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Abstract A sensitive molecularly imprinted electrochemical
sensor was successfully constructed for the detection of acryl-
amide (AM). It is based on a glassy carbon electrode modified
with a composites prepared from gold nanoparticles,
multiwalled carbon nanotubes, and chitosan along with a
sol-gel-based molecularly imprinted polymer (MIP) film.
The latter was prepared using AM as the template molecule,
3-aminopropyltrimethoxysilane as the functional monomer,
and tetraethoxysilane as the cross-linker. The MIP sensor
showed a linear current response to the target AM concentra-
tion in the range from 0.05 to 5 ug mL " at a working voltage
of 0-0.4 V with a lower detection limit of 0.028 ug mL™"
(S/N=3). It was successfully applied to the detection of AM
in potato chips. HPLC analysis was also conducted to detect
AM in the same samples to demonstrate the applicability of
the electrochemical MIP sensor.

Keywords Electrochemical sensor - Acrylamide - Gold
nanoparticles - Chitosan - Multiwalled carbon nanotubes -
Sol-gel molecularly imprinted

Introduction

Acrylamide (AM), a well-known neurotoxic compound
(World Health Organization 1993), has been found with espe-
cially high levels in potato chips, french fries, and other food
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products produced with high-temperature cooking. It is well
known that AM is formed as the result of the Maillard reaction
between amino acids (asparagine) and reducing sugars (main-
ly glucose and fructose) (Mottram et al. 2002; Stadler et al.
2002). In 2005, World Health Organization (WHO) and Food
and Agriculture Organization (FAO) together announced that
certain foods containing high levels of AM have the potential
to cause cancer in humans (International Food Safety
Authorities Network 2005). At present, a great number of
methods have been developed to quantitatively analyze the
AM monomer, including different extraction and cleanup pro-
cedures for different food matrixes. Most detection methods
reported in the literature are mainly based on gas chromatog-
raphy (GC) (Blanch et al. 2013), liquid chromatography (LC)
(Backe et al. 2014), LC-MS (Bagdonaite et al. 2008), and
GC-MS (Soares et al. 2006). Although these methods have
reliable sensitivity, they often require qualified personnel,
complex pretreatment steps, and high cost. Hence, a sensitive
and selective analytical methodology, which requires an inex-
pensive apparatus and direct analytical determination without
complicated derivatization procedures, is highly desirable for
AM detection.

Electrochemical sensor has received increasing attention in
many fields due to their low cost, small size, fast response
time, possibility of achieving low detection limits, and strong
operability (Zhu et al. 2014; Wang et al. 2014a, b). A critical
aspect of the sensor development is integration of the recog-
nition element with the transducer (Wang et al. 2013). As a
recognition element of sensor, molecularly imprinted polymer
(MIP) has attracted considerable attention due to characteris-
tics of high chemical stability, high selectivity, low cost, and
easy preparation (Yang et al. 2013; Hu et al. 2011). Molecular
imprinting is a well-established and simple technique for the
generation of recognition sites (cavities) complementary to the
shape, size, and functionality of the template molecule onto
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synthetic materials. Moreover, the sol-gel imprinting method
could improve the performance of MIP film on sensor surface
since control for the thickness, porosity, and surface area of
film is easier (Xu et al. 2014; Marx et al. 2004). In sol-gel
imprinting process, a sol-gel inorganic framework is formed
around a template molecule by noncovalently/covalently in-
teraction between functional monomer and the template mol-
ecule (Zhang et al. 2014; Prasad et al. 2010). The method of
sol-gel imprinting is becoming more important due to simple
and convenient detection of compounds for different shape
and materials with a good selectivity and specificity (Zhang
et al. 2010; Rezaei et al. 2014). However, this simple method
often makes MIP electrochemical sensor show relatively low
sensitivity, because the imprinted film can result in both the
slow diffusion of the analytes to the recognition sites and the
inefficient communication between the binding sites and
transducers (Riskin et al. 2008). Consequently, it is still a
challenge to enhance the sensitivity of the signal transducer,
through effective conversion of the binding signals from the
molecular recognition to detectable electrical signals.

