and allowed to dry at room temperature.

For preparation ofMWCNTs/GCE, 5.0 mg of functionalizedMWCNTs
powder was dispersed in 2.5 mL of dimethyl formamide and ultra-
sonicated for 5 min. 3.0 μL of the mixture was dropped onto the GCE
surface, followed by the evaporation of solvent and shaped MWCNTs
on the electrode surface. Subsequently, the MWCNTs/GCE was im-
mersed into an acetic acid/acetate buffer solution (pH 5.2) containing
5.0 mmol L−1 o-PD and various concentrations of sucrose. Then, it
was electrochemically polymerized via cyclic voltammetry (25 cycles)
scans in the potential window of −0.40 to 1.00 V at a scan rate
50 mV s−1 for various cycles. To remove the sucrose template from
the imprinted film, the resulting electrode was dipped into a mixture
of acetonitrile/acetic acid (5:1 v/v) for various periods of time under
mild stir. Then, it was washed with distilled water and dried at room
temperature. So, MIP/MWCNTs/GCE was prepared. As a control, to pre-
pare non-molecularly imprinted polymer (NIP/MWCNTs/GCE) the
above procedure was used without adding sucrose.

2.4. Verification of the imprinting effect

The interaction between sucrose and MIP/MWCNTs/GCE or NIP/
MWCNTs/GCE was evaluated by incubating the modified electrode
in 0.1 mol L−1 phosphate buffer solution (with different pH values,
to study the pH effect) containing appropriate concentration of su-
crose for various times under stirring. Then, the electrode was dipped
into a mixture of water/acetonitrile/acetic acid (88:10:2 v/v) for 30 s
and it was washed with water to remove the possible adsorptive
substances on the modified electrode surface. After that the electro-
chemical measurements were performed in a solution including
5.0 mmol L−1 hexacyanoferrate(II) in 0.1 mol L−1 KCl as a probe in
phosphate buffer solution at pH 6.8 [32]. The MIP/MWCNT/GCE or
NIP/MWCNT/GCE can be used again after elimination of the template
with acetonitrile/acetic acid (5:1). Then, the recovered electrode was
engaged to the consequent rebinding.

2.5. Experimental design

A statistical method, central composite designs (CCD), was adopted
to optimize the MIP electrode preparation conditions for themaximum
3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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Table 2
Responses of the dependent variables to independent variables.

Experiment
no.

Variable levels Responses (μA)

X1 X2 X3 X4 X5 Experimental Predicted

1 3.7 15 8 16 2 3.2 4.7
2 2.5 25 7 20 3 27.3 25.1
3 2.5 25 7 12 1 20.9 17.9
4 1.3 35 6 8 2 21.5 22.0
5 1.3 35 8 16 2 23.4 23.4
6 1.3 35 6 16 4 22.4 22.5
7 1.3 15 6 16 2 9.7 11.0
8 2.5 25 7 12 3 28.2 27.7
9 3.7 35 8 8 2 20 21.7
10 0.1 25 7 12 3 19.5 18.6
11 2.5 25 7 4 3 29.3 25.0
12 3.7 35 6 8 4 21.5 23.3
13 3.7 15 6 16 4 7.2 9.9
14 2.5 25 7 12 3 26.3 27.7
15 1.3 15 8 16 4 3 4.4
16 1.3 15 6 8 4 11.3 13.3
17 2.5 25 7 12 3 26.7 27.7
18 2.5 5 7 12 3 −3 −8.8
19 2.5 25 9 12 3 20.1 16.9
20 3.7 15 6 8 2 3 6.1
21 3.7 15 8 8 4 15.4 18.5
22 3.7 35 8 16 4 25.8 27.1
23 2.5 45 7 12 3 22.5 21.9
24 2.5 25 7 12 3 26.8 27.7
25 4.9 25 7 12 3 28.4 22.7
26 2.5 25 7 12 3 25.8 27.7
27 1.3 35 8 8 4 25 25.6
28 2.5 25 7 12 3 26.3 27.7
29 2.5 25 5 12 3 22.4 19.0
30 1.3 15 8 8 2 −3.7 −1.8
31 2.5 25 7 12 5 29.4 25.9
32 3.7 35 6 16 2 23.4 24.6
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response of MIP/MWCNTs/GCE to sucrose. Sucrose concentration X1

