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a b s t r a c t

Bisphenol A (BPA) is an endocrine disrupting chemical, which can mimic estrogen and bring about a
series of negative impact on human health. Herein, we developed a novel dual-signal sensor by coupling
nanoporous gold leaf (NPGL) with thiolated beta-cyclodextrin (SH-b-CD) to realize sensitive and selective
determination of BPA. Modification with NPGL and self-assembling of SH-b-CD on gold electrode were
tracked by scanning electron microscopy, energy-dispersive spectroscopy and electrochemical mea-
surements. The dual signaling method is based on the competitive hosteguest interaction by recording
the signals from both target molecule BPA and probe molecule methylene blue (MB). Due to the different
binding ability of host molecule (b-CD) towards BPA and MB, BPA is able to enter b-CD cavities and
replace the pre-existing MB, resulting in the decreased oxidation peak current of MB and the increased
oxidation peak current of BPA. The summation of both current changes (jDIMBj þ DIBPA) is linearly
dependent on Napierian logarithm of BPA concentration from 3� 10�7M to 1� 10�4M with a detection
limit of 6� 10�8M (S/N¼ 3). It is noted that the detection limit obtained by dual-signaling is much lower
than that using single DIBPA as the response signal. This newly developed sensor was further adopted to
measure BPA in milk and tap water. The proposed dual-signal strategy and the established hybrid
electrochemical sensor have great potential applications in biomarker detection, food safety testing and
environmental monitoring.

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

As an endocrine disrupting chemical, estrogen-mimicking
Bisphenol A (BPA) can lead to a broad range of disease in animals
and human beings even at a low concentration [1,2]. BPA has been
added to the candidate list of substances of very high concern in
several countries, where strict assessment of this substance are
stipulated [3]. Many analytical techniques have been reported for
BPA detection including fluorimetry [4], liquid chromatography [5],
enzyme-linked immunosorbent assay [6] and electrical sensing
methods [7]. Among them, electrochemical sensors have attracted
wider attentions thanks to fast response speed, ease of miniaturi-
zation and easy to operate, which has advantages over large
instrument-based strategies [8,9]. As electrochemical signal
generated by BPA is quite weak at bare electrode, modification of
electrode with suitable catalytic materials is indispensable to
obtain amplified signals and enhanced selectivity and sensitivity
[7].

Sensors modified with noble nano-metals, such as Au nano-
particles (AuNPs) [10,11], Au nanocluster [12,13] and nanoporous
gold leaf (NPGL) [14,15], exhibit high electrical catalytic properties
due to their enlarged surface area and improved electron transfer
rate. Among them, NPGL is an very attractive agent with unique
three-dimensional interconnected architecture, and uniformly
distributed nanoligaments and nanopores [16]. Compared with
AuNPs and Au nanocluster, NPGL is a free-standing thin film with
continuous mesoporous structure, which ensures stability of NPGL-
decorated electrodes by preventing particle aggregation and
shedding [17]. In our previous work, several sensors based on NPGL
have been developed with improved sensitivity, and also exhibit
excellent features like easy fabrication, high repeatability and good
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stability, demonstrating that NPGL is a favorable material in sensor
modification [18e20].

The dual signaling electrochemical sensing strategy combining
merits of “signal-on” and “signal-off” has received much more
attention on account of its good analytical performance such as low
detection limit, good repeatability and low back ground noise
[21e23]. Compared to traditional sensor with single signal output,
electrochemical sensor with dual-signal output is promising
because it can efficiently overcome potential interferences from
intrinsic background electrochemical signals, which are difficult to
avoid in single signal sensor system. Hence, dual-signal electro-
chemical sensors include an intrinsic built-in correction to the ef-
fects from system or background electric signals, and show a
significant potential to further improve accuracy and sensitivity in
practical applications. Several dual-signal sensors are developed
utilizing cyclodextrins (CDs) as the host molecules for molecular
recognition [24e26]. CDs are able to selectively retain target ana-
lytes of proper geometrical fitting in their nanocavities [27,28],
depending on binding constant and binding strength between CDs
and analytes [29,30]. Thanks to good molecular enrichment capa-
bility and host-guest recognition ability [31], CDs as modification
material are able to improve selectivity of sensor.