Due to their unique structure, high chemical stability, and
high surface-to-volume ratio, multi-walled carbon nanotubes
(MWCNTs) have been employed as the medium of the elec-
tron transport and the electrocatalyst for enhancing the sensi-
tivity of the electrochemical sensor (Xu et al. 2013; Zhu et al.
2013). Gold nanoparticles (Au NPs) are used increasingly in
many electrochemical applications since they have high elec-
trical conductivity and an abundant effective surface area
(Saha et al. 2012; David et al. 2010). It was reported that Au
NPs could be covalently combined with functionalized
MWCNTs, which exhibited good biocompatibility with the
determination of choline (Qin et al. 2010). For fabrication of
nanoparticle patterns on the silicon or electrodes surface,
many researchers have paid special attention to the develop-
ment of the function of polyelectrolyte multilayer (Gong
2013; Gong 2014). Recently, chitosan (CS), an abundant nat-
ural cationic biopolymer, has become a hot research topic in
electrochemical sensor, owing to the numerous outstanding
properties of CS, such as excellent film-forming ability, high
mechanical strength, adhesion, biodegradability, and nontoxic
(Suginta et al. 2013; Xu et al. 2010).

In this article, we combined the advantages of Au NPs-
MWCNTs composites and CS to construct an electrochemical
sensor for the detection of AM by a sol-gel MIP film as rec-
ognition element on glassy carbon electrode (GCE) surface.
The effect of Au NPs-MWCNTs-CS composite on the GCE
and the performance of the developed MIP sensor were eval-
uated by cyclic voltammetry (CV) and differential pulse volt-
ammetry (DPV) experiments. The electrochemical MIP sen-
sor cannot only improve the sensitivity and selectivity of AM
analysis but also simplify the pretreatment process of the real
sample. To demonstrate the usefulness of the MIP sensor, AM
in potato chips samples were detected using the MIP sensor,

and the result was further compared with that of HPLC
detection.

Experimental
Instruments and Reagents

CV and DPV experiments were carried out using a CHI-660
electrochemical workstation (Shanghai CH Instrument
Company, China). All electrochemical experiments were per-
formed with a conventional three-electrode system, where the
modified GCE, the saturated calomel electrode, and the plat-
inum wire act as the working electrode, the reference elec-
trode, and the auxiliary electrode, respectively. HPLC analy-
ses were run on an HPLC system (Waters €2695) equipped
with a 2998 photo-diode array detector (PDA). A symmetry-
C18 column (4.6 mmx=250 mm, 5.0 um) was used for the
separation. Transmission electron microscope (TEM) was car-
ried out on JSM-6380 (JEOL).

Anhydrous ethanol, hydrochloric acid, potassium ferricya-
nide (K;[Fe(CN)g]), potassium ferrocyanide (K4[Fe(CN)g]),
CS, acetone, L-asparagine, and acetic acid were obtained from
Beijing Dingguo Biotechnology (Beijing, China). AM, 1-eth-
yl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC), cysteamine, chloroauric acid (HAuCl,;-4H,0), n-
hydroxysulfosuccinimide (NHS), 3-
aminopropyltrimethoxysilane (APTMS), and
tetracthoxysilane (TEOS) were purchased from Sigma (St.
Louis, MO, USA). MWCNTs were obtained from Shenzhen
Nanotech Port Co., Ltd. (Shenzhen, China). All chemicals and
solvents were of commercially available analytical reagent
grade, and double distilled water (DDW) was used throughout
this work.

Preparation of Au NPs and Carboxyl Group modified
MWCNTs

Au NPs were prepared by following a previously reported
procedure (Grabar et al. 1996). The diameter of the Au NPs
was about 17 nm. Briefly, 99-mL DDW and 1-mL 1 %
HAuCl, were mixed and boiled. Then, 2.4-mL 1 % trisodium
citrate solution was quickly added to the refluxed HAuCly
solution. Throughout the process, the solution color changed
from yellow to gray in 2 min, then from gray to wine red, and
the mixture was stirred for 15 min until the color turned to
bright red. The Au NPs suspension was stored at 4 °C for
further use.