(mmol L−1); the number of CV cycles in electropolymerization X2; pH
of phosphate buffer as an incubation solution, X3; extraction time of
the template from the imprinted film X4 (min), and X5 incubation
time (min) were used as the variables to maximize the response
(maximum net oxidation peak current of the probe after incubation of
MIP/MWCNTs/GCE in a solution of 5.0 mmol L−1 sucrose in the phos-
phate buffer). The experimental design included 32 experiments of
five variables at five levels (−2, −1, 0, +1, +2). Table 1 gives the
range of the employed variables. The actual set of the experiments
performed (experimental runs 1–32) and the net oxidation peak cur-
rent of the probe after incubation are shown in Table 2. A second-
order polynomial equation was developed to study the effects of the
variables on the sensor response. The equation indicates the effect of
the variables in terms of linear, quadratic, and cross product terms:

Y ¼ β0 þ ∑βiXiþ ∑βiiXi2 þ ∑βijXiXj ð1Þ

where, Y is the net oxidation peak current of the probe after incubation
in sucrose solution (μA), Xi and Xj are the levels of the variables, β0 is
the constant term, βi is the coefficient of the linear terms, βii is the
coefficient of the quadratic terms and βij is the coefficient of the
cross-product terms. The graphical representations of the above equa-
tion in the form of surface plots were used to describe the individual
and cumulative effects of the test variables on the response of the
sensor.

2.6. RP-HPLC analysis

The samples were diluted in water, filtered, and 20 μL of the solu-
tion was injected. Comparing the retention time with those of sucrose
standard did the peak identification.

2.7. Real sample preparation

Raw juice and thick juice obtained from sugar beet were taken
from the Isfahan Sugar Company. For measuring sucrose in the juices,
10 μL of each sample was diluted to 10 mL with the phosphate buffer
solution (pH 7.0). The MIP/MWCNTs/GCE was incubated in diluted
juices for 5 min to adsorb the sucrose and then it was dipped into a
mixture of water/acetonitrile/acetic acid (88:10:2 v/v) for 30 s, then
it was washed with water. DPV was applied using the MIP/
MWCNTs/GCE in hexacyanoferrate(II) (as a probe) to determine the
peak current.

3. Results and discussion

3.1. Characterization of the imprinted sensor

During the electropolymerization of o-PD, sucrose template mole-
cules were trapped in the polymer matrix. Sucrose is a molecule with
hydroxyl functional groups. The oxygen in the sucrose molecules
would interact with hydrogen of amino groups in the polymer across
hydrogen bond. This complex defined the size and orientation of the
chemical functions of the imprinted cavity, which could cause the
Table 1
Experimental range and values of the independent process variables.

Independent variables Symbols Range and levels

−2 −1 0 1 2

Sucrose concentration (mmol L−1) X1 0.1 1.3 2.5 3.7 4.9
Number of CV cycles X2 5 15 25 35 45
Phosphate buffer pH X3 5 6 7 8 9
Extraction time of template (min) X4 4 8 12 16 20
Incubation time (min) X5 1 2 3 4 5
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specific cavity to sucrose after removal of the template in terms of
its shape and size as well as complimentary functionality.

A typical cyclic voltammogram recorded during the electro-
polymerization in the presence of o-PD and sucrose on MWCNTs/
GCE is shown in Fig. 1. With formation of the polymer film onto the
MWCNTs/GCE surface, the peak current dropped with each scan. No
considerable difference was observed between the cyclic voltam-
mograms obtained during the electropolymerization in the presence
(Fig. 1) and in the absence of sucrose (Fig. 1, inset), which can be
due to the fact that sucrose did not have any electroactivity on
MWCNTs/GCE. As a result, the structure of sucrose was not electro-
chemically changed in the polymerization process.