Our work presented a dual-signal electrochemical sensing
strategy for sensitively and selectively measuring BPA based on
host-guest competitive interaction. The sensor was fabricated by
coupling NPGL with self-assembled thiolated beta-cyclodextrin
(SH-b-CD). The target molecules were absorbed on the electrode
surface and signals changed can be recorded. Methylene blue (MB)
was selected as an electrochemical signal probe, due to its strong
electroactivity and the ability to form host-guest complex with CDs
[32,33]. BPA can replace the pre-existing MB molecules from cav-
ities of CDs, which results in the reduced current of MB and the
increased current of BPA. Herein, integration of both current
changes as dual signals was proved to improve sensitivity for BPA
assay compared with single signal. This is the first report about
combination of NPGL and CDs as decoration material for con-
structing electrochemical sensor so far. Furthermore, the hybrid
sensor was employed to detect BPA in milk and tap water
successfully.

2. Experimental

2.1. Materials and reagents

Au/Ag alloy leaves (40:60wt%) with a thickness of 100 nmwere
obtained from Suzhou Cold Stones Tech. Co. Ltd. Mono-(6-
mercapto-6-deoxy)-b-cyclodextrin (SH-b-CD) was bought from
Shandong Bingzhou Zhiyuan Biotech Co. Ltd. Bisphenol A (BPA),
Methylene blue (MB), diallyl bisphenol A (DBA), 4,40-sulphonylbis
(SPB) and carbamazepine (CBZ) were purchased from Adamas Re-
agent Co. Ltd. (Shanghai, China). All other chemicals used in this
work, such as [Fe(CN)6]3�/4�, methanol, ethanol, KH2PO4, K2HPO4
and KCl, were obtained fromGuangfu Tech. Co. Ltd. (Tianjin, China).
Milk was bought from local market and tap water was obtained
from the lab. All the reagents were of analytical grade or better.
Water was doubly distilled. BPA was dissolved in ethanol at a
concentration of 0.05M as stock solution, which was diluted to
different concentrations with 0.1M phosphate buffer before use.

2.2. Instruments

The electrochemical measurements, such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and square
wave voltammetry (SWV), were carried out on a CHI 660 E Elec-
trochemical Workstation (ChenHua Instruments Co., Shanghai,
China). A typical three-electrode systemwas adoptedwith a bare or
modified gold electrode (GE, 4mm in diameter) as the working
electrode, a platinumwire as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. Scanning elec-
tron microscopy (SEM, Zeiss Supra 55VP) and energy-dispersive
spectroscopy (EDS, Scanning Electron Microscope, Zeiss Supra
55VP) were applied for surface morphology characterization.
UVevis spectra were recorded on a UV-2600 UVevis spectropho-
tometer (UVevis, Shimadzu). High performance liquid chroma-
tography (HPLC, Shimadzu) was adopted as a reference to validate
the proposed approach in BPA detection. A centrifuge (Anke TGL-
16G, China) was utilized to pretreat real samples.

2.3. Fabrication of sensor

The bare GE was first polished repeatedly to a mirror finish with
0.3mm and 0.05mm Al2O3, and thoroughly cleaned by ultra-
sonication in distilled water and ethanol for 30 s respectively. NPGL
made by selective removal of Ag was similar to that in previous
reports [34]. In brief, Ag/Au alloy leaf was cut into small squares,
and then immerged in concentrated nitric acid (65 vol%) for 60min.
Subsequently, the leaf was washed repeatedly with distilled water
and carefully transferred onto GE surface by following our previous
reports [18]. Then the NPGL-modified GE (NPGL/GE) was dried at
room temperature. NPGL/GE was pretreated with CV scanning
from �0.3 V to 1.5 V at a scan rate of 50mV s�1 for 24 cycles in
0.5MH2SO4 aqueous solution to get a clean electrode. After that,
the NPGL/GE was thoroughly washed with water and soaked in
aqueous solution of SH-b-CD (1mgmL�1) for about 15 h at 4 �C. The
electrode was marked as SH-b-CD/NPGL/GE and rinsed again with
ethanol and water before electrochemical measurement. All the
sensors were stored at 4 �C when not in use.