The carboxyl group-modified MWCNTs (COOH—
MWCNTs) were prepared according to the literature (Qin
et al. 2010). Briefly, MWCNTs were chemically shortened
by ultrasonic agitation in a 3:1 (v/v) mixture of concentrated
sulfuric acid and nitric acid for 4 h. Then, separated MWCNTSs
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were concentrated by centrifugation (10,000 rpm, 5 min). The
resulting MWCNTs were repeatedly washed with DDW to
neutrality. Thus, the obtained MWCNTs were water-soluble,
since they were disconnected and functionalized with carbox-
ylic groups on their tips and any defect on the side walls
during the oxidation process.

Preparation of Au NPs-MWCNTs Composites

Because the COOH group of MWCNTs can react with NHS
using EDC as catalyst to form n-hydroxysuccinimide esters,
which can then react spontaneously with amine group of the
cysteamine. Thus, SH-MWCNTs were obtained and the -SH
of the MWCNTs may free bind to Au NPs through Au-S
bond. Au NPs-MWCNTs composites were prepared with the
method described in reference (Qin et al. 2010). First, the
COOH-MWCNTs were successively immersed in a 1:1 (v/
v) EDC/NHS mixture (50 mg mL™' EDC and 50 mg mL™"
NHS) and cysteamine, each for 1 h, and washed with DDW by
centrifugation after each incubation. Then, the MWCNTs
modified with —SH were transferred into the Au NPs solution,
and the mixture was kept for 1 h to assemble Au NPs onto the
MWCNTs surface. Ultimately, the Au NPs-MWCNTs com-
posites were synthesized and washed thoroughly with DDW
by centrifugation and dried at room temperature (RT).

Pretreatment of GCE and MIP/Au
NPs-MWCNTs-CS/GCE Preparation

Prior to use, the surface of the GCE was polished with 1.0, 0.3,
and 0.05 pm alumina powder. After each polishing step, GCE
was ultrasonicated in DDW and ethanol for 5 min,
respectively.

The Au NPs-MWCNTs-CS/GCE was obtained as follows:
Au NPs-MWCNTs (5 mL) and CS-acetic acid solution
(2.0 wt%, 10 mL) were mixed by ultrasonic to form a uniform
suspension. Then, 10.0 uL of the resulting suspension was
dripped onto the surface of GCE and dried at RT.

MIP film was modified on the surface of the Au NPs-
MWCNTs-CS/GCE by sol-gel technology. In order to prepare
the AM-imprinted sol-gel, 0.055 g AM as template and
0.2 mL APTMS as functional monomer were dissolved in
round-bottomed flask with tetrahydrofuran (5 mL) under mag-
netically stirring for 15 min. Then, 0.8 mL TEOS was added as
cross-linker. After adding 0.3-mL 0.1 mol L' ammonia water
as catalyst, the mixture solution was stirred for 2 h at RT.
Finally, the MIP-Au NPs-MWCNTs-CS/GCE was fabricated
by driving force of electrochemical using CV between —0.5
and +0.5 V in above sol-gel solution for 30 cycles, and dried
overnight at RT (Huang et al. 2011). The resulting MIP/Au
NPs-MWCNTs-CS/GCE was suspended in anhydrous etha-
nol with stirring for 5 min to remove the AM template. The
same elution process was repeated three times. Then, the
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imprinted GCE was washed with DDW and dried at RT for
further experiments. The process of preparation for MIP/Au
NPs-MWCNTs-CS/GCE is shown in Fig. 1. The
nonimprinted polymer (NIP)/Au NPs-MWCNTs-CS/GCE
was prepared under the same conditions except that no tem-
plate AM was used as control electrode. Moreover, the MIP/
MWCNTs-CS/GCE and the NIP/MWCNTs-CS/GCE were
also prepared, which is applied to demonstrate sensitivity of
the MIPs sensor for AM detection.