Sucrose could not be determined by direct method using the MIP/
MWCNTs/GCE due to not producing oxidation peak through the MIP/
MWCNTs/GCE in the phosphate buffer. Indirect method was therefore
used for the determination of sucrose. In the indirect method, phos-
phate buffer solution (pH 6.8) containing hexacyanoferrate(II),
performed as an electrochemical probe was used as the mediator
between the MIP/MWCNTs/GCE and sucrose solution. When the
MIP/MWCNTs/GCE was incubated in sucrose solution, the cavities in
the imprinted film were occupied by sucrose, which could lead to
the decrease of current signal produced by the probe. The higher
the concentration of sucrose, the lower the probe current.

Surface morphology and microstructure of a sensor greatly affect
its performance. The morphological structure of the modified elec-
trode was tested by SEM. Fig. 2 shows the SEM image of MIPs/
MWCNTs. It was obvious from the image that after the electro-
polymerization of the MIP, the size of network structure indicates
the formation of the MIP on the surface of MWCNTs.

In order to further characterize the prepared sensor, cyclic
voltammograms of the stepwise fabrication procedure were recorded
in the presence of hexacyanoferrate(II) in 0.1 mol L−1 KCl as a probe.
As shown in Fig. 3, the current of the bare GCE (Fig. 3a) was lower
3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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Fig. 1. Cyclic voltammograms for the electrochemical polymerization of 5.0 mmol L−1

o-PD containing 2.5 mmol L−1 sucrose at MWCNTs/GCE in acetate buffer solution
(pH 5.2). Conditions: scan rate, 50 mV s−1; number of cycles, 25. Inset is the electro-
chemical polymerization in the absence of sucrose as the same mentioned conditions.

Fig. 3. Cyclic voltammograms of 5.0 mmol L−1 hexacyanoferrate(II) and 0.1 mol L−1

KCl at: a bare GCE; b MWCNTs/GCE; c MIP/MWCNTs/GCE; d MIP/MWCNTs/GCE after
extraction of sucrose from polymeric film; and e the same electrode as (d) after
5 min incubating in 5 mmol L−1 sucrose solution. Conditions: potential scan range,
0.00 to 0.50 V; scan rate, 50 mVs−1 in phosphate buffer solution (pH 6.8).

4 H. Shekarchizadeh et al. / Materials Science and Engineering C xxx (2013) xxx–xxx
than the MWCNTs/GCE (Fig. 3b). This is due to increasing of the
surface area of MWCNTs/GCE by depositing of MWCNTs on the sur-
face of the GCE. After the electropolymerization and configuration of
imprinted o-PD polymer film on the MWCNTs/GCE surface, the pair
of redox peaks of the probe disappeared (Fig. 3c), which indicated
that polymeric o-PD film was not conductive and hindered probe
access to electrode surface. By removing the template from the elec-
trode, the redox peak of the probe was appeared again (Fig. 3d).
After extraction of the template molecules, several channels were cre-
ated that the probe could pass through. Incubation of MIP/MWCNTs/
GCE in sucrose solution caused diminishing of the redox peak of the
probe (Fig. 3e), which could be ascribed to bind of sucrose molecules
to the cavities of MIP/MWCNTs/GCE. The channels are thus blocked to
the arrival probe.

Response of NIP/MWCNTs/GCE to sucrose was also investigated
using cyclic voltammetry (results are not shown). Compared with
the MIP/MWCNTs/GCE, the NIP/MWCNTs/GCE exhibited an erratic
response with low reproducibility. Its response to sucrose was
lower than MIP/MWCNTs/GCE, which can be explained by the lack
of specific binding site and cavities of the NIP film.

