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a b s t r a c t

A rapid, effective and simple method for quantitative determination of Bisphenol-A (BPA) is important in
environmental monitoring and health perspectives. In this work, a multi-walled carbon nanotube
(MWCNT) based molecularly imprinted polymer (MIP) was successfully developed and used for modi-
fying glassy carbon electrode (GCE) for the electrochemical detection of BPA. FTIR, Raman, XRD, SEM and
AFM techniques were used for confirming the stepwise modifications in each stage. A well defined
electrochemical response was obtained for BPA in cyclic voltammetry and differential pulse voltammetry.
The influence of accumulation time and pH was studied and optimized. The electro catalytic sensing of
BPA is possible with accessible range from 400.00 mM to 0.10 nM with detection limit of 0.02 nM. The
stability, reproducibility and repeatability of the MIP/GCE sensor were also investigated. The applicability
of the synthesized sensor in real life situation was confirmed by quantifying the amount of BPA in baby
feeding bottle extracts.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Bisphenol A (BPA) or [2,2-bis (4-hydroxyphenyl)propane] is an
essential ingredient in the production of various consumer prod-
ucts hence humans are widely exposed to this toxic chemical. The
main sources of BPA in food and environment are polycarbonates
(infant feeding bottles, microwave ovenware, storage containers,
reusable water and milk bottles and water pipes), epoxy resins
(internal protective lining for food containers and beverage cans),
unsaturated polyester resins and polysulfones [1]. Being an endo-
crine disrupting chemical, BPA affects many physiological pro-
cesses. BPA exposures have been associated with female and male
reproductive failure, obesity, diabetes, skin sensitization, immune
system failure, thyroid dysfunction, diverse pleiotropic actions in
the brains and cardiovascular system and carcinogenesis of the
prostate and breast [2]. Recent reports reveal that even at low doses
of BPA in nano molar level lead the disruption of the cell function
[3]. Hence the accurate determination of trace level of BPA is having
research interest in the present scenario.

Different methods have been reported for detecting BPA, such as
an).
spectrophotometry, gas chromatography coupled with mass spec-
troscopy, high performance liquid chromatography, enzyme-linked
immunosorbent assay, and electrochemical method [4]. Some of
these strategies suffer from disadvantages including the involve-
ment of time-consuming manipulation steps, requirement of spe-
cial instrumentation and skilled personals, consumption of a large
amount of organic reagents etc. Electrochemical sensing technique
is among the most facile and promising approaches for BPA
detection as it providing advantageous such as sensitivity, ease of
use, potential for miniaturization, low cost and on-line monitoring
capabilities. The direct electrochemical detection of BPA at tradi-
tional carbon and metal electrodes suffers from disadvantages
including attenuated signal, reduced sensitivity and reproducibility
over time, which are due to surface fouling and passivation [5,6].

As a key component in the sensor system, different strategies
have been reported for the modification of sensor electrode.
Molecularly imprinted technique (MIT) is an effective approach for
modifying electrode to improve sensitivity and selectivity of the
sensor system. MIT produces a polymeric network with specific
binding site for analyte molecule. This polymeric network with
predetermined recognition capacity to a particular analyte can be
used as a sensitive tool for its determination [7]. Molecularly
imprinted polymers (MIP) are prepared by the polymerization of
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functional monomers and cross linkers in the presence of template
molecule followed by template extraction from the polymer
network leaving specific binding sites [8,9]. Conventional MIPs
possess drawbacks such as low binding efficiency, poor site acces-
sibility, complicated fabrication processes and slow binding ki-
netics. Synthesis of MIP on the surface of a support material
(surface imprinting) is a convenient method to overcome these
shortcomings [10]. Among the multifarious imprinting support
materials, nanostructured materials possess small dimension with
extremely high surface area to volume ratio, easiest template
binding and rebinding capacity and faster binding kinetics. Thus
materials including mesoporous silica [11], graphene based nano-
materials [12], gold nanoparticles [13], TiO2 nanotubes [14] and
carbon nanotube (CNT) with nanoscale and porous features have
been reported for electrode modification. Among these, CNTs with
unique physiochemical properties, fast electron transfer kinetics
and extremely large surface areawould therefore proposed to be an
excellent candidate as a support material for preparing imprinted
materials for sensor fabrication [15]. To obtain surface imprinted
polymer on CNT with improved properties, synthetic efforts have
been devoted towards the surface functionalization. Surface
coating of CNT using surfactant molecule maintain the integrity of
CNT and its conjugated backbone compared to covalent side wall
functionalization. Coating CNT with porous silica is one of the most
attractive concepts to improve the dissolution and electro catalytic
properties [16,17]. The silica coated CNT draw the attention of re-
searchers in the field of electrochemical sensors as it can display a
synergistic effect of catalytic property of porous silica and electrical
conductivity of CNT [18].