Electrochemical Measurements

CV was performed to characterize the imprinted electrode
and removal of the AM template by immersing the
imprinted electrode in 3 mL PBS of 0.1 M pH 7.4 which
contains 5 mM [Fe(CN)s]*’* and 0.1 M KCL. The po-
tential of CV was set from —0.2 to +0.8 V with a scan rate
of 50 mV s . DPV was recorded at a potential from 0 to
+0.4 V, pulse amplitude 0.05 V, pulse width 0.2 s, pulse
period 0.5 s. The rebinding of AM on MIP/Au NPs-
MWCNTs-CS/GCE, NIP/Au NPs-MWCNTs-CS/GCE,
MIP/MWCNTs-CS/GCE, and NIP/MWCNTs-CS/GCE
was performed by incubating in different concentration
AM solution for 30 min and evaluated using DPV, respec-
tively. To confirm the reproducibility of the detection re-
sult, the AM with different concentrations are repeatedly
detected at least three times.

Preparation of Real Sample

Potato chips were purchased from a local supermarket. Five-
gram sample was put into mortar and grinded to powder.
Then, the sample was transferred into 5-mL centrifuge tube
containing 10 mL n-hexane to remove the fat by centrifuga-
tion (10,000 rpm, 5 min), following drying by nitrogen. After
extraction with 20 mL DDW by ultrasonic for 15 min, the
sample solution was filtered through 0.2-um membrane filter.
The obtained sample solution could be used for AM detection.
The sample was also determined by HPLC according to the
reference (Yuan et al. 2008).

Results and Discussion
Characterization of the MIP/Au NPs-MWCNTs-CS/GCE

In the AM sol-gel MI process, APTMS acts as functional
monomer due to its amino groups, which can interact with
the oxygen atoms of AM through hydrogen bond (Wang
et al. 2014a, b). Simultaneously, TEOS acts as cross-
linker to form a polymeric network through Si—O bond
via hydrolysis. The sol-gel MIP film was coated on the
surface of the Au NPs-MWCNTs-CS/GCE by CV. Also,
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Fig. 1 Schematic illustration of c

the fabrication process of the

MIP/Au NPs-MWNCTs-CS/

GCE MWCNTs-GNPs-CS
—

Bare GCE

CV is an effective and convenient method to investigate
the electron transport process of the modified electrode.
During this procedure, [Fe(CN)s]*7* was used as the
mediator between imprinted electrode and substrate solu-
tion. The CV results of the modified electrode and repre-
sentative TEM images of the Au NPs/MWNCTs compos-
ite are shown in Fig. 2. Curve a in Fig. 2 is the CV of the
bare electrode in [Fe(CN)s]**™ and KCI mixture solu-
tion, showing a pair of redox peaks. The peak current
was increased significantly when the electrode surface
was modified using Au NPs-MWCNTs-CS composites
(Fig. 2b), which indicates that Au NPs-MWCNTs-CS
composites could enhance the electrochemical signal of
sensor. The TEM image (the inset of Fig. 2) depicts rela-
tively well-dispersed Au NPs (denoted by dark spheres) in
the MWNCTs matrix. This also demonstrated the success-
ful immobilization of Au NPs on MWNCTs. Curve ¢ in
Fig. 2 shows the CV of the MIP-Au NPs-MWNTs-CS/
GCE with 0.053 g AM. Compared with CV on the Au
NPs-MWNTs-CS/GCE, peak current nearly disappeared.
This is because the [Fe(CN)s]* 7~ could not penetrate the
layer of MIP and arrive at the surface of electrode. After
AM was removed from the MIP film by anhydrous etha-
nol, an obvious peak current was obtained again (Fig. 2d).
This could be explained that by removal of the template
molecule, the formation of vacant recognition sites or
binding cavity made electronic transfer possible. That is,
[Fe(CN)g]*™* could pass through the cavity and reached
the surface of the electrode more easily. After incubating
0.027 g AM on the above electrode surface, the peak
current (Fig. 2e) decreased comparing to that measured
at the MIP electrode without the template. This
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demonstrates that the proposed sensor has good rebinding
capacity to AM.