Electrochemical impedance spectroscopy was also used to study
the characteristics of the imprinted sensor. In the EIS, The semicircle
diameter of Nyquist plot corresponds to the electron transfer limited
process and the diameter is equivalent to the electron transfer resis-
tance (Rct). Fig. 4 showed the results of EIS of the bare GCE (a),
MWCNTs/GCE (b), MWCNTs/GCE after electropolymerization (c),
MIP/MWCNTs/GCE (d), and MIP/MWCNTs/GCE after sucrose adsorp-
tion (e) in the presence of 5.0 mmol L−1 hexacyanoferrate(II) in
Fig. 2. SEM image of MIPs/MWCNTs.
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0.1 mol L−1 KCl, respectively. The EIS of the MWCNTs/GCE exhibited
an almost straight line, which represents Warburg resistance and
the diffuse limiting step of the electrochemical processes. After poly-
merization of o-PD on the surface of the electrode, an obvious interfa-
cial Rct was observed. Imprinted polymeric film formed an insulating
layer on the electrode surface and obstructed the electron-conductor
of the electrolyte. The Rct of MIP/MWCNTs/GCE was decreased obvi-
ously due to extraction of sucrose from the imprinted polymer,
which makes the electron-transfer easier. However, adsorption of
sucrose to the MIP/MWCNTS/GCE surface increased the Rct of the
electrode. It demonstrated that when sucrose is rebound, a compact
film appears on the surface of electrode, hindering the electron
transfer.

3.2. Analysis of the model

The number of experiments required to investigate the five
variables, each at three levels, would be 243 (35). However, this
was reduced to 32 using a CCD statistical method. The results from
this limited number of the experiments provided a statistical model,
which was used to identify the trends for maximum MIP/MWCNTs/
GCE response to sucrose.

The net oxidation peak current of the probe after incubation in
5.0 mmol L−1 sucrose solution obtained from all the experiments is
listed in Table 2. The predicted response values slightly deviated
from the experimental data. Multiple regression coefficients were
Fig. 4. EIS obtained for (a) bare GCE; (b) MWCNTs/GCE; (c) MWCNTs/GCE after
electropolymerization; (d) MIP/MWCNTs/GCE; and (e) MIP/MWCNTs/GCE after sucrose
adsorption in the presence of 5.0 mmol L−1 hexacyanoferrate(II) in 0.1 mol L−1 KCl.

3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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Table 3
Analysis of the variance (ANOVA) for the fit of the experimental data to response sur-
face model.

Source Degree of
freedom

Adjusted sum
of squares

Adjusted mean
squares

F-value P-value

Regression 20 2764.78 138.239 7.68 0.001b

Linear 5 1552.83 310.566 17.25 0.000a

Square 5 1003.07 200.614 11.14 0.001b

Interaction 10 208.88 20.888 1.16 0.403NS

Residual error 11 198.09 18.008 – –

Lack-of-fit 6 194.70 32.450 47.89 0.000a

Pure error 5 3.39 0.678 – –

Total 31 – – – –

NS: not significant at P > 0.1.
a: Significant at P b 0.001.
b: Significant at P b 0.01.
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obtained by employing a least squares technique to predict a second-
order polynomial model for the net oxidation peak current of the
probe after the incubation. The significance of each coefficient was
determined by F-value and P-value. The corresponding P-values
Fig. 5. The contour plots; (a) mutual effect of sucrose concentration and number of CV cyc
effect of sucrose concentration and extraction time and (d) mutual effect of sucrose concen
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of less than 0.1 suggested that, among the test variables used in
this study, X2 (number of CV cycles), (X5) (incubation time), (X1)2

(sucrose concentration × sucrose concentration), (X2)2 (number of
CV cycles × number of CV cycles), (X3)2 (phosphate buffer pH ×
phosphate buffer pH), (X5)2 (incubation time × incubation time),
and X4X5 (extraction time × incubation time) are significant model
terms for the oxidation peak current of the probe after the incubation.
Other terms are insignificant. The coefficients of independent vari-
ables determined for the second-order polynomial model for the net
oxidation peak current of probe after incubation are given below:

Y ¼ 27:7602 þ 15:4083X2 þ 4:0083X5– 7:0409X1
2
– 21:2409X2

2

– 9:7409X3
2
– 5:8409X5

2
– 8:4250X4X5: ð2Þ

The analyses of the variance and error for the response surface
model are given in Table 3. These results show that the model is
significant at P b 0.01, the linear term is significant at P b 0.01 and
the square term is significant at P b 0.001. The interaction terms
are not significant. The lack-of-fit or adequacy test is significant at
les, (b) mutual effect of sucrose concentration and pH of phosphate buffer, (c) mutual
tration and incubation time on the response of MIP/MWCNTs/GCE to sucrose.

