
A
p
b

F
K
T

a

A
R
R
A
A

K
B
E
M
G

1

e
d
e
B
a
h
r
f
h
i
d
f

h
f
a

D

h
0

Sensors and Actuators B 233 (2016) 599–606

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

journa l homepage: www.e lsev ier .com/ locate /snb

n  electrochemical  sensor  based  on  molecularly  imprinted
olypyrrole/graphene  quantum  dots  composite  for  detection  of
isphenol  A  in  water  samples

eng  Tan ∗, Longchao  Cong,  Xiaona  Li,  Qian  Zhao,  Hongxia  Zhao,  Xie  Quan,  Jingwen  Chen
ey Laboratory of Industrial Ecology and Environmental Engineering (MOE), School of Environmental Science & Technology, Dalian University of
echnology, Dalian 116024, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 1 November 2015
eceived in revised form 19 April 2016
ccepted 25 April 2016
vailable online 27 April 2016

eywords:
isphenol A

a  b  s  t r  a  c  t

Bisphenol  A (BPA)  is an important  endocrine  disrupter  in  environments,  for  which  sensitive  and  selective
detection  methods  are  highly  necessary  to carry  out  its recognition  and  quantification.  Here a novel
electrochemical  sensor  was  developed  based  on  molecularly  imprinted  polypyrrole/graphene  quantum
dots  (MIPPy/GQDs)  composite  for  the  detection  of  bisphenol  A  (BPA)  in  water  samples.  A  MIPPy/GQDs
composite  layer  was  prepared  by  the electropolymerization  of  pyrrole  on  a  glassy  carbon  electrode  with
BPA  as  a template.  The  MIPPy/GQDs  composite  could  specifically  recognize  BPA  in  aqueous  solutions,
which  resulted  in the  decrease  of  peak  currents  of K3[Fe(CN)6] at the  MIPPy/GQDs)  modified  electrode
lectrochemical detection
olecularly imprinted polymer
raphene quantum dots

in  cyclic  voltammetry  (CV)  and  differential  pulse  voltammetry  (DPV).  There  was a  linear  relationship
between  BPA  concentrations  ranging  from  0.1 �M to 50 �M  and  the  response  value  (�IDPV )  in DPV,  with
a  limit of detection  of  0.04 �M (S/N  = 3). The  sensor  was  applied  for  the  detection  of  BPA in  tap  and
sea water  samples,  with  recoveries  of 94.5%  and  93.7%,  respectively.  The  proposed  method  provides  a
powerful tool  for rapid  and  sensitive  detection  of  BPA  in environmental  samples.
. Introduction

Bisphenol A (2,2-bis (4-hydroxyphenyl) propane, BPA) is an
ndocrine disrupter in environments, which can induce abnormal
ifferentiation of reproductive organs by interfering the action of
ndogenous gonadal steroid hormones [1]. Low–dose exposure to
PA produces an increasing risk suffering from diabetes mellitus
nd cardiovascular disease [2]. Many researches showed that BPA
as been found in daily plastics products such as nursing bottles,
esin lining of cans, drinking water bottles, medical apparatus, and
ood packaging bags, etc., which results in potential risks to public
ealth, especially for newborn infants and children. Hence, there

s a great need to develop reliable analytical methods for sensitive
etection of trace BPA in the fields of environmental monitoring,

ood safety and toxicity assessment.
The traditional techniques for BPA detection mainly include
igh performance liquid chromatography (HPLC) [3,4], high per-
ormance liquid chromatography–mass spectrometry (HPLC–MS
nd HPLC–MS/MS) [5–7], gas chromatography–mass spectrometry
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(GC–MS) [8,9]. Although these methods are reliable and sensitive
enough for routine analysis, there are several shortcomings to be
addressed, such as the needs for expensive equipment, well-trained
operators and complicated sample preparation, and not being com-
petent for on-site detection in emergent pollution events.