2.4. Electrochemical measurement

EIS and SWV are conducted to characterize differently modified
electrodes. EIS experiment was operated in an aqueous solution
containing 5mM [Fe(CN)6]3�/4� and 0.1MKCl. SWVwas carried out
in a potential range of �0.5 to þ0.8 V in phosphate buffer (pH 7.0,
0.1 M). In particular, before electrochemical determination of BPA
via SWV, the SH-b-CD/NPGL/GE was first incubated with MB
(50 mM,10mL) aqueous solution, gently rinsed with distilled water,
and then underwent the second round of incubation in BPA
solution.

2.5. Real sample pretreatment

To explore its practical application, the fabricated sensor was
adopted to determine BPA in tap water and milk. Briefly, tap water
was mixed with methanol at a volume ratio of 1:4, and then a set
number of BPA was added, followed by centrifugation at 4000 rpm
for 5min. As for milk sample preparation, milk containing a certain
amount of BPA was mixed with methanol at a volume ratio of 1:4.
The mixture was centrifugated for 10min at 4000 rpm to remove
protein. The obtained supernatants were used for analysis and
stored at 4 �C.

3. Results and discussion

3.1. Characterization and preparation of the SH-b-CD/NPGL/GE

The fabrication process is to couple dealloying with self-
assembly, and the process was monitored by SEM, EDS and elec-
trochemical methods. As shown in Fig. 1A, the surface morphology
of NPGL/GE is sponge-like with a randomly uniform porous



Fig. 1. SEM images of (A) NPGL/GE and (B) SH-b-CD/NPGL/GE; EDS spectra of (C) NPGL/GE and (D) SH-b-CD/NPGL/GE.
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structure. After immobilization of SH-b-CD, slight reduction of the
width of the nanopores can be observed (Fig. 1B), implying
coverage of thin film. The direct elemental content informationwas
collected by EDS, and the corresponding spectra were shown in
Fig.1CeD. As expected, sulfur and oxygen elements appear in SH-b-
CD/NPGL/GE. Both experiments confirm that SH-b-CD was suc-
cessfully assembled onto the surface of NPGL/GE.

To further explore interface property, EIS was applied to inves-
tigate stepwise sensor construction process. The results of differ-
ently modified electrodes (bare GE, NPGL/GE, SH-b-CD/GE and SH-
b-CD/NPGL/GE) in 5.0mM [Fe(CN)6]3�/4� aqueous solution con-
taining 0.1M KCl were shown in Fig. 2A. Bare GE had a relatively
low charge-transfer resistance (Rct) with a small semicircle domain
(Rct¼ 185.34U), whereas NPGL/GE showed almost a straight line
with Rct of 22.53U, indicating a very fast charge-transfer process
due to excellent electronic transmission capability of NPGL. In
contrast, after assembly of SH-b-CD molecules on GE, the electrode
generated higher interfacial resistance with Rct of 825.76U. After
assembling SH-b-CD on NPGL/GE, Rct of the electrode increased to
374.96U, as the consequence of the balanced influence of NPGL and
SH-b-CD [35].