3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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P b 0.001 showing the adequacy of the quadratic model selected. The
plots of the quadratic model with three variables kept at constant
level and the other two varying with the experimental ranges are
shown in Figs. 4–6.

3.3. Optimization of the variables

The quantity and quality of the MIP recognition sites are a direct
function of themechanisms and extent of themonomer template inter-
actions present in thematrix. To determine the best concentration ratio
between the monomer and the template, the filmswere grown in solu-
tions of constant concentration of o-PD (5.0 mmol L−1) and varying
sucrose concentrations in the range of 0.1–4.9 mmol L−1. The contour
plots (Fig. 5) indicate that at a concentration of around 2.5 mmol L−1,
the maximum response was obtained with the other variables at con-
stant levels. The response of the MIP/MWCNTs/GCE was found to in-
crease with increasing sucrose concentration up to 2.5 mmol L−1.
There was a decrease in the response of MIP electrode above this
sucrose concentration. When the concentration of sucrose was less
than 2.5 mmol L−1, the number of o-PD was too much and it occupied
Fig. 6. The contour plots; (a) mutual effect of number of CV cycles and pH of phosphate buffe
number of CV cycles and incubation time on the response of MIP/MWCNTs/GCE to sucrose
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the surface area of the electrode and limited the quantity of available
binding sites. Excessive monomer also caused difficulties in template
removal and therefore comprises a diffusion barrier in the imprinted
film system, thus limiting the transduction signal [1]. The great number
of specific cavities for sucrosewas generated using higher concentration
of the template. However, very high concentrations of the template
caused decreasing the selectivity of the sensor. Becauseof this limitation,
sucrose concentration of 2.5 mmol L−1 was selected because of the
highest response of the MIP electrode to sucrose.

The preparation of MIP film is very important to the sensitivity and
stability of the sensor. The amount of the imprinted molecule is depen-
dent on the thickness of the polymer film, which can be adjusted by
controlling the number of CV cycles during the electropolymerization.
Contour maps (Figs. 6(a–c) and 5(b)) show the effect of the number
of CV cycles with the interaction of the other reaction parameters on
the response of the MIP/MWCNTs/GCE to the sucrose. Its effect is
found to be considerable to obtain the maximum response. The re-
sponse of the MIP electrode to sucrose was found to increase with
increasing the number of cycles up to 25–30. Higher number of cycles
lead to more extensive electropolymerization, and therefore to the
r, (b) mutual effect of number of CV cycles and extraction time and (c) mutual effect of
.
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formation of ticker sensingfilmwith less accessible imprinted sites [33].
In the same way, the template molecule, which situated at the central
area of the thick polymer matrix, could not be completely removed
from the polymer and caused lower response.

The contour plots (Figs. 5(b), 6(a), and 7(a, and b)) show the
effect of pH of phosphate buffer used to prepare sucrose solution,
with other reaction parameters at varied levels on the response of
MIP/MWCNTs/GCE to sucrose. The maximum response of the sensor
was obtained at pH around 7.0 with other variables at their constant
values. The sensor response was dependent on the pH of analyte
solution. The response of sensor to sucrose increased from pH 5.0–
7.0, and then decreased from 7.0 to 9.0. It can be concluded that the
adsorption of sucrose to MIP/MWCNTs/GCE was the highest at neu-
tral pH, while at more acidic and basic pH the adsorption decreases.
At the basic buffer solutions, the nitrogen atom in the poly o-PD poly-
mer binding side is deprotonated, and would not be capable of
forming hydrogen bonds with the sucrose molecules and therefore
binding them. Under acidic conditions, the binding site in poly o-PD
becomes protonated (at the amine nitrogen atom). No interaction
or binding is expected between the protonated o-PD and sucrose.
Fig. 7. The contour plots; (a) mutual effect of pH of phosphate buffer and extraction time, (b
extraction time and incubation time on the response of MIP/MWCNTs/GCE to sucrose.