Electrochemical (EC) method is alternative for the detection
of BPA [10–13]. However, direct EC detection for BPA suffered
from several problems. The first problem is that there is an high
overpotential in the oxidation of phenolic hydroxyl group of BPA
at traditional electrodes [14,15], which results in an increase of
background current and then a high limit of detection. The other
problem is that the oxidized products of BPA easily attach, even
form a thin film on sensing electrodes, which leads to passivation
of the electrodes and thus a decreasing sensitivity in successive
measurements [14,16].

Recently, several indirect EC methods which do not involve in
the oxidation of the phenolic hydroxyl group have been reported
for the detection of BPA, such as potentiometric [17,18], capacitive
[19], impedimetric [20–22] sensors. These methods used specific
recognition molecules/materials as electrode sensing elements,

including molecularly imprinted polymer (MIP) [17], antibodies
[18,20], tyrosinase [21], and DAN aptamer [19]. Selective bind-
ing or absorption of BPA on the sensing elements led to changes
of potential, capacitance, or impedance in the sensing electrodes,

dx.doi.org/10.1016/j.snb.2016.04.146
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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hich was used as response signal for quantifying BPA. Among
hese molecules/materials, MIP  has many advantages, such as low
reparation cost, ease of synthesis, and good chemical/mechanical
tability in environments.

Graphene has attracted increasing attentions due to its’ unique
anostructure and properties. Especially, large surface area, fast
lectron transfer rate, excellent electrical conductivity allow
raphene as sensing element in EC detections [23]. On the other
and, strong hydrophobic nature is disadvantageous for the redox
f analytes at grapheneinterface in aqueous solutions due to inter-
ace resistance. Graphene quantum dots (GQDs) are graphene
heets whose size is less than 100 nm.  Besides the unique properties
f graphene, GQDs have excellent photoluminescence, good water
olubility, and biocompatibility, and thus have been gained many
pplications in optical sensing platforms and bioimaging [24,25].
owever, there are seldom reports using GQDs as sensing materials

n EC detections [26,27].
In the present work, a novel electrochemical sensor based

n molecularly imprinted polypyrrole/graphene quantum dots
MIPPy/GQDs) composite was developed for the detection of BPA
n waters through differential pulse voltammetry (DPV), with
3[Fe(CN)6] as an electrochemical probe. The detection do not

nvolve oxidation of BPA at the composite electrode. The proposed
ensor showed high sensitivity, good reproducibility, and stability.
urthermore, the proposed method was successfully applied for
he detection of BPA in sea water and tap water, with satisfactory
ecoveries.

. Experimental

.1. Materials and apparatus

Graphene oxide flake was purchased from Nanjing XFNANO
aterials Tech. Co. Ltd (Nanjing, China). Pyrrole (99%) was pur-

hased from Sigma–Aldrich (St. Louis, USA), which was further
urified by vacuum distillation. Bisphenol A (BPA), phenol (Ph),
–methylphenol (4–MP), and 4–tert–butyl phenol (4-tBP) were
urchased from Tianjing Guangfu Fine Chemical Institute (Tian-

ing, China). All other reagents were of analytical grade. Milli–Q
ltrapure water was used during all the experiments.

Morphology and size of GQDs were obtained by a FEI Tec-
ai G2 20 transmission electron microscopy (TEM) and an atomic

orce microscope (AFM) from Molecular Imaging with PicoScan
ontroller. Fluorescence measurements were carried out with an
-4500 fluorescence spectrophotometer (Hitachi, Japan). UV–vis
bsorption spectra were recorded on a UV–2900 ultraviolet spec-
rophotometer (Hitachi, Japan). All electrochemical measurements
ere carried out by a CHI 660D electrochemical workstation

Shanghai, China).