In the present work, a novel MIP was synthesized on the surface
of silica coated CNTs for the electrochemical determination of BPA.
A bifunctional silylating agent glycidoxy propyl trimethoxy silane
(GLYMO), with organic epoxide and hydrolysable methoxysilyl
groups was used to achieve excellent mechanical and adhesion
properties [19]. Vinyl functionalization was done by grafting with
allyl amine (AA). MIP was prepared in an easy and conventional
way by co-polymerization of functional monomers vinylpyridine
(4-VPy) and methacrylic acid (MAA) with cross-linker ethylene
glycol dimethylacrylate (EDGMA). In addition to the H-bonding
interaction offered by both the monomers, the p-p stacking inter-
action between pyridinyl and phenyl ring contribute to better
selectivity and sensitivity of the prepared MIP. Modifications in
each stage of synthesis of MIP were confirmed through systematic
characterization using FTIR, Raman, XRD, AFM and SEM techniques.
The electrochemical behaviors of the modified electrode were
investigated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). The dispersed MIP is drop-casted into the
glassy carbon electrode (GCE) surface, after which the electrodes
are used for electrochemical sensing. The MIP/GCE found to exhibit
greater stability and reproducibility for determination of BPA in
aqueous buffer solution of pH 7.0 over non-imprinted polymer
(NIP) and bare GCEs. In the represent investigation, a novel elec-
trochemical sensing platform has been successfully employed to
recognize and detect BPA in baby feeding bottles.

2. Materials and methods

2.1. Materials

MWCNTS were purchased from Shenzhen Nanotechnologies
Co.Ltd. Analytical grade chemicals were used for all the analysis
without further purification. MAA, 4-VPy, AA, bisphenol F (BPF),
phenol (Ph), and 1,4-dihydroxybenzene(DHB), EGDMA, tetrae-
thoxysilane (TEOS), chitosan and potassium ferricyanide
(K3[Fe(CN)6]) were purchased from E-Merk, India Ltd. BPA, GLYMO,
cetyl trimethyl ammonium bromide (CTAB), N, N0- Dicyclohex-
ylcarbodiimide (DCC) and 2,2-azobis isobutyronitrile (AIBN) were
obtained from Alfa Aesar. The electrochemical measurements were
performed in phosphate buffer solution (0.10M) and were pre-
pared by mixing 0.10M NaH2PO4 and 0.10M Na2HPO4 and adjust-
ing the pH. All other solvents used were purchased fromMerck and
were used as received.