Please cite this article as: H. Shekarchizadeh, et al., Mater. Sci. Eng., C (201
Manymethods can be used to remove the template in the imprint-
ing polymer. Extraction with a solvent is the most commonmethod. A
solvent can strongly interacts with the polymer, making it ready for
template cleaning. In this study, pure water, NaOH solution, phos-
phate buffer, methanol/water mixture and acetonitrile/acetic acid so-
lution were each applied to remove the template. The results showed
that acetonitrile/acetic acid (5:1) solution could extract the template
most quickly and completely. To optimize the extraction time of the
template, different times (4–20 min) were applied. The contour
maps (Figs. 5(c), 6(b) and 7(a, and c)) show the effect of the extrac-
tion time with the interaction of the other reaction parameters on the
response of MIP/MWCNTs/GCE. These plots show that the extraction
time could affect the response of the sensor by considering other
reaction conditions variations especially incubation time variations.
By considering the other variables at their optimum values, it can be
concluded that applying 12 min extraction time causes maximum
sensor response.

The incubation time of the template extracted is another important
factor for the performance of the imprinted sensor. The contour plots
(Figs. 5(d), 6(c), and 7(b, and c)) show the effect of the incubation
) mutual effect of pH of phosphate buffer and incubation time and (c) mutual effect of

3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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Table 4
Determination of sucrose in sugar beet juice samples.

Added
(mmol L−1)

Found by the sensora

(mmol L−1)
Recovery
(%)

HPLC method
(mmol L−1)

Raw juice _ 0.42(±0.05) _ 0.44(±0.07)
1.96 2.26(±0.06) 94 _
2.91 3.30(±0.06) 98 _

Thin juice _ 0.83(±0.04) _ 0.80(±0.06)
2.91 3.62(±0.09) 96 _
3.84 4.90(±0.07) 106 _

Thick juice _ 1.79(±0.02) _ 1.75(±0.12)
2.91 4.61(±0.05) 97 _
3.84 5.82(±0.12) 105 _

Molasses 1.27(±0.07) 1.23(±0.10)
0.99 2.25(±0.09) 99 _
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time with other variables at varied levels on the response of MIP/
MWCNTs/GCE to sucrose. The results indicate that by increasing the
incubation time, the net oxidation peak current of the probe increased
up to 5 min as an incubation time. By increasing the incubation time
the cavities were gradually blocked by the sucrose molecules and
the net oxidation peak current increased [32].

Optimization of the preparation of MIP/MWCNTs/GCE showed
that all variables had their effect on the response of the sensor to
sucrose individually and in association with the other variables. The
model predicted that the sucrose concentration, 2.5 mmol L−1; num-
ber of CV cycles, 25; phosphate buffer pH, 7.0; extraction time,
12 min; and incubation time of 5 min to be the optimum conditions
to achieve the maximum response of the sensor to sucrose.
1.96 3.19(±0.12) 98 _

a In 1000-fold diluted sample.

4. Analytical performance

To investigate the practical applications of the prepared sensor to
sucrose determination, the dependence of the net oxidation peak
current of the probe on the concentration of sucrose was examined
under the optimized conditions. DPV was used to determine the
dependence of the oxidation peak current of the probe versus differ-
ent sucrose concentrations at the surface of MIP/MWCNTs/GCE. The
corresponding calibration curve is presented in Fig. 8. The net cur-
rents (ΔI) were linearly increased with the sucrose concentration in
the tow ranges of 0.01–2.5 and 2.5–10.0 mmol L−1 with regression
equations of ΔI (μA) = 8.71C (mmol L−1) + 4.35 (R2 = 0.990) and
ΔI (μA) = 1.68C (mmol L−1) + 21.76 (R2 = 0.999), respectively.
The response is then saturated at the higher sucrose concentration
of about 15 mmol L−1. The limit of detection based on S/N = 3 was
3 μmol L−1 sucrose.