The electrochemical behavior of BPA on differently modified
electrode was studied via SWV in 0.1M phosphate buffer (pH 7.0)
after incubation in BPA (50 mM) for 30min. As displayed in Fig. 2B, a
weak oxidation peak current of BPA was obtained at bare GE.
However, when SH-b-CD assembled on the surface of GE, the
modified electrode presents a enhanced peak current, which
probably results from the high affinity of SH-b-CD to BPA. After
NPGL coating, the current of BPA at NPGL/GE slightly increased in
comparison with that of bare GE, probably due to the relative poor
enrichment ability of NPGL/GE toward BPA. The largest peak cur-
rents were obtained at SH-b-CD/NPGL/GE because of the synergetic
effect of NPGL and SH-b-CD, where the former provides large sur-
face area and fast electron transmission, and the latter possesses
good molecular enrichment capability and host-guest recognition
ability.
3.2. Feasibility of the SH-b-CD/NPGL/GE

Spectrophotometric experiments were adopted to demonstrate
formation of inclusion complexes between guest (MB or BPA) and
host (SH-b-CD) molecules [36]. The UVevis spectra of MB (5 mM)
and BPA (10 mM) in the absence and presence of SH-b-CD (100 mM)
in aqueous solution were recorded. As displayed in Fig. 2C, after
addition of SH-b-CD, UV absorption intensities of BPA and MB
increased while their absorption bands remained unchanged. This
might arise from solubility elevation of BPA and MB in water as the
result of SH-b-CD introduction, implying formation of host-guest
inclusion complex.

To prove competing event of the constructed system, SH-b-CD/
NPGL/GE was separately incubated in 50 mMMB, in 50 mM BPA or
first in MB followed by BPA solutions. Each incubation time took
20min, and afterwards SWV spectra of the electrodes were recor-
ded in 0.1M phosphate buffer (pH 7.0). The electrooxidation peak
potentials of MB and BPA are �0.28 V and 0.57 V, respectively
(Fig. 2D). When SH-b-CD/NPGL/GEwas first incubated withMB and
then underwent the second round of incubation in BPA, competi-
tive association of BPA and MB to SH-b-CD occurs. The current of
MB in curve c decreased evidently compared with that in curve a,
while the current of BPA was almost the same as that in curve b,
suggesting that the binding between SH-b-CD and BPA is greater
than that between SH-b-CD and MB. This phenomenon further
indicates that, although SH-b-CD cavities are occupied by MB in
advance, BPA is still able to enter the cavities, replace MBmolecules
and form inclusion complex with SH-b-CD. Therefore, the boosting
peak current of BPA and reduction of MB can be combined as a
dual-signal sensing strategy for BPA analysis (Fig. 3).
3.3. Experimental conditions optimization

Six experimental conditions were optimized during sensor
preparation, which included concentration of SH-b-CD, self-
assembly time of SH-b-CD, pH of supporting electrolyte,



Fig. 2. (A) EIS at bare GE, NPGL/GE, SH-b-CD/GE and SH-b-CD/NPGL/GE in 5mM [Fe(CN)6]3�/4� and 0.1M KCl. The frequency range of EIS was from 0.01 Hz to 100 kHz. (B) SWV plots
at bare GE, NPGL/GE, SH-b-CD/GE and SH-b-CD/NPGL/GE for determination of 50 mM BPA in 0.1M phosphate buffer (pH 7.0). (C) UVevis spectra of inclusion complex: 10 mM BPA,
5 mMMB, 100 mM SH-b-CD, mixture of 10 mM BPA and 100 mM SH-b-CD, and mixture of 5 mMMB and 100 mM SH-b-CD. (D) SWV responses of SH-b-CD/NPGL/GE in phosphate buffer
(0.1M, pH 7.0) after incubated in 50 mMMB, 50 mM BPA, and first in 50 mMMB and then in 50 mM BPA.

Fig. 3. Schematic representation of SH-b-CD/NPGL/GE fabrication and electrochemical detection of BPA.
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incubation concentration and time of MB, and incubation time of
BPA. All the differently prepared sensors were investigated via SWV
in 0.1M phosphate buffer.