2.2. Equipments and methods of characterization

Perkin Elmer 1800 model FT-IR spectrometer was used for
performing the IR characterization of samples, wave number range
from 600 to 4000 cm�1. The pH measurements were made on
Systronics m pH meter (Model 361). Raman spectra of the prepared
samples were collected using the micro Raman spectrometer Lab
Ram UV HR, Jobin Yvon. X-ray diffraction (XRD) patterns of the
samples were examined using Siemens D5005 X- Ray unit. Scan-
ning electron microscopy (SEM) measurements were carried out
using Carl Zeiss EVO-18 scanning electron microscope operated in
vacuum at 15e20 kV and having aworking distance of 12mm using
a secondary ion detector. Atomic force microscope (AFM) images
were recorded on Bruker DIMENSION edge with SCAN ASYST in-
strument by taping mode. HPLC analysis was conducted on HPLC
system (Model: PU-2080) equipped with a Jasco 2075/2070 UV
detector. Methanol was used as mobile phase for analysis with a
flow rate of 1.0mL min-1. The chromatographic separation was
done through a C18 column (4.6mm� 250mm) and injection
volume was 20.0 mL. The chromatographic calculations were done
using Borwin software. The electrochemical measurements were
carried out on the electrochemical work station [SP-200 (SN 0437)],
EC-Lab for windows v10.40 (software) at room temperature. A
conventional three electrode system was used for the measure-
ment, which involved an unmodified or modified GCE, a platinum
wire counter electrode and a saturated calomel reference electrode.

2.3. Preparation of glycidoxypropyl trimethoxysilane functionalized
CNT (GFC)

Mesoporous silica was effectively coated on MWCNT based on
the previously reported procedure [16]. A mixture of MWCNT
(50.0mg) and CTAB (0.90 g) were dispersed in deionised water and
was sonicated for 1 h. About 40.0mL of anhydrous ethanol was
then added andwas further subjected to sonication of 30min to get
a stable dispersion. After immediate addition of 2.0mL of NH3.H2O,
2.5% ethanolic solution of TEOS was added as drop wise to the
solution with constant stirring for about 12 h. The resultant solu-
tion was centrifuged and washed. The surfactant CTAB from the
surface of GFC was removed by washing with ethanolic solution of
ammonium nitrate by ion exchange mechanism. 0.1 g of the ob-
tained MWCNT@SiO2 is refluxed with 50mM of GLYMO in absolute
ethanol under N2 atmosphere for 24 h. The obtained GFC was
filtered washed with ethanol and dried at 80 �C [20].

2.4. Synthesis of vinyl functionalized GFC

In brief, 10.0mg of GFC was dispersed in 10.0mL AA and was
sonicated for 1 h. The resultant homogeneous mixture was
continuously stirred at 70 �C for 24 h. Thenmixturewas centrifuged
and washed with ethanol, the product was dried under vacuum to
obtain vinyl functionalized GFC (GFC-CH¼CH2).

2.5. Synthesis of MIP

The schematic representation of the formation of MIP on the
surface of GFC-CH¼CH2 is given Scheme 1. GFC-CH¼CH2 (2.0 g) was



Scheme 1. Synthesis of MIP.
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stirred in a round bottom flask containing a mixture of 50.0mL
acetonitrile and 5.0mL toluene in N2 atmosphere. The pre-
polymerization mixture of template (1.0mmol) with the functional
monomers MAA (2.0mmol) and 4-VPy (4.0mmol) in a solvent of N,
N e dimethyl formamide was added to the above reaction. EGDMA
(24.0mmol) and initiator (AIBN) were also added. The polymeri-
zation was carried out at 70 �C for 16 h. The resultant product, MIP
with BPA was centrifuged and washed with ethanol to remove the
unreacted reagents. Finally BPA was removed by soxhlet extraction
with a mixture of methanol and acetic acid (9:1) so as to obtain BPA
imprinted polymer (MIP). After each set of Soxhlet washing, the
solution was examined by HPLC-UV analysis and the washing
continued till the complete removal of BPA. The obtained MIP was
then dried under vacuum at 80 �C. NIP was prepared by the same
procedure without the template.