.2. Preparation of GQDs

GQDs were prepared by a hydrothermal approach. In brief,
0 mg of GO was placed in a Teflon jar at 200 ◦C for 12 h to obtain
educed GO (rGO), followed by oxidation with a mixture of concen-
rated HNO3 (30 mL)  and H2SO4 (10 mL)  under stirring for 24 h and
ltrasonication for 24 h at room temperature. The resulting product
as diluted with 250 mL  ultrapure water and then filtered with a

.22 �m microporous membrane to remove the residual acids. The
lter was redissolved in 40 mL  ultrapure water and pH was  tuned

o 8.0 with NaOH. Finally, the solution was put into a Teflon jar

nd kept at 200 ◦C in a Muffle furnace for 24 h. The resulting solu-
ion was filtered with a 0.22 �m microporous membrane to remove
arge particles, and the brown filtrate was collected. The filtrate was
urther dialyzed 3 times with a dialysis bag (retained molecular
ors B 233 (2016) 599–606

weight: 3500 Da). The final products (GQDs) showed blue photolu-
minescence.

2.3. Preparation of MIPPy/GQDs composite electrode

A glassy carbon (GC) electrode was successively polished using
0.5–0.7 �m and 0.05 �m alumina slurry, followed by rinse with
pure water. The GC electrode was further pretreated electro-
chemically in 0.5 M H2SO4 aqueous solution until a stable cyclic
voltammogram was  obtained. GQDs solution was dropped onto the
GC electrode surface and dried at room temperature.

BPA–imprinted polypyrrole was prepared by the electropoly-
merization of pyrrole on the surface of GQDs modified GC
(GQDs/GC) electrode using CV at a potential ranging from −0.2 V to
0.8 V versus a Ag/AgCl reference electrode at a scan rate of 100 mV/s.
The prepolymer solution consisted of 0.1 M pyrrole, 20 mM H2SO4,
and 22 �M BPA as a template. After the electropolymerization, the
MIPPy/GQDs composite electrode was repeatedly immersed into
methanol–acetic acid (80:2, v/v) solution to remove the template
till BPA in the washing solution was not detected by HPLC. Nonim-
printed polypyrrole/GQDs (NIPPy/GQDs) composite electrode was
prepared as the same procedures except for without the template
in the prepolymer solution. The prepared electrodes were kept in
0.1 M PBS (pH 7.0).

2.4. Electrochemical measurements

The electrochemical behaviors of the modified electrodes were
evaluated by CV in 10 mM K3[Fe(CN)6] solution containing 0.1 M
KCl. To quantitatively detect BPA, the MIPPy/GQDs electrode fol-
lowing removing the template was  incubated with BPA solution
for 210 s and then transferred in the K3[Fe(CN)6] solution for DPV
measurements, at a scan rate of 50 mV/s and a pulse amplitude
of 50 mV  and a pulse width of 50 ms.  The change value (�IDPV )
of the peak currents in DPV before and after the incubation was
defined as response signal of the sensor. All measurements were
made at room temperature. The calibration curve was  constructed
by plotting �IDPV versus BPA concentrations.

2.5. Real samples analysis

Water samples included tap water and sea water which were
collected from our laboratory and Xinghai Bay, Dalian, China,
respectively. Prior to the measurement, the water samples were
filtered with a 0.22 �m membrane to remove large particles. No
BPA was detected in the water samples by the HPLC method [28].
Then, the samples were spiked BPA standard solution (40 �M of
final concentration) and measured by the DPV method. Recoveries
were obtained by the comparison of the concentrations calculated
through a calibration curve with the spiked concentration. The
spiked sample was also analyzed by a HPLC method [28].

3. Results and discussion

3.1. Preparation and characterization of GQDs

GQDs were synthesized by a facile hydrothermal approach using
graphene oxide as original material. The as–prepared GQDs were
characterized by AFM and TEM. As shown in Fig. 1, the AFM image
showed that the topographic height of the GQDs was 0.7–1.2 nm,
suggesting that the GQDs consisted of 1–2 graphene layers, and
the horizontal diameter was ∼20 nm.  GQDs with similar size could

be observed in the TEM image though there were some aggre-
gations due to without enough ultrasonication dispersion during
the analysis. The GQDs had a broaden absorption band centered at
340 nm and exhibited strong fluorescent emission peaks ranging