To determine the repeatability of MIP/MWCNTs/GCE responses to
sucrose, a 5.0 mmol L−1 sucrose solution was analyzed eight times.
The relative standard deviation (RSD) was 1.5%, indicating that the
sensor had a good repeatability. The reproducibility of the sensor was
investigated by the fabrication of eight MIP/MWCNTs/GC electrodes
under the same conditions and their responses to 5.0 mmol L−1

sucrose had a RSD of 2.6%, confirming that the fabrication method was
reproducible.

MIPs have specific selectivity towards the template molecule. To
verify the specificity of the fabricated sensor towards sucrose, differ-
ent compounds existing in sugar beet juices with similar structure
to sucrose including raffinose, kestose, glucose, and fructose were
added (100-fold of them) into the sucrose solution. The result solu-
tion was then analyzed to find the sucrose, using the proposed sensor.
The results showed that 100-fold of raffinose and kestose had no
interference, which is due to their larger size than sucrose and thus
Fig. 8. Calibration curve corresponding to the response of the MIP sensor to the
concentration of sucrose.

Please cite this article as: H. Shekarchizadeh, et al., Mater. Sci. Eng., C (201
cannot enter into the imprinted film. Comparatively 10-fold of
glucose and fructose had no interference effect, which may be
explained by the fact that these compounds are smaller than sucrose
in molecular size and have some chances of approaching the
imprinted sites.

The influence of various substances co-existing with sucrose in
sugar beet juices as potential interferences compounds on the deter-
mination of sucrose was studied under the optimum conditions. The
tolerance limit was defined as the maximum concentration of the
interfering substance that caused an error less than ±5% for the
determination of sucrose. 100-fold of them were added to a sample
solution containing sucrose. The results showed that 100-fold of real
concentrations of hydrochloric acid, sulfuric acid, citric acid, oxalic
acid, formic acid, lactic acid, acetic acid, glycine, alanine, valine,
aspartic acid, leucine, NaCl, KNO3, and ammonia; and 10-fold of real
concentrations of lysine and glutamic acid in sugar beet juices had
no influence on the response of MIP/MWCNTs/GCE to sucrose.
5. Real sample analysis

The MIP/MWCNTs/GCE was applied for the determination of
sucrose in real samples. Raw juice and thick juice obtained from
sugar beet were used after dilution without any more preparations
steps. The samples were spiked with different amounts of standard
sucrose solution, and then the sensor fabricated under the optimum
condition measured the total amount of sucrose. The corresponding
results are given in Table 4. The results are in agreement with those
determined by HPLC method. The results show that the sensor has
capability in the determination of sucrose in sugar beet juices.
6. Conclusion

MIP/MWCNTs/GC electrode presents several attractive analytical
features such as excellent synergistic effect, good reproducibility,
strong stability, and high selectivity as well as quick response to su-
crose. To access the maximum sensor response to sucrose, the effect
of sucrose concentration, the number of CV cycles in electropoly-
merization, pH of phosphate buffer as incubation solution, extraction
time of the template from the imprinted film, and incubation time
were optimized by RSM. The molecularly imprinted poly o-PD modi-
fied MWCNTs/GCE was successfully applied for the determination of
sucrose in sugar beet juice samples, exhibiting its potential as a fast
and accurate sensor. The fabricated sensor is in good agreement
with those from the HPLC method for the sucrose detection, demon-
strating that the developed sensor has a great potential for the prac-
tical usage for real sugar beet samples.
3), http://dx.doi.org/10.1016/j.msec.2013.04.052
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