2.6. Electrochemical measurements

Prior to modification, the bare GCE was polished with an abra-
sive paper and alumina slurry. The synthesized MIP (0.20 g) was
ultrasonically mixed with 5.0mL of 0.10M acetic acid solution
containing 0.5% chitosan (CHI) for 15min to get a homogenous
mixture. 5.0 mL of the resulting suspension was dropped on the
surface of the cleaned GCE with a micropipette, which was then
dried in air to prepare MIP/GCE. The NIP/GCE sensor was prepared
by the same procedure using NIP instead of MIP. Differential pulse
voltammograms were recorded by scanning the potential from
0.10 V to 1.0 V. The parameters of DPV containing, pulse amplitude
and pulse width were adjusted at 50.0mV and 0.05 s, respectively.

2.7. Real sample analysis

The real sample solutionwas prepared according to the previous
reports with a few modifications [21]. Plastic baby bottle samples
from local supermarket were rinsed successively with ethanol, ul-
trapure water, and then dried under vacuum for 1 h. After
comminuted into small pieces by scissors, the plastic baby bottles
(10.0 g) were loaded into a beaker containing 50.0mL ethanol, and
then were stirred at 55 �C for 24 h in order to extract BPA. After
cooling to room temperature, themixturewas filteredwith 0.45 mm
filter membrane and was concentrated to 5.0mL. After that, the
solutionwas diluted to 500.0mLwith PBS (pH 7.0) solution andwas
determined with the MIP/GCE.

3. Results and discussion

3.1. Optimization of monomer ratio

Monomer ratios were optimized by measuring the current
response of the polymers (MIP), prepared by using different ratios
of monomers by CV analysis in PBS solution of BPA. In 1:1 ratio of
MAA and 4-Vpy, the current response was lowered due to the
absence of imprinting cavies, since MAA preferably form hydrogen
bond with 4-Vpy than BPA. Polymer prepared by 2:1 ratio of MAA:
4-Vpy, in addition to the H-bonding between MAA and 4-Vpy,
imprinting interaction is also possible byeCOOH group of MAA and
hydroxyl group of BPA. The H-bonding between MAA and 4-Vpy
provides a specific orientation by allowing p-p stacking interac-
tion between 4-Vpy and BPA. Polymer obtained from 1:2MAA and
4-Vpy, the pyridinyl ring offers H-bonding interaction to BPA.
Phenolic OH group is acidic in nature so 4-Vpy is a better candidate
to offer H-bonding than MAA [22]. An increased current response
was obtained in third polymer (1:2MAA and 4-Vpy) is due to the
presence of specific binding sites in the polymer network. The
molecular recognition is the resultant of H-bonding between 4-Vpy
and BPA and the p-p stacking interaction of 4-Vpy which is in H-
bonding with MAA. The polymers prepared by the monomer ratio
1:2 (MAA: 4-Vpy) was used in the entire studies.

3.2. Characterization of fabricated material

3.2.1. FTIR and Raman analysis
The FTIR spectra of MWCNT, MWCNT@SiO2, GFC-CH¼CH2, MIP

with BPA, MIP and NIP are given in Fig. 1. The spectrum of



Fig. 1. FTIR spectra of (A) MWCNT, (B) MWCNT@SiO2, (C) GFC-CH¼CH2, (D) MIP with
BPA, (E) MIP and (F) NIP.

Fig. 2. X-ray diffractograms of (A) MWCNT, (B) MWCNT@SiO2, (C) GFC-CH¼CH2, (D)
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MWCT@SiO2 indicates significant bands at 1082, 959 and 802 cm�1,
respectively for Si-O-Si, Si-OH and Si-O stretching vibrations
[17,23]. In the GFC-CH¼CH2 spectrum, the peak at 1629 cm�1 was
ascribed to C¼C stretching and absence of Si-OH stretching band at
959 cm�1 confirms the reaction at silanol. Bands at 1658 and
1618 cm�1 attributed to the N-H stretching vibrations which indi-
cated the effective grafting of AA on GFC [24]. The spectrum of MIP
with BPA, MIP and NIP possesses C¼C and C¼N stretching vibra-
tions around 1600-1400 cm�1 ascribed to the presence of vinyl
pyridine moiety [25]. On comparing MIP and NIP, we can notice the
similar chemical nature of these two types of polymers inwhich the
characteristic interaction of BPA is missing. A band at 1729 cm�1 is
attributed to the carboxylic O-H stretching vibrations of MAA. In
Fig. 1E, the band corresponds to C-H stretching of benzene ring
appeared around 2050 cm�1 in MIP with BPA was disappeared
which confirmed the removal of BPA.