F. Tan et al. / Sensors and Actuators B 233 (2016) 599–606 601

nd SEM (c) of the MIPPy/GQDs composite on a GC electrode.
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Fig. 1. AFM image (a) and AFM image (b) of the GQDs, a

rom 370 nm to 420 nm depending on the excitation wavelengths
Fig. S1 and Fig. S2). The strongest emission peak was achieved
t 420 nm under 320 nm UV excitation. FTIR spectrum (Fig. S3)
howed that there was an intense band at ∼3450 cm−1, which
as assigned to the O H stretching vibration of C OH groups. The

eaks at 1640 cm−1 and 1255 cm−1 were attributed to the stretch-
ng vibration of C C and C O C [29]. The peak at 1400 cm−1 was
ttributed to the skeletal vibration from graphene domain.

.2. Preparation of MIPPy/GQDs composite electrode

To prepare MIPPy/GQDs composite electrode, GQDs were firstly
oaded on a GC electrode, followed by carrying out the elec-
ropolymerization of pyrrole by CV with BPA as a template. Fig. 2
hows cyclic voltammograms of the electropolymerization in pres-
nce and absence of the template. In presence of the template,
n oxidation peak at 0.48 V was observed at the first scan cycle;
hile the peak disappeared and the electropolymerization currents

ecreased in successive CV cycles (Fig. 2a). The peak was attributed
o the oxidation of BPA during the electropolymerization. The
esulting oxidized products attached on the GQDs/GC electrode,

esulting in passivation of the electrode and thus decreasing
lectropolymerization currents. In absence of the template, the
lectropolymerization currents gradually increased with increas-
ng number of CV cycles (Fig. 2b). The polymerization process led
Wavenumber/cm

Fig. 2. FTIR spectra of GQDs(a), PPy (b), and MIPPy/GQDs (c).

to the embedment of BPA in the MIPPy/GQDs composite, and then
BPA-imprinted sites were obtained following the washing. Fig. 1c
shows SEM image of the MIPPy/GQDs composite on a GC elec-

trode. It can be seen that a uniform nanocomposite layer was
formed by the electropolymerization. FTIR analysis of PPY, GQDs,
and MIPPy/GQDs on ITO substrate was carried out. As shown in
Fig. 2, peaks at 1538 cm−1, 1458 cm−1 are associated with C C,
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Fig. 3. Cyclic voltammograms for the electropolymerization of 100 mM pyrrole at
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Fig. 4. Cyclic voltammograms of 10 mM K3[Fe(CN)6] solution containing 0.1 M KCl
at  different electrodes. (a): (1) bare GC electrode, (2) GQDs/GC electrode, (3)
NIPPy/GQDs electrode, (4) MIPPy/GQDs electrode after the template removal; (b):
QDS/GC electrode in presence (a) and absence (b) of 5 mM BPA in 20 mM H2SO4,

t  a scan rate: 100 mV/S.

 N stretching vibration in PPy ring, and peaks at 1676 cm−1,
380 cm−1, and 1250 cm−1 were observed in GQDs, which are
ttributed to vibration of C C, C H, and C O [30,31]. These char-
cteristics peaks of PPy and GQDs were simultaneously found in
IPPy/GQDs. This fact indicated that the MIPPy/GQDs composite
as formed on GC electrode by the electropolymerization. (Fig. 3).

.3. Electrochemical behavior of modified electrodes

The electrochemical characteristics in stepwise fabrication pro-
ess of the MIPPy/GQDs electrode were studied by CV with
0 mM K3[Fe(CN)6] probe solution. Fig. 4a shows cyclic voltammo-
rams of the probe solution at bare GC, GQDs/GC, MIPPy/GQDs,
nd NIPPy/GQDs electrodes. A couple of redox peaks were found
t bare GC electrode (curve 1), with a peak potential difference
�Ep) of 113 mV.  The peak current observably increased follow-
ng the GQDs modification, i.e., GQDs/GC electrode. And both the
nodic and cathodic peak potentials (Ep) shifted toward more neg-
tive direction and �Ep decreased to 110 mV.  The shift of Ep and
he decrease of �Ep were attributed to the fact that the QGDs had
igher electron transfer rate and electrical conductivity compared
o GC electrode. When polypyrrole was prepared on the GQDs/GC
lectrode by the electropolymerization in absence of the template,