Concentration and assembling time of SH-b-CD during self-
assembly were evaluated via exploring the sensor response to-
ward 50 mMBPA in phosphate buffer at pH 7.0. As showed in Fig. 4A,
the peak current of BPA increased with raising the concentration of
SH-b-CD from 0.1mgmL�1 to 1.0mgmL�1, and then decreased
slightly when the concentration exceeds 1.0mgmL�1. This is
probably owing to the fact that the amount of SH-b-CD molecules
on NPGL/GE reaches its maximum. In Fig. 4B, it shows impact of
self-assembly time of SH-b-CD in the range of 10e24 h. It is noted
that the response of BPA rose to maximum at 15 h and then went
down. Briefly, with the increase of assembly time, the amount of
SH-b-CD bound at NPGL/GE increased gradually, and therefore
more BPA molecules were enriched, leading to increased oxidation
peak current. However, as the assembly time goes by, the amount of
SH-b-CD at NPGL/GE surface reaches saturation, so the current
response of the BPA no longer changes. Therefore, 15 h was chosen
as the optimal duration, since it allows the constructed sensor
providing sufficient cavities for BPA binding without affecting
electron transfer.



Fig. 4. Effect of (A) SH-b-CD concentration, (B) self-assembly time, (C) pH of supporting electrolyte on peak current of BPA oxidation. Effect of (D) incubation concentration and (E)
incubation time of MB on peak current of MB oxidation. Effect of (F) incubation time of BPA on peak current of BPA oxidation.
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Effect of solution pH was studied by testing the response of
50 mM BPA. In Fig. 4C, the peak current of BPA first increased and
then reduced with increasing pH and the maximum response for
BPA was obtained at pH 7.0, indicating that protons are associated
with oxidation reaction of BPA. It is known that the existence form
of solute can be affected by pH of solution, and when pH is smaller
than pKa, solute will be mainly present in non-dissociated status.
Herein, pKa value of BPA is 9.73 [9]; hence, when pH is around 7.0,
most of BPA molecules are non-dissociated. Compared with
dissociated BPA, the non-dissociated ones own larger tendency to
be absorbed on electrode surface, thereby leading to a higher
sensing response. It is also found that the oxidation peak potential
of BPA was negatively shifted as pH value increased. The change
between peak potential and pH value shows a good linear rela-
tionship and the equation is: Epa (V)¼ 0.962e0.056 pH
(R2¼ 0.9919). The slope of 56mV pH�1 is close to the theoretical
value of 57.6mV pH�1 [37], suggesting that equal numbers of
electrons and protons were involved in charge transfer. Considering
the sensitivity of BPA assay, the pH of supporting electrolyte was set
to be 7.0.

The effect of incubation concentration of MB was investigated
by checking SWV peak current of MB-incubated SH-b-CD/NPGL/GE
in phosphate buffer at pH 7.0. Responses were recorded after sensor
was soaked in MB solution at different concentrations for 1 h. As
shown in Fig. 4D, the response increased with the increased con-
centration. Plateau was reached at 50 mM, implying that cavities of
SH-b-CD were fully accommodated by MB molecules at this point.
Therefore, 50 mMwas selected as the optimal concentration for MB
incubation solution.

The incubation time of MB and BPA is also vital for sensing
performance, which was explored in 0.1M phosphate buffer (pH
7.0) after sensor was soaked in MB (50 mM) or BPA (50 mM) for
different periods of time. As showed in Fig. 4EeF, current of elec-
trode increased with the increase of incubation time, maximum
values were attained at 12min for BPA and 15min for MB, which
were adopted for the following experiments.
3.4. Calibration curve

Under the optimal experimental conditions, dual-signal strategy
for quantitative detection of BPA was carried out by using MB-
incubated SH-b-CD/NPGL/GE via SWV. As displayed in Fig. 5A, it
is observed that oxidation peak current of MB decreases while that
of BPA increases with increasing BPA concentration. The summa-
tion of both current changes (jDIMBj þ DIBPA) is linearly dependent
on Napierian logarithm of BPA concentration from 3� 10�7M to
1� 10�4M (Fig. 5B) and the corresponding linear equation is
jDIMBj þ DIBPA (mA)¼ 14.928 LgCþ 13.589 (R2¼ 0.9928). The limit of
detection (LOD) was measured and calculated to be 6� 10�8M
based on signal-to-noise of 3 (S/N¼ 3). Moreover, the comparison
of our senor with other reported electrochemical sensors for BPA
analysis is summarized in Table 1. It is found that our SH-b-CD/
NPGL/GE exhibits the lowest LOD and wider linear range compared
with the previous reports. The good performance could be attrib-
uted to the combined advantages of molecular recognition ability of
SH-b-CD and the dual-signaling strategy.