The Raman spectra of MWCNT and MWCNT@SiO2 are given in
Fig. S1. The spectrum of MWCNT shows the characteristic D band
appearing at 1350 cm�1 related to the non crystalline carbon spe-
cies, G band at 1580 cm�1 due to graphitic carbon network and 2D
band at 2700 cm�1, represents a long range order in MWCNT [26].
No significant band shift is observed in the spectrum of silica coated
MWCNT indicating the non-covalent interaction between silica
network and CNTs [27]. Also an up shift of about 40e50 cm�1 for
the D and G bands was observed for silica coated MWCNT
compared with MWCNT, which confirms the effective coating of
silica on MWCNTs.
3.2.2. XRD analysis
Fig. 2 represents the X-ray diffractograms of MWCNT,

MWCNT@SiO2, GFC-CH¼CH2, MIP with BPA, NIP and MIP. For
MWCNT, a sharp diffraction peak at 2q¼ 26.4� (0,0,2) and a broad
peak at 43.3� (1,0,0) attributed to the hexagonal graphite structure
of MWCNT [26]. The characteristic peak of MWCNT at 26.4�was
shifted and broadened for MWCNT@SiO2, which confirmed the
perfect coating of amorphous silica on MWCNT [28]. The broad-
ening of hump in the diffraction pattern of GFC-CH¼CH2 suggested
the grafting of AA. The broad peaks at 2q 15� and 2q 30� of MIP
were disturbed by presence of the BPA. After the removal of BPA,
the crystalline nature of MIP is increased. The more degree of order
of MIP is due to the presence of specific binding sites on the surface
of MIP. The more amorphous nature of NIP is due to the lack of
specific imprinting cavities.
3.2.3. Morphological characterization
The surface morphology of fabricated samples was explored

with scanning electron microscope. The SEM images of MWCNT,
MWCNT@SiO2, GFC-CH¼CH2, NIP and MIP are represented in Fig. 3
where, as expected significant changes in the surfaces are noticed.
In Fig. 3A, the MWCNT shows an average diameter in 50e80 nm.
After coating silica the diameter of MWCNT seemed to be increased,
indicating the successful coating, as shown in Fig. 3B.The change in
morphological features of Fig. 3C confirms the grafting of allyl
amine. On comparing the image of NIP and MIP [Fig. 3D and (E)],
the image of the former is more uniform in nature ascribed to the
absence of imprinting sites. Micrographs of MIP and NIP clearly give
the morphological differences even though chemical nature is
MIP with BPA, (E) NIP and (F) MIP.



Fig. 3. The SEM images of (A) MWCNT, (B) MWCNT @SiO2, (C) GFC-CH¼CH2, (D) NIP and (E) MIP.
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same. The crumpled spots seen on MIP unveil the presence of
specific binding sites for BPA. The increased porous surface
morphology enhances the electro catalytic action of MIP.

The AFM images of MWCNT, MWCNT@SiO2, GFC-CH¼CH2, MIP,
MIP with BPA and NIP are shown in Fig. 4. The 3D image of MWCNT
displays a tubular architecture with agglomerated topography. On
comparing AFM images of MWCNT and MWCNT@SiO2 the change
in surface appearance to spindle shaped morphology is attributed
to the successful silylation. In GFC-CH¼CH2, the smoothening of the
spindles compared to MWCNT@SiO2 indicates the surface modifi-
cation due to allyl grafting. On comparing the MIP with BPA and
MIP, the former appears to be swollen and the increase in broad-
ness could explain the interaction of BPA on MIP network. The
regular and uniform spikes present on MIP are attributed to the
presence of specific binding sites.