.e., NIPPy/GQDs electrode, the peaks became poor and peak cur-
ent decreased and �Ep increased to 275 mV.  (curve 3). This was
ecause that the polypyrrole, i.e., NIPPy, had lower electron transfer
ate and electrical conductivity compared to GQDs and limited the
(1)  the MIPPy/GQDs electrode following incubation with 100 �M of the template
(1),  the MIPPy/GQDs electrode before (2) and after (3) the template removal.

diffusion of K3[Fe(CN)6] at the NIPPy/GQDs. Curve 4 shows cyclic
voltammogram of the MIPPy/GQDs electrode after the template
removal. A pair of large redox peaks was  observed, with a �Ep
of 149 mV.  The peak current was  larger than that at the bare GC
and NIPPy/GQDs electrodes but smaller than that at the GQDs/GC
electrode. The large peak current could be interpreted by the fact
that the imprinted sites in the MIPPy/GQDs composite improved
the diffusion of K3[Fe(CN)6] at the MIPPy/GQDs electrode.

Curve 1 in Fig. 4b shows the cyclic voltammograms of
10 mM K3[Fe(CN)6] at the MIPPy/GQDs electrode following the
incubation with the template. No redox peaks of K3[Fe(CN)6] were
observed, which is similar to the cyclic voltammogram at the
MIPPy/GQDs electrode before the template removal (curve 2). This
fact indicated that the imprinted sites in the MIPPy/GQDs compos-
ite could reabsorb BPA in solution during the incubation, decreasing
the diffusion of K3[Fe(CN)6] at the MIPPy/GQDs electrode.

The electrochemical impedance (EI) spectroscopy is an effec-
tive tool for charactering electrode modifications. In Nyquist plot
of EI spectrum, the semicircle part at higher frequencies corre-
sponds to an electron-transfer-limited process while the linear
part at lower frequencies indicates a diffusion-controlled process.
The semicircle diameter equals to the resistance of the electron-
transfer process, which is related to the dielectric and insulating

features at the electrode/solution interface [32]. Fig. 5 shows EI
spectra of 10 mM K3[Fe(CN)6] containing 0.1 M KCl at GC electrode,
GQDs/GC electrode, and MIPPy/GQDs electrode before and after the
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Fig. 5. Electrochemical impedance spectra of 10 mM K3[Fe(CN)6] at different elec-
trodes. (1) GC electrode, (2) GQDs/GC electrode, and MIPPy/GQDs electrode (3)
before and (4) after the template removal. Rs is solution resistance, Rct is charge
transfer resistance, Cdl is double layer capacitance, and Zw is Warburg impedance.
The frequency ranging from 1 Hz to 105 Hz with signal amplitude of 5 mV.
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Fig. 7. Effect of the polymerization cycles (a) and incubation time (b) on the response
ig. 6. Effect of the GQDs amount on cyclic voltammograms of 10 mM K3[Fe(CN)6]
t  the MIPPy/GQDs electrode. (1)–(5): 3 �L, 6 �L, 9 �L, 12 �L,15 �L. Scan rate:
00  mV/S.

emplate removal. The impedance data was analyzed by a Randles
ircuit (the insert in figure). It can be seen that a small semicir-
le (750 �)  at higher frequencies was observed at the GC electrode
curve 1) while only a straight line was recorded at the GQDs/GC
lectrode (curve 2), indicating that the reaction was  controlled by

 diffusion-controlled process [32]. There was a large semicircle
7.5 k�) at the MIPPy/GQDs electrode before the template removal
hile the semicircle decreased to 550 � when the template was

emoved by the washing (curve 4). These results further support the
act that the template embedded during the electropolymerization
esulted in passivation of the electrode while the imprinted sites
xposed by the washing enhanced the diffusion of K3[Fe(CN)6] at
he MIPPy/GQDs composite and made it easier for electron transfer
o take place.

