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A novel visible light photoelectrochemical (PEC) aptasensor was fabricated for label-free determination of
bisphenol A (BPA) using graphitic carbon nitride (g-C3N4) nanosheets and gold nanoparticles (AuNPs). The
flourin tin-oxide (FTO) glass plates were prepared by spray pyrolysis method and they were modified with
g-C3N4 and AuNPs. The SH-terminal aptamer was then adsorbed on the surface of AuNPs /g-C3N4/FTO elec-
trode through formation of thiol–gold (S–Au) bonds. In the presence of bisphenol A molecules, the structure
of the aptamer molecules changes to G-quadruplex which limits the electron transfer on the electrode surface.
Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and time-based photocurrent mea-
surements were carried out to investigate the changes of the surface of the FTO electrode in each step.
Under the optimal experimental conditions, the constructed PEC aptasensor displayed a linear response to
bisphenol A within the concentration range of 0.1–1000 nM with a detection limit of 0.03 nM. The PEC
aptasensor did not show any cross-reactivity towards the analogues which are similar to BPA molecules. In
addition, the proposed aptasensor was employed for determination the low concentration of BPA in real sam-
ples such as mineral water, milk, baby bottle, food storage container and urine with satisfactory results.
1. Introduction

Bisphenol A (BPA) is an endocrine-disruptor chemical which is
mainly used in the production of polycarbonate and epoxy resins
[1]. The wide usage of the BPA-based materials, has been resulted in
the release of a large quantities of this compound into the environment
[2,3]. BPA can also migrate into the beverages and foods from the plas-
tic packaging of the products under the heat, pressure and acidic or
basic conditions [4,5]. In body, BPA mimics the physiological function
of the estrogen hormone, occupies the hormonal receptors and dis-
rupts the synthesis and metabolism of the estrogen [6,7]. It has been
proven that BPA has the adverse effects on the human health and it
can cause the sexual dysfunction, birth defect, impaired immune
function and also enhanced cancer risk [8,9]. Thus, the detection
and quantification of BPA is very important for human health and
safety. Different analytical methods such as gas chromatography-
mass spectrometry, gas chromatography- tandem mass spectrometry,
liquid chromatography-mass spectrometry, high performance liquid
chromatography-tandem mass spectrometry, enzyme-linked immune
sorbent assay (ELISA) and electrochemical methods have been used
for determination of BPA in various types of samples [10–15].
Among the above-mentioned techniques, the electrochemical meth-
ods have demonstrated to be sensitive and reliable for measurement
the concentration of BPA in solutions. However, the strongly adsorp-
tion of intermediates at the surface of the electrodes during the oxi-
dation of BPA, decreases the sensitivity of this electrochemical
sensors [16].

Recently, photoelectrochemical (PEC) technique has gained much
attention as a new analytical method due to its high sensitivity and
low background signals [17–19]. In the PEC method, a light source
is used to excite a photoactive modified electrode, and the produced
photocurrent is used as a detection signal. The PEC detection tech-
nique, possesses the benefits of both optical and electrochemical meth-
ods owing to the complete separation of the light source and detection
signal [20]. Several semiconductors such as TiO2, CeO2, ZnO and CdS
have been used as the photoactive nanomaterials for the fabrication of
PEC sensors [21–24]. Among them, TiO2 has been widely employed in
the PEC sensing due to its high physical and chemical stability,
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excellent photochemical property, biocompatibility and low cost.
However, TiO2 has a large energy band gap (3.2 eV) and only shows
photocatalytic activity under the UV illumination which limits its
application [25–27].

Graphitic carbon nitride (g-C3N4) is a polymeric semiconductor
that has been used as a novel photoactive nanomaterial in different
fields such as water splitting, photodegradation of pollutants, fuel
cells, photosynthesis of organic compounds and also construction of
biosensors. This is because it has an interesting electronic structure
with the visible light band gap of 2.69 eV, nontoxic nature and also
high thermal and chemical stability [28–31].

In order to improve further the performance of the PEC sensors,
biorecognition elements such as aptamers have been combined with
the PEC technique [32]. Aptamers are artificial single-stranded DNA
or RNA oligonucleotides which are prepared in vitro using the sys-
tematic evolution of ligands by exponential enrichment (SELEX) tech-
nique [33]. Aptamers are able to bind to a wide range of targets,
from small molecules to proteins and even cells with a high speci-
ficity [34,35].