Optimization of Imprinting Conditions

The ratio of functional monomer/cross-linker and pH for sol-
gel solution play a key role in the sensor performance because
they influence the structure and stability of sol-gel film of
sensor surface. Addition of template molecule of appropriate
amount will also make the sensor obtain the optimal sensing
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Fig.2 The CVofabare GCE; b AuNPs/MWNCTs-CS/GCE; ¢ MIP/Au
NPs-MWNCTs-CS/GCE with 0.053-g template, d MIP/Au NPs-
MWNCTs-CS/GCE after template removal, and e MIP/Au NPs-
MWNCTs-CS/GCE after 0.027-g template rebinding in 3 mL PBS
(0.1 M pH 7.4) containing 5 mM [F e(CN)G]}/ “"and 0.1 M KCl at a scan
rate of 50 mV s . Inser showed the representative TEM images of the Au
NPs and MWNCTs composite
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properties and ensure high binding capacity for template mol-
ecule. In order to find the optimal imprinting conditions, the
ratio of functional monomer/cross-linker, the pH for sol-gel,
and the amount of added template were, respectively, investi-
gated by DPV measurement in 0.1 M pH 7.4 PBS containing
5 mM [Fe(CN)s]> 7 and 0.1 M KCL. A series of NIP films
(monomer/cross-linker ratio: 1:3, 1:4, 1:5, 1:6) were modified
on the surface of Au NPs-MWCNTs-CS/GCE, respectively.
To investigate the stability of every NIP film, DPV measure-
ments were carried out for each fabricated electrode at least
three times. The change of current response on each electrode
was calculated by subtracting the current response for the
electrode without being washed from that for electrode with
being washed by anhydrous ethanol. As shown in Fig. 3a, the
change of current response was the minimum when the ratio is
1:4. It indicates that the optimal monomer/cross-linker ratio
was 1:4, at which a stable sol-gel film can be formed on the
surface of the Au NPs-MWCNTs-CS/GCE.
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Fig. 3 Effect of monomer/cross-linker ratio (a) and pH (b) on solution of
imprinted sol-gel
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The effect of the sol-gel pH on the stability of the NIP films
(at the monomer/cross-linker ratio of 1:4) was examined in the
range of pH 6-9 by recording the change of current response
with the same procedure, which are shown in Fig. 3b. Relative
standard deviation (RSD) range is from 1.5 to 2.4 %. It was
found that the change of current response was the minimum at
pH 8 for the sol-gel solution, which corresponds to the opti-
mum pH of the sol-gel solution.

The amount of template molecules in the molecule poly-
merization process influences the amount of available recog-
nition sites for selective rebinding of AM on MIP film. To
optimize the amount of template molecules in sol-gel MIP,
we prepared three different MIP sensors with a template of
0.023, 0.055, and 0.085 g, respectively. After template mole-
cules were removed by anhydrous ethanol, the current re-
sponse of fabricated MIP sensors for AM rebinding was test-
ed. The result implies that current response has almost not
changed for AM rebinding using MIP sensor with 0.023-g
template. The change of the current response for 0.055-g tem-
plate is better than that for 0.085-g template. Therefore, addi-
tion amount of template molecules was 0.055 g for preparing
imprinted sol-gel solution.

Performance of the MIP Sensor
AM Determination

In order to evaluate the performance of the MIP sensor, AM
solution of different concentrations (from 0.05 to 15 pg mL ™)
was measured by DPV using the prepared MIP/Au NPs-
MWCNTs-CS/GCE. To further elucidate the molecular recog-
nition properties and the sensitivity of the MIP sensor, NIP/Au
NPs-MWCNTs-CS/GCE, MIP/MWCNTs-CS/GCE, and NIP/
MWCNTs-CS/GCE were also used to detect the AM solu-
tions, respectively. The results in Fig. 4a showed that the
change of current response was proportional to the concentra-
tion of AM. As seen from Fig. 4a, when the same concentra-
tion AM was detected, the change of current response for both
NIP/Au NPs-MWNCTs-CS/GCE and NIP/MWNCTs-CS/
GCE was very small. This is because there are no any recog-
nition sites for AM on the surface of NIP electrode. It is also
observed that the change of current response of MIP/Au NPs-
MWCNTs-CS/GCE was larger than that of MIP/MWCNTs-
CS/GCE when the same concentration AM was detected,
which is ascribed to the high electrical conductivity of Au
NPs. These results imply that MIP/Au NPs-MWCNTs-CS/
GCE has the best sensitivity. The results in Fig. 4b showed
that the change of the peak current was directly proportional to
the concentration of AM ranging from 0.05 to 5 ug mL™". The
linear regression equation was expressed as I (ApuA)=16.5 ¢
(ug mL™")+2.17 (R*=0.9880). The detection limit was calcu-
lated to be 0.028 pg mL ! (S/N=3) according to IUPAC rec-
ommendation. The error bars (RSD ranging from 2.3 to 6.9 %)
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GCE, and (d) NIP/MWNCTs-CS/GCE. b The linear calibration curve