As a comparison to the above-mentioned dual-signal method,
single BPA signal was record for establishing the quantitative
relationship. The calibration curve of the change value of BPA
oxidation peak current (DIBPA) versus Napierian logarithm of BPA
concentration was got in the range of 5� 10�7e5� 10�6M with a
LOD of 2.6� 10�7M (S/N¼ 3) (Fig. 5B), and the corresponding
linear equation is DIBPA (mA)¼ 6.2664 LgC þ 3.0371 (R2¼ 0.9944). It
is worthmentioning that the LOD obtained by dual-signal approach
(jDIMBj þ DIBPA as response signal) is much lower than that of single
signal strategy (DIBPA as response signal). And the sensitivity for
BPA determination by using dual signaling is 4.80 mA/mMwhile that
of single signaling method is 1.48 mA/mM.

3.5. Selectivity, repeatability, reproducibility and stability of SH-b-
CD/NPGL/GE

Structural analogues of BPA, including DBA, SPB and CBZ, were
used as potentially interference substances to test the selectivity of
SH-b-CD/NPGL/GE. It was found that current response of BPA was
much higher than the three interfering substances at the same



Fig. 5. (A) SWV responses of the MB-incubated SH-b-CD/NPGL/GE in phosphate buffer (0.1M, pH 7.0) after incubation with BPA in the concentration range of 3� 10�7e1� 10�4M.
(B) Calibration curve for BPA detection correlating oxidation peak current shift (DI) with the Napierian logarithm of BPA concentration by using SH-b-CD/NPGL/GE. The mea-
surements were carried out for 3 times.

Table 1
Comparison of the major characteristics of some reported electrochemical methods for BPA determination.

Electrodes Methods Dynamic range (M) LOD (M) References

Thionine/CBa/SPEb Amperometry 5.0� 10�7e5.0� 10�5 2.0� 10�7 [38]
MWCNTsc/Au/paper electrode Linear sweep voltammetry 7.0� 10�7e7.0� 10�5 1.0� 10�7 [39]
CYP2C9ePAMd

film electrodes Amperometry 1.2� 10�6e1.0� 10�5 5.8� 10�7 [40]
BDDe electrode Differential pulse voltammetry 4.4� 10�7e5.2� 10�6 7.1� 10�7 [41]
CNTPEf Linear sweep voltammetry 1.0� 10�6e4.0� 10�6 0.7� 10�7 [42]
[Ru(bpy)3]2þ/ITOg Differential pulse voltammetry 5.0� 10�6e1.2� 10�4 2.9� 10�7 [43]
AuNph@MOFi/CPEj Differential pulse voltammetry 2.0� 10�4e1.0� 10�3 3.7� 10�6 [44]
SH-b-CD/NPGL/GE SWV 3.0� 10�7e1.0� 10�4 6.0� 10�8 This work

a CB: carbon black.
b SPE: screen printed electrode.
c MWCNTs: multi-walled carbon nanotubes.
d PAM: polyacrylamide.
e BDD: boron-doped diamond.
f CNTPE: multiwall carbon nanotubes paste electrode.
g ITO: indium-tin oxide.
h AuNp: gold nanoparticles.
i MOF:metal organic framework.
j CPE: carbon paste electrode.
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concentration (Fig. 6A). In addition, some ions possibly existing in
real samples like NH4

þ, Kþ, Naþ, NO3
�, Cl� and SO4

2�, were examined
using the developed method with a concentration 10-fold higher
than that of BPA. The current response difference between BPA
alone and the BPA and ions mixture was 94.6%, suggesting
remarkable anti-interference capability of the sensor.