In this research work, a highly sensitive and selective photoelectro-
chemical aptasensor was developed for measurement the concentra-
tion of BPA in solution based on AuNPs/g-C3N4 nanocomposite film.
The graphitic carbon nitride was prepared as a new photoelectrocata-
lyst and characterized using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive X-ray anal-
ysis (EDX) and X-ray diffraction analysis (XRD). The PEC aptasensor
was fabricated based on the immobilization of aptamer on the surface
of AuNPs/g-C3N4/FTO electrode via the formation of S–Au bonds
between the–SH group of the aptamer and the gold nanoparticles.
The developed aptasensor was used for sensitive and selective determi-
nation of BPA based on a PEC signal “switch off–on” strategy.
2. Experimental

2.1. Materials

The BPA aptamer with the sequence of 50-SH-(CH2)6-CCG GTG
GGT GGT CAG GTG GGA TAGCGT TCC GCG TAT GGC CCA GCG
CAT CAC GGG TTC GCA CCA-30 was supplied from Sangon Biotechnol-
ogy company (Shanghai, China). Bisphenol A (BPA) and bisphenol B
(BPB) were obtained from Merck chemical company (Darmstadt, Ger-
many). Bisphenol AF (6F-BPA) was purchased from Exir (Germany)
and 4,40-biphenol (BP) was obtained from Alfa Aeser (Germany).
Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), tris-(2-car-
boxyethyl) phosphinehydrochloride (TCEP) and 6-mercapto-1-hexanol
(MCH) were purchased from Sigma-Aldrich chemical company (USA).
All the other chemicals used in this research work were obtained from
Merck (Darmstadt, Germany).
2.2. Apparatus

Electrochemical measurements were performed using a μAutolab
electrochemical system model PGSTAT 101 (Metrohm) equipped with
a NOVA software. The electrochemical cell was assembled with a plat-
inum wire counter electrode, a saturated Ag/AgCl reference electrode
(both electrodes was purchased from Azar electrode, Urmia, Iran) and
FTO working electrode. The FTO electrode was prepared by spray
coating system (S.C.S. 92, Iran). A 150 W Xe lamp (Osram, Germany)
equipped with a UV filter was used as an irradiation source. A
Metrohm pH meter (Model 827) was employed for adjustment of
pH. The surface morphologies of the prepared FTO electrode and the
synthesized g-C3N4, were investigated using scanning electron micro-
scope (LEO1450VP). The TEM images of g-C3N4 were taken with a
LEO 912 AB transmission electron microscope. The XRD patterns of
the FTO film and g-C3N4 were obtained with an X-ray diffractometer
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(Explorer GNR-Italy). The elemental analysis was performed by an
energy dispersive X-ray microanalyzer (Oxford-7353).

2.3. Preparation of FTO electrode

The spray pyrolysis method was used for the preparation of the
FTO electrode [36]. In this method, the glass plates were employed
as the electrode substrate. A solution containing 33 g of stannic chlo-
ride, 3 g of ammonium fluoride, 40 mL of ethanol and 32 mL of deion-
ized water was prepared with stirring for 1 h. Then, the resulting
solution was used for covering the surface of the glass plates with a
flourin tin-oxide (FTO) layer by using the spray coating system. The
distance between the substrate and nozzle was 35 cm and the rate of
spray was 5 mL min−1. The temperature of the substrate was kept at
450 °C and the pressure of the carrier gas was 3 atm.

2.4. Synthesis of graphitic carbon nitride (g-C3N4)

The graphitic carbon nitride nanosheets were synthesized by heat-
ing of melamine and urea [37]. To this end, 2.5 g of urea and 2.5 g of
melamine were mixed thoroughly and the resulting mixture was
heated under the following temperature program: from room temper-
ature to 300 °C with the heating rate of 8 °C min−1, from 300 to 500 °C
with the heating rate of 2 °C min−1 and from 500 to 550 °C with the
heating rate of 1 °C min−1. Finally, it was heated for 2 h at 550 °C.
After cooling to room temperature, the g-C3N4 product was ground
into a powder [38,39].