for AM using MIP/Au NPs-MWNCTs-CS/GCE and AM concentration

in ranges of 0.05-5 pg/mL (inset showed the corresponding DPV plots)

were relatively small, indicating that the method is quite
reproducible.

Measurement of Selectivity

Selective recognition toward the template molecule is an im-
portant capability for an MIP sensor. The acetone, L-aspara-
gine, and acetic acid were chosen as references for investigat-
ing the special selectivity of the MIP sensor. The every com-
pound (1 pg mL ") and AM (1 pg mL ") solution containing
each compounds (each compound concentration, 1 y1g mL ™)
were determined based on the MIP sensor and NIP sensor by
DPYV, respectively. All results are shown in Fig. 5 (RSD 5.9—
7.8 %). Compared with comparative compound, the change of
current response on MIP sensor is the highest for the presence
of AM, which indicates that the amounts of AM rebinding on
MIP film are much more than those of comparative com-
pound. It may be attributed to the complementarity of the size,
the shape, and the position of recognition functional groups

nition ability than that of NIPs sensor. Accordingly, it can be
concluded that the MIP sensor achieved a good selectivity of
recognition to AM.

Measurement of Repeatability and Stability

To investigate the repeatability of the MIP sensor, 1 ug mL™"
of AM solution was successively detected by the same elec-
trode for 5 times under the same above mentioned procedures
and conditions. The RSD of the measurements was 3.007 %.
The good repeatability revealed that AM could be reversibly
detected with the binding sites. That is, the MIP sensor could
be used repeatedly.

To evaluate the stability of the MIP sensor, MIP/Au
NPs-MWCNTs-CS/GCE was stored at 4 °C refrigerator,
and AM detection was performed. Nine days later, the
current response retained 84.57 % of initial current re-
sponse, which suggests that the MIPs sensor has the ac-
ceptability stability.

Table1 Recovery test results for potato chips samples spiked with AM
(n=3)
Content of Add Found Recovery%
AM (pg/mL) (ng/mL) (ng/mL) (RSD)
0.037 0.2 0.206 84.7(+2.06)
0.953 91.6(+2.38)
2 1.933 94.8(+3.27)
3.721 92.1(£2.65)
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Analysis of Food Samples and Accuracy

The feasibility of the MIP sensor for practical application was
investigated by analyzing potato chips sample and comparing
with AM results from HPLC analysis. The content of AM
detected based on MIP sensor and HPLC was 148 ug kg™
(RSD 5.51 %) and 134.3 ug kg' (RSD 2.79 %) in the same
potato chips sample, respectively. This indicates that the de-
tection result of the proposed MIP sensor agrees well with that
of HPLC. Further, the recovery experiments were performed
by determination of 0.2, 1.0, 2.0, 4.0 ug mL™" AM in potato
chips sample by standard addition method. The experimental
results are listed in Table 1. As seen from Table 1, the recovery
was in the range of 84.7 to 94.8 %, which demonstrates that
the MIP sensor is feasible for determination AM in real
samples.

Conclusion

An MIP sensor has been presented based on the combination
of Au NPs-MWCNTs-CS composite and sol-gel molecular
imprinting technique for convenient and sensitive detection
of AM. The Au NPs-MWCNTs composites were introduced
to enhance the electrical conductivity and expand the elec-
trode surface area. The MIP sensor offers advantages for de-
tection of AM, with (i) good selectivity, (ii) good sensitivity,
and (iii) low cost, and was used for AM determination in
potato chips samples successfully. In addition, repeatability
and storage stability of the MIP sensor are also reliable.
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