To evaluate repeatability, one MB-incubated SH-b-CD/NPGL/GE
was used for electrochemical detection of 50 mM BPA for ten
continuous times, and the relative standard deviation (RSD) was
less than 2.8%. As for reproducibility, five different sensors were
Fig. 6. (A) Sensor responses towards BPA, the mixtures of BPA and interfering ions (NH4
þ, Kþ

Chemical structures of BPA and its structural analogues. The concentration of BPA and its str
that of BPA.
manufactured independently by the same approach, and RSD of
sensor response to BPA was 5.7%. Furthermore, the modified elec-
trode was stored at 4 �C for 2 weeks, and a response decrease by
10.2% was observed, which is acceptable for practical application.
Further work is in progress to enhance the sensor's long-term
stability.
3.6. Real sample analysis

To further explore reliability of the sensor, recovery of different
, Naþ, NO3
�, Cl� and SO4

2�), and structural analogues of BPA using SH-b-CD/NPGL/GE. (B)
uctural analogues is 50 mM, and concentration of co-existing ions is 10-fold higher than



Table 2
Determination of BPA in real sample using SH-b-CD/NPGL/GE and HPLC (n¼ 3)a,b.

Method Sample Determined Spikedc Total foundc Recovery (%) RSD (%)

SH-b-CD/NPGL/GE Tap water e 3.0 2.92± 0.0785 97.3 2.7

e 4.0 4.12± 0.1043 103.0 2.5

e 5.0 5.09± 0.1584 101.8 3.1

Milk e 3.0 3.16± 0.1192 105.3 3.8

e 4.0 3.99± 0.0822 99.7 2.1

e 5.0 5.18± 0.2754 103.6 5.3

HPLC Tap water e 3.0 2.97± 0.0159 99.0 0.5

e 4.0 3.89± 0.0310 97.2 0.8

e 5.0 5.03± 0.0149 100.6 0.3

Milk e 3.0 3.08± 0.0372 102.6 1.2

e 4.0 3.99± 0.0452 99.7 1.1

e 5.0 5.09± 0.0353 101.2 0.7

a Mean value± S.D.
b e: Not detected.
c The units of the value is 10�5 M for HPLC and SH-b-CD/NPGL/GE.
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concentrations of BPA in tap water and milk samples was detected
using standard addition method. The recoveries varying from 97.3%
to 103.0% for tap water and 99.7%to105.3% for milk samples were
showed in Table 2, indicating that SH-b-CD/NPGL/GE exhibits
satisfying accuracy for BPA detection in real samples. In addition,
HPLC as a stand method was applied to analyze the same samples,
whose results illustrate a superb accordancewith the data obtained
by our developed methodology, implying good accuracy and reli-
ability of the proposed sensor.

4. Conclusion

A novel dual-signaling strategy has been developed for BPA
detection, by taking advantage of NPGL and b-CD. To our knowl-
edge, this is the first report about combination of NPGL with CDs
and adoption of the hybrid for electrochemical sensing. Thanks to
the unique nanoporous architecture of NPGL and the decent mo-
lecular recognition ability of b-CD, the proposed sensor shows high
sensitivity and selectivity for BPA determination. A wide linger
range (3� 10�7M to 1� 10�4M) and a low detection limit
(6� 10�8M) were obtained as the consequence of the synergistic
effect of NPGL and b-CD. Moreover, the composite-modified sensor
exhibits promising performance in analyzing real samples, and the
accuracy of results is validated by the gold standard method HPLC.
It should also be mentioned that the manufacture of sensor is facile
and highly controllable, which benefits cost efficiency and repro-
ducibility. Therefore, it can be fairly concluded that the proposed
sensor has very promising broad range applications like biomarker
detection, food testing and environmental monitoring.
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