2.5. Fabrication of PEC aptasensor

At first, the FTO plates were cut into 20 × 5 mm2 pieces and son-
icated sequentially in a deionized water and soap solution for 10 min,
isopropanol for 5 min, ethanol for 5 min and acetone for 2 min. For
fabrication of PEC aptasensor, 5 mg of the synthesized g-C3N4 was dis-
persed in 5 mL of deionized water for 20 min to form a homogeneous
suspension and then, 20 μL volume of the prepared suspension was
transferred onto the surface of a FTO slice (with a surface area of
0.25 cm2) and dried under an infrared lamp. The gold nanoparticles
were incorporated into the g-C3N4 film through cyclic voltammetry
from a 1 mM HAuCl4 solution containing 0.1 M KNO3 by applying
potential in a range of − 0.4 V to + 1.2 V for 20 cycles with a scan
rate of 50 mV s−1. The aptamer was covalently attached to the gold
nanoparticles by self-assembly method. For this purpose, 20 μL
aliquot of Tris-HCl solution (10 mM, pH 7.0) containing 1.0 μM
aptamer reduced by TCEP for 1 h, was dropped on the surface of
AuNPs /g-C3N4 modified FTO electrode and the electrode was stored
at 4 ◦C for 16 h. After the allotted time, the electrode was rinsed thor-
oughly with Tris-HCl solution to remove the unbounded aptamer.
Then, 20 μL of MCH solution (2 μM) was dropped on the electrode sur-
face and the modified electrode was kept at room temperature for 1 h
to block the nonspecific sites. Finally, the fabricated aptasensor was
washed with deionized water, dried under nitrogen stream and it
was used for quantitative measurement of BPA molecules in solutions.
Fig. 1, shows the stepwise construction process of the proposed PEC
apatasensor and its sensing strategy for BPA molecules in solutions.

2.6. Photoelectrochemical measurements

Before each measurement, the binding of the BPA target molecule
to its aptamer was performed. For this purpose, 20 μL of binding buffer
solution (25 mM Tris-HCl, pH 7.0 with 25 mM KCl, 100 mM NaCl and
10 mM MgCl2) containing appropriate concentration of BPA was
added onto the surface of aptamer/AuNPs/g-C3N4/FTO electrode
and the electrode was incubated at room temperature for 60 min.
Then, the electrode was rinsed with Tris-HCl buffer solution to remove
the unbonded BPA molecules. The photoelectrochemical measure-



Fig. 1. Schematic illustration of PEC apatasensor construction and the detection mechanism of BPA molecules.
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ments were carried out in a phosphate buffer solution (0.1 M, pH 7) at
a constant potential of 0.2 V.

2.7. Sample preparation

Commercial food samples with plastic packaging such as mineral
water and liquid milk were supplied from a local supermarket in Mash-
had, Iran. The mineral water sample was examined without any pre-
treatment just it was mixed with Tris–HCl buffer solution to increase
the ionic strength of the water. Prior to measurement, 5.0 mL of milk
sample was mixed with 20 mL of Tris-HCl solution under sonication
for 30 min. Then, the prepared mixture was centrifuged for 10 min
and the supernatant of the solution was diluted with Tris-HCl solution.

The other samples which include the food storage container and
baby bottle were purchased from local markets. The samples were
cleaned with water, alcohol and acetone, respectively, and then cut
into small pieces. 1.0 g of plastic sample and 30 mL of deionized water
were added into a flask. The flask was heated in oil bath at 70 °C for
48 h. Then, the flask was cooled to room temperature and the sample
solution was filtered and diluted with Tris-HCl buffer solution.

Urine sample was obtained from a healthy adult and stored at 4 °C
before analysis. The sample was centrifuged at 3500 rpm for 10 min
and the supernatant was diluted with Tris-HCl buffer solution.

3. Results and discussion

3.1. Characterization of FTO electrode

The surface morphology of the prepared FTO electrode was inves-
tigated by scanning electron microscopy (SEM). The SEM image of the
FTO electrode shows a spongy and uniform surface (Fig. 2A). For fur-
ther evaluation, the elemental analysis of the surface of the FTO elec-
trode was performed using energy dispersive X-ray (EDX) technique.
The presence of Sn, Si and O elements on the electrode surface was
proved by the EDX results (Fig. 2B). The X-ray diffraction (XRD) pat-
tern of the FTO electrode surface was also investigated. The XRD pat-
tern (Fig. 2C), illustrates a tetragonal crystal structure for the prepared
3

FTO film. The higher intensity peak can be attributed to the crystal
plane of (200) [36].
3.2. Characterization of the synthesized g-C3N4

Scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM), energy dispersive X-ray analysis (EDX) and X-ray diffrac-
tion analysis (XRD) were used for characterization of the synthesized
g-C3N4. Fig. 3A, shows the SEM image of g-C3N4. As is evident in this
Figure, the g-C3N4 seems to have a nanosheet structure. The TEM
image of the synthesized g-C3N4 is shown in Fig. 3B. Fig. 3C represents
the EDX spectrum of the g-C3N4 nanosheets. The C and N peaks are
clearly seen in this Figure which demonstrates the presence of these
two elements at the chemical composition of the synthesized g-C3N4.
In order to further support the results obtained from SEM, TEM and
EDX studies, the XRD pattern of the g-C3N4 was also recorded
(Fig. 3D). Two diffraction peaks which are appeared at 13.1° and
27.7°, confirm the formation of g-C3N4 nanosheets. The sharp peak
at 27.7° can be attributed to the (002) diffraction plane of graphitic
materials owing to the interlayer stacking of aromatic sections [40].
The peak at 13.1° is indexed as (100) and it can be assigned to the
interlayer structural packing motif of tri-s-triazine units [41].

The surface morphology of AuNPs/g-C3N4/FTO modified electrode
was also investigated by SEM, EDX and XRD techniques. As is evident
in Fig. 4A, a homogeneous layer of g-C3N4 with well dispersed Au
nanoparticles has been coated on the surface of the FTO electrode.
The C, N and Au peaks which are obviously seen in the EDX analysis
results (Fig. 4B) confirm the chemical composition of the AuNPs/g-
C3N4/FTO surface. The XRD pattern of the AuNPs/g-C3N4/FTO was
also recorded (Fig. 4C). FTO shows two diffraction peaks at 37.91°
and 51.3°. The peaks which are appeared at 13.1° and 26.5° can be
attributed to the diffraction planes of g-C3N4 nanosheets. Two diffrac-
tion peaks which are seen at 44.1° and 61.6° can be assigned to the Au
nanoparticles. Fig. 4D, shows the FT-IR spectrum of the prepared apta-
mer/AuNPs/g-C3N4 film. The formation of Au–S bond between the
gold nanoparticles and the thiol group of the aptamer at 50 end is pro-
ven by the stretching vibration peak at 760 cm−1 [42].



Fig. 2. (A) SEM image, (B) EDX spectrum and (C) XRD pattern of the prepared FTO electrode.
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3.3. Electrochemical characterization of PEC aptasensor

Different electrochemical techniques including cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and chronoam-
perometry were employed to characterize the fabrication process of
the proposed PEC aptasensor. Fig. 5A, exhibits the cyclic voltammo-
grams of the FTO electrode at different construction steps in the
presence of [Fe (CN)6]3−/4− redox probe. As can be seen in this
4

Figure, the bare FTO electrode shows a pair of peaks for the oxidation
and reduction of the probe molecules. When the surface of the FTO
electrode is covered with g-C3N4 and AuNPs, the intensity of
these peaks increases significantly (curves b and c). The reasonable
explanation is that the presence of g-C3N4 and AuNPs at the electrode
surface can increase the specific surface area and also the
electrical conductivity of the electrode which enhances the electron
transmission of [Fe(CN)6]3−/4− at the surface of g-C3N4/FTO and



Fig. 3. (A) SEM image, (B) TEM image, (C) EDX spectrum and (D) XRD pattern of the synthesized g-C3N4.
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AuNPs/g-C3N4/FTO modified electrodes. In contrast, after immobiliza-
tion of the aptamer at the surface of AuNPs/g-C3N4/FTO electrode, the
peak intensity decreases considerably owing to the electrostatic repul-
sion force between the negatively charged of the aptamer and [Fe
(CN)6]3−/4− redox probe. With addition of BPA molecules onto the
electrode surface, the peak intensity further decreases. This behavior
is due to the structural change of the aptamer upon interaction with
the BPA molecules which restricts the mass-transfer of the redox probe
to the electrode surface which results in a weak electrochemical
response.

The Nyquist plots of the bare and modified FTO electrodes
recorded in [Fe(CN)6]3−/4− solution are shown in Fig. 5B. As is seen
in Fig. 5B, the charge transfer resistance (Ret) value of the bare FTO
electrode, is higher than that for g-C3N4/FTO modified electrode
which indicates a faster electron transfer process at the g-C3N4/FTO
electrode surface. After electrodeposition of AuNPs on the surface of
g-C3N4/FTO electrode, the semicircle diameter decreases remarkably
and the Nyquist plot shows approximately a straight line. When the
BPA aptamer is immobilized onto the surface of modified FTO elec-
5

trode, the Ret value (Ret = 370.8) increases compared to AuNPs/g-
C3N4/FTO electrode (Ret = 153), which proves the successful attach-
ment of the aptamer on the surface of AuNPs/g-C3N4/FTO electrode.
Subsequently, the binding of aptamer to the BPA molecules, results
in an obvious increase in Ret value. The increase in Ret value can be
attributed to the change of the aptamer structure after interaction with
the target molecules.

Fig. 6, depicts the time-based photocurrent responses of the bare
FTO, g-C3N4/FTO, AuNPs/g-C3N4/FTO, aptamer/AuNPs/g-C3N4/FTO
and BPA/aptamer/AuNPs/g-C3N4/FTO electrodes in phosphate buffer
solution (0.1 M, pH 7). As is evident in this Figure, no photocurrent
response is observed for the bare FTO electrode under radiation of vis-
ible light. On the other hand, the g-C3N4/FTO and AuNPs/g-C3N4/FTO
electrodes show the photocurrents of 0.59 and 1.94 μA respectively,
upon photo-excitation with the visible light. This increase in the
photocurrent response can be explained by this fact that upon
irradiation the surface of the electrodes with visible light, the hot
electrons are formed in Au nanoparticles due to the surface plasmon
resonance (SPR) effect and injected into the conduction band of



Fig. 4. (A) SEM image, (B) EDX spectrum and (C) XRD pattern of AuNPs/g-C3N4/FTO and (D) FT-IR spectrum of aptamer /AuNPs/g-C3N4 film.
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g-C3N4 nanosheets. Moreover, the fast electron transfer from Au
nanoparticles to g-C3N4 nanosheets, decreases the recombination
rate of the photo-generated electron-hole pairs [43,44]. But, when
the aptamer is attached onto the surface of AuNPs/g-C3N4/FTO
electrode, the photocurrent decreases, because the incident light
cannot arrive on the electrode surface. Also, the presence of the
aptamer at the surface of the electrode, can prevent the electron
transfer process [45]. When the prepared PEC apatasensor is
exposed to the target molecules, the conformation of the aptamer
is changed to G-quadruplex which further decreases the photocur-
rent response.

3.4. Optimization of the effective parameters on the PEC aptasensor
performance

3.4.1. Effect of the aptamer concentration
The aptamer concentration is a key parameter that has an

important effect on the photocurrent response of the proposed PEC
6

aptasensor. Fig. 7A, shows that the photocurrent intensity increases
with increasing the aptamer concentration loaded on the electrode sur-
face from 0.5 μM to 1.0 μM and then it decreases at higher concentra-
tions which may due to the steric hindrance toward the electron
transfer at the electrode surface. Therefore, the aptamer concentration
of 1.0 μM was selected as the optimum value for the construction of
the proposed PEC aptasensor.

3.4.2. Effect of BPA binding time
The effect of the binding time of BPA molecules to the aptamer on

the performance of the fabricated aptasensor was investigated in the
time range of 30 to 90 min and the obtained results are depicted in
Fig. 7B. As is evident in this Figure, the photocurrent increases with
the increment of BPA binding time between 30 and 60 min and then
it remains nearly constant with increasing the time which is an evi-
dence for saturation of the aptasensor surface by the BPA molecules.
Thus, 60 min was chosen as the optimum time for the binding of
BPA molecule to its aptamer.



Fig. 5. (A) Cyclic voltammograms and (B) Nyquist plots of (a) bare FTO, (b) g-
C3N4/FTO, (c) AuNPs/g-C3N4/FTO, (d) aptamer/AuNPs/g-C3N4/FTO and (e)
BPA/aptamer/AuNPs/g-C3N4/FTO in 0.1 M phosphate buffer solution (pH
7.0) containing 0.1 M KCl and 5.0 mM K3[Fe(CN)6]/K4 [Fe(CN)6]. Conditions
for CV: Potential scan range −0.1 V to + 0.5 V and scan rate 50 mVs−1 and
for EIS: potential 0.20 V, frequency range of 0.1–30000 Hz and amplitude of
10 mV.

Fig. 6. Time-based photocurrent responses of (a) bare FTO, (b) g-C3N4/FTO,
(c) AuNPs/g-C3N4/FTO, (d) aptamer/AuNPs/g-C3N4/FTO and (e) BPA/
aptamer/AuNPs/g-C3N4/FTO under in 0.1 M phosphate buffer solution (pH
7.0) at potential of 0.2 V under radiation of visible light.

Fig. 7. Effect of (A) aptamer concentration, (B) BPA binding time and (C) pH
on the photocurrent response of the PEC aptasensor.
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3.4.3. Effect of pH
The pH of the binding solution plays an important role in the inter-

action of BPA molecule with its aptamer and hence the analytical per-
7

formance of PEC aptasensor. Therefore, the pH of the solution must be
optimized. As shown in Fig. 7C, the fabricated aptasensor has a maxi-
mum photocurrent intensity at pH 7 because the aptamer is easily
inactivated in the high acidic or alkaline media. As a result, pH 7
was selected as a suitable pH for determination the concentration of
BPA in solutions.

3.5. Analytical performance of the PEC aptasensor

The analytical performance of the proposed PEC aptasensor was
investigated by recording the photocurrent responses of the sensor
under the visible light illumination. Fig. 8A, shows the photocurrent-
time curves of the PEC aptasensor in different concentrations of
BPA. As can be seen in this Figure, the photocurrent intensity



Table 1
Comparison the analytical performance of different electrochemical sensors for
BPA determination in solutions.

Method Linear range
(µmol L−1)

Detection limit
(µmol L−1)

Reference

Cu2O/rGO/GCE 0.1–80 0.053 [46]
AuNP/MWCNT/GCE 0.01–0.7 0.004 [47]
CS/N-GS/GCE 10–1300 0.005 [48]
AuPdNPs/GNs-GCE 0.05–10 0.008 [49]
ELDH/GCE 0.02–1.51 0.0068 [50]
aptamer/AuNPs/g-C3N4/FTO 1 × 10−4

–1 3 × 10−5 This work
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decreases with increasing the concentration of BPA in solutions.
Fig. 8B, depicts a linear relationship between ΔI and log C in the con-
centration range from 0.1 to 1000 nM with the regression equation of
ΔI (μA) = 0.1713 log C (nM) + 0.4635 and the correlation coefficient
of 0.9952. Here, log C is the logarithm of concentration of BPA and ΔI
is the photocurrent difference which is calculated by subtracting the
photocurrent response recorded in the presence of BPA from the
photocurrent response observed in the absence of BPA molecules.
The limit of detection (LOD) was found to be 0.03 nM according to
3Sb/S relation, in which Sb is the standard deviation of the blank solu-
tion for five measurements and S is the slop of calibration plot. The
analytical performance of the prepared aptasensor and some of the
previously reported BPA electrochemical sensors is compared in
Table 1. As is evident in this table, the proposed PEC aptasensor
possesses a lower detection limit, as well as, a wider linear range in
comparison with the other constructed electrochemical sensors. The
good performance of the PEC aptasensor can be attributed to the high
binding affinity of the aptamer toward the BPA molecules and also the
SPR effect of the gold nanoparticles, which effectively amplifies
the photocurrent response of g-C3N4 nanosheets under irradiation by
the visible light.
3.6. Selectivity, reproducibility and stability of the PEC aptasensor

In order to determine the selectivity of the developed PEC aptasen-
sor, the photocurrent response of the aptasensor was individually mea-
sured toward bisphenol A (BPA), bisphenol B (BPB), 4,40-biphenol
(BP) and 6F bisphenol A