.4. Optimization of conditions

To prepare the MIPPy/GQDs electrode, GQDs were firstly used
o modify a GC electrode due to its large electron transfer rate and
ood electrical conductivity. Effect of GQDs amount changing from
 �L to 20 �L on the peak currents of K3[Fe(CN)6] was studied. As
hown in Fig. 6, the peak currents continually increased with the
ncrease of GQDs amount. The increase was attributed to the con-
inual increase of effective area in the GQD/GC electrode upon the
(�IDPV ) of BPA at the MIPPy/GQDs electrode. 10 mM K3[Fe(CN)6] containing 0.1 M
KCl.

modification. When the GQDs/GC amount was larger than 15 �L,
the peak currents occasionally reduced in successive measure-
ments, which may  be due to falling off of GQDs from the electrode
surface during the measurement. Thus, 15 �L of GQDs solution was
used to modify the GC electrode.

Thickness of the imprinted polymer has an influence on the
amount of BPA-imprinted sites, which is related to the polymer-
ization cycles. The thicker the imprinted polymer was, the more
the imprinted sites were. However, if the polymer was  too thick, it
was difficult to completely remove the template from the polymer
matrix. Moreover, BPA in solutions could not arrive to the imprinted
sites at the deep inner place due to a high mass–transfer resistance,
resulting in poor site accessibility and slow binding kinetics. We
investigated effect of the polymerization cycles ranging from 3 to
15 cycles on the response value (�IDPV ). As shown in Fig. 7a, �IDPV
continually increased and reached a maximum value at 15 cycles.
Further increasing the cycles resulted in decrease of �IDPV . This
decrease may be that excessive cycles increased the transfer resis-
tance of K3[Fe(CN)6] at the MIPPy/GQDs electrode. Therefore, 15CV
cycles were used in the development of the MIPPy/GQDs electrode.

Effect of the incubation time ranging from 30 s to 300 s on �IDPV
was investigated. As shown in Fig. 7b, �IDPV rapidly increased with
the incubation time varying from 30 s to 120 s. Further increasing
the incubation time led to a slow increase till a constant value was
obtained at 210 s. This fact indicated that the imprinted sites were

completely occupied by BPA in solution. To obtain the highest sensi-
tivity, the MIPPy/GQDs electrode was  incubated with BPA solution
for 210 s for DPV measurements. Since DPV measurement could be
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Table 1
Determination of BPA spiked sea water and plastic bottled drinking water by the proposed method and HPLC (n = 3).

Samples Original Added (�M) Detected (�M) Recoveries (%) RSD(%) Recoveries (%) by HPLC

Sea water nd 30.0 28.1 93.7% 3.54% 95.7%
Bottled water nd 30.0 28.4 94.5% 1.66% 96.3%

nd: no detected by the proposed method.

Fig. 8. DPV curves of 10 mM K3[Fe(CN)6] at the MIPPy/GQDs electrode after incu-
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Fig. 9. The response (�IDPV )of the MIPPy/GQDs (gridding) and NIPPy/GQDs (diago-
ation with different concentration BPA solutions. (1)–(10): 0, 0.1 �M,  1 �M,  5 �M,
0  �M,  20 �M,  30 �M, 40 �M,  and 50 �M.  The inset in fig is a calibration curve
etween �IDPV value versus BPA concentrations.

ompleted within 12 s under the optimized parameters, the whole
nalysis time for the detection of BPA was less than 4 min.

.5. Analytical characteristics

DPV was used to quantitatively detect BPA in solutions. The
nalytical performance of the sensor was evaluated by measuring
he response (�IDPV ) of the sensor when the MIPPy/GQDs elec-
rode was incubated with different concentration BPA solutions
nder the optimized conditions. There was a linear relationship
etween BPA concentrations varying from 0.1 �M to 50 �M and
IDPV value, as shown in Fig. 8. The resulting calibration equation
as �IDPV = 1.1716c + 2.6867 (r = 0.9979). The limit of detection

LOD) was 0.04 �M (S/N = 3), which was 50 times lower than the
tandard value (0.01 mg/L, 2.28 �M)  for drinking water quality of
hina (GB 5749-2006), and lower than some previous results by
lectrochemical sensors based on molecularly imprinted polymer,
uch as 0.1 �M [33], 420 �M [34], 0.06 �M [35], 0.138 �M [36].