3.3. Cyclic voltammetric characterization of different electrodes

The CV of ferricyanide was used to characterize the electro-
chemical behaviour of bare and modified electrodes. Fig. 5a Shows
the CV response of BGC, NIP/GC and MIP/GC in an electrolytic so-
lution of 1.0mM K3[Fe(CN)6] and 0.1M KClO4. A couple of redox
peaks with a peak potential separation (DEp) of 113.3mV was ob-
tained for the bare GCE. After modifying the electrodewithMIP, the
peak potential separation (DEp) is 95.1mV which is due to the
excellent reversibility of the MIP sensor electrode. The significant
increase in the redox peak current indicates the excellent electrical
conductivity and larger surface area of theMIP sensor electrode. For
NIP sensor, the redox peak current is greatly declined. This might be
due to the absence of electro active cavities (MIP cavities) on NIP
sensor compared to MIP. A shift in potential was observed for MIP
and NIP compared to bare GCE is due to the presence of polymeric
material containing conducting MWCNT. It is reported [29] that the
shift in potential is an indication of more reversible system caused
by the effectiveness of electron transfer.
The interference properties of different electrodes were inves-
tigated using electrochemical impedance spectroscopy (EIS). Fig. 5b
represents the Nyquist plot of BGC, NIP/GCE and MIP/GCE in a so-
lution of 1.0mM K3[Fe(CN)6] and 0.1M KCl. A typical Nyquist rep-
resents, a semicircle portion indicating the electron transfer
resistance at higher frequency and a linear portion corresponds to
diffusion limited process at lower frequency. When compared to
BGC, MIP/GCE exhibits reduced semicircular domain. A straight line
obtained for MIP/GCE indicates its least electron transfer resistance
and improved diffusion rate of solution towards the electrode in-
terfaces. The results also indicated that MIP/GCE possesses a higher
conductivity than BGC.

3.4. The response of sensor to BPA

The electrochemical behaviour of different modified electrodes
(BGC, MIP/GCE and NIP/GCE) is also investigated in a 2.0 mM BPA
solution of pH (7.0) phosphate buffer at a scan rate of 50mV s�1

using cyclic voltammogram and results are shown in Fig. 6a. The
major redox peak appears at around 250mV in anodic sweep and
the corresponding reduction peak in cathodic sweep is obtained at
about 180mV. The low peak height of NIP/GCE suggests the poor
electro catalytic activity of NIP/GCE sensor. The NIP/GCE gave a
weak redox response compared to MIP/GCE. Even though NIP has
no cavity to bind BPA, it contains the similar functionalities of MIP.
The presence of specific imprinting sites enhances the current
response of BPA in MIP/GCE. NIP is also containing conducting
MWCNT, so there also takes place the electrochemical reaction. But
due to the absence of complimentary sites, the current response is
very poor. The enhanced redox response of MIP/GCE indicates the
presence of complimentary cavities. MIP is also comparedwith BGC
(control). BGC also gives a weak repose to BPA. The BGC gives only a
broad anodic peak. The absence of reduction peak indicates the
irreversible nature of electrochemical reaction of BPA.

The possible electrochemical sensingmechanism of BPA onMIP/



Fig. 4. The AFM images of (A) MWCNT, (B) MWCNT @SiO2, (C) GFC-CH¼CH2, (D) MIP, (E) MIP with BPA and (F) NIP.
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GCE follows four electrons and four proton process as explained in
the earlier report [30]. The electro oxidation of BPA can be illus-
trated as follows.

Electrochemical characterization of MIP in PBS solution (Fig. 6b)
shows a reduction peak at 185mV implies the characteristic
reduction nature of the electrode modified with MIP on MWCNT.
On interacting with BPA solution, the characteristic peak of the
electrode increases due to the electrochemical reaction of BPA
taking place at the imprinted site. The peak obtained forMIP/GCE in
PBS solution indicates the reducing nature of the polymer on
MWCNT and the value is enhanced in the presence of BPA.
3.5. Optimization of electrochemical protocol

The electrochemical behaviour of BPA was explored as a func-
tion of pH using a series of phosphate buffer and is shown in Fig. 7a.
The value of pH was varied between 4.0 and 10.0. With increase in
pH from 4.0 to 7.0, the oxidation current increased and reached a
maximum value at pH 7.0, after that it decreased with further in-
crease in pH from 8.0 to 10.0. Maximum anodic peak current was
observed at pH 7.0 and was selected as optimum pH. The strong
protonation ability of BPA declines the interaction of BPA with MIP
under harsh acidic conditions. The maximum current response was
obtained at pH 7.0, below the pKa of BPA (9.73). Moreover the
hydroxyl groups in undissociated BPA can form hydrogen bond
with pyridinyl group in the polymermatrix than the dissociated ion
form.
In order to further improve the analytical procedure with the
aim of allowing most optimized experimental conditions for the
sensing of BPA, the incubation time was also explored and repre-
sented in Fig. 7b. An optimized incubation time of 20min was
applied for subsequent electrochemical analysis.

3.6. Analytical applications of MIP/GCE

Fig. 8 depicts the typical differential pulse voltammetric profile
resulting from the addition of BPA made into pH 7.0 buffer solution
over a concentration ranges from 1.0� 10�10 to 4.0� 10�4M using
the modified GCE. A well defined and sharp oxidation peak was
obtained for BPA at 217.9mV. A linear dynamic range from
1.0� 10�10 to 4.0� 10�4M with a calibration equation of
IBPA ¼ 20.978þ 0.951 CBPA (R2¼ 0.998) is obtained. A comparison of
MIP/GCE with other reported electrodes modified for the detection
of BPA is listed in Table 1. Compared to reported literature, the
fabricated sensor shows a large linear range and low detection
limit.

3.7. Selectivity

Selectivity was studied by testing the structural analogues of
BPA including BPF, Ph, and DHB, represented in Fig. 9. It was seen
that the current response of MIP/GCE towards BPA is much greater
than that generated by the analogues of tenfold concentration. The
outstanding specificity could be ascribed to the complimentaryMIP



Fig. 5. a. CV response of BGC, NIP/GC and MIP/GC in an electrolytic solution of 1.0mM
K3[Fe(CN)6] and 0.10M KCl. b. Nyquist plot of BGC, NIP and MIP in a solution of 1.0mM
K3[Fe(CN)6] and 0.1M KCl.

Fig. 6. a. CV response of MIP/GCE, NIP/GCE and BGC in PBS solution of BPA. b. CV
response of MIP/GCE in PBS solution.
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cavities in the polymer for mimicking the structure of BPA via the
interaction between the functional monomers and template.

In addition, the specificity of the sensor was also determined.
The current response of BPA in a solution containing NH4

þ, Ca2þ,
Naþ, Kþ, Cl�, NO3

� with a concentration tenfold amount than that of
BPA was tested. The electrical response of BPA is seemed to be not
affected indicating the good specificity of the template towards
MIP.

3.8. Stability, repeatability and reproducibility

The stability of the prepared sensor was evaluated by checking
the current response of 5� 10�9M BPA solution for consecutive 10
days with the electrode being retained at room temperature. The
MIP/GCE can retain 94.3% of its initial response after 10 days. The
repeatability of MIP sensor was examined by measuring the elec-
trochemical response of 5.0� 10�9M concentration of BPA for 5
replicate measurements using the sameMIP/GCE sensor. After each
measurement BPA was extracted using methanol: acetic acid (9:1)
solution.The relative standard deviation (RSD) value of 2.4%
ascribed to the good repeatability of the MIP/GCE sensor. The
reproducibility of the MIP/GCE was evaluated by constructing five
MIP/GCE sensors and the current response to 5.0� 10�6M
concentration of BPA was investigated. The obtained RSD was 2.1%
confirming the reproducibility of the fabrication method.
3.9. Determination of BPA in real samples

The MIP/GCE sensor was evaluated towards the determination
of BPA in commercially available baby feeding bottle samples. The
samples were prepared as described in the experimental section
2.7. HPLC was also performed to detect the content of BPA to testify
the accuracy of the proposed method and the results are listed in
Table 2. The results obtained from HPLC method and the proposed
sensor were in good agreement, reveal the reliability of fabricated
sensor in the real life applications. The student t-test is conducted
for the comparison of HPLC method with the present method. The
results obtained were satisfactory.
4. Conclusions

A selective and sensitive MIP was synthesized and used for
modifying GCE for the electrochemical detection of BPA.



Fig. 7. Influence of (A) pH values and (B) incubation time on the electrochemical re-
sponses of the MIP/GCE sensor.

Fig. 8. DPV curves of MIP/GCE sensor in phosphate buffer (pH¼ 7.0) containing
different concentrations of BPA. Inset: Calibration curve of BPA concentration in the
range of 1.0� 10�10 to 4.0� 10�4M.

Fig. 9. Comparison of sensing response of BPA with its analogues using MIP/GCE. The
concentrations of BPA, bisphenol F (BPF), phenol (Ph), and 1,4-dihydroxybenzene(DHB)
were, 5.0� 10�6, 5.0� 10�5, 5.0� 10�5 and 5.0� 10�5M, respectively.

Table 2
Determination of BPA in real samples (Baby bottle).

Sample HPLC Methoda Present Methoda

Amount Found (nM) RSD (%) Amount Found (nM) RSD (%)

1 57.51± 1.84 3.20 56.23± 1.40 2.50
2 89.65± 2.06 2.30 85.54± 1.45 1.70
3 63.25± 1.17 1.75 62.21± 1.24 2.00
4 92.87± 2.41 2.60 93.31± 1.11 1.20
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Characterization of MIP using FTIR, Raman, XRD, SEM and AFM
techniques confirms the stepwise modification in each stage. CV
and DPV were used to characterize the electro-catalytic behaviour
of modified GCE. The optimization of pH (7.0) and incubation time
(20m) was achieved during the CV analysis. The increased current
observed in MIP/GCE proves the specificity of MIP as adsorption of
BPA on the sensor increased, indicating the presence of specific
binding sites. A lower detection limit (0.02 nM) and a dynamic
linear range obtained during DPV analysis can be concluded to the
applicability of the sensor in the analysis of real samples. The re-
sults indicate that the proposed sensor could be used for the
detection of BPA in various samples including food and water
storage bottles.
Table 1
A comparison of linear range and detection limit for BPA by MIP/GCE with the other reported literature values of sensors.

Type of Electrode Technique Linear range (M) Detection Limit (M) Reference

AuNPs/SGNF/GCE LSV 5.0� 10�9 e1.0� 10�6 3.5� 10�8 [30]
CTAB/CPE CV 6.0� 10�7 e 1.0� 10�4 1.0� 10�7 [21]
MIP-GR/ABPE Derivative voltammetry 8.0� 10�9 e 1.0� 10�6; 1.0� 10�6 e 2.0� 10�5 6.0� 10�9 [31]
ZrO2(20%)/Nano-ZSM-5/GCE DPV 6.0� 10�9 e 6.0� 10�4 3.0� 10�9 [32]
MIPMSs/CPE CV 1.0� 10�11e8.0� 10�7 2.8� 10�12 [33]
SPA-MIP CV 1.0� 10�7e5.0� 10�4 3.2� 10�8 [34]
MIP/GCE DPV 1.0� 10�10e 4.0� 10�4 0.2� 10�11 Present Work

a Average of five measurements.
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