The reproducibility of the sensor was evaluated for repeated
easurements of 20 �M BPA aqueous solution. The sensor was
ashed with the methanol–acetic acid (80:2, v/v) solution for 5 min

fter each measurement. The relative standard derivation (RSD)
as 2.2%, showing good reproducibility and regeneration ability.

o evaluate the stability of the sensor, the fresh sensor was kept
or 15 days in PBS (pH 7.0) at 4 ◦C, and the response signal of the
ensor kept 95% of original signal, showing good long–term stabil-
ty. Good reproducibility and stability of the present sensor were
ttributed to the good stability of the MIPPy/GQDs composite and
he reversibly binding of the imprinted sites to BPA; more impor-
ant, the detection process did not involve oxidization reaction of
PA and thus avoided the passivation of the MIPPy/GQDs electrode.

.6. Selectivity of the sensor
Selective recognition of the template was an important merit
or a sensor based on molecularly imprinted polymer. Here Ph,
-MP, and 4-tBP with phenol structure were used to check selec-
nal) electrodes to different compounds (20 �M).  The MIPPy/GQDs and NIPPy/GQDs
electrodes were incubated with the compounds, follow by carrying out DPV mea-
surements in 10 mM K3[Fe(CN)6] containing 0.1 M KCl.

tivity of the present sensor. As show in Fig. 9, the response (�IDPV )
of BPA at the MIPPy/GQDs electrode was  15.5, 7.7 and 3.9 times
more than that of Ph, 4-MP and 4-tBP (20 �M for each com-
pound), respectively, indicating that the sensor could selectively
detect BPA in the presence of other phenolic compounds. In addi-
tional, the imprinting effect was evaluated by the comparison
between the MIPPy/GQDs and NIPPy/GQDs electrodes. It can be
seen that the NIPPy/GQDs electrode had smaller responses for BPA
and other compounds compared to the MIPPy/GQDs electrode, and
the calculated imprinted factor (the ration of �IDPV between the
MIPPy/GQDs electrode and the NIPPy/GQDs electrode to BPA) is
7.8.

3.7. Analysis of real water samples

To evaluate the suitability of the present sensor for practical
applications, the sensor was applied to detect BPA in tap water and
sea water. The water samples collected were simply centrifuged
to remove any large suspended particles. The initial detection by
HPLC showed there was no presence of BPA in the samples. In this
case, the water samples were spiked with 30 �M BPA standard solu-
tion and were subjected to DPV measurements by the sensor. The
achieved recoveries were 94.5% and 93.7% for the tap and sea water
samples, respectively, as shown in Table 1. The same samples were
analyzed by a HPLC method. There was no significant difference
between the proposed method and HPLC method by a paired t-test
analysis with SPSS software (p < 0.05). These results indicated the
potential suitability of the sensor for the quantification of BPA in
real waters.

4. Conclusions

In conclusion, we developed a novel electrochemical sensor
based on the MIPPy/GQDs composite electrode for the detection

of BPA in water samples. The MIPPy/GQDs composite could specif-
ically recognize BPA in aqueous solutions, which resulted in the
decrease of the peak currents of K3[Fe(CN)6] at the MIPPy/GQDs
composite electrode in DPV. The achieved LOD was 0.04 �M.  High
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ensitivity was attributed to high electron transfer rate and good
lectrical conductivity of GQDs while good selectivity was derived
rom the BPA-imprinted sites in the MIPPy/GQDs composite. The
roposed sensor showed good repeatability and stability. All in all,
he proposed method provides a powerful platform for rapid (less
han 4 min) and sensitive analysis of BPA in water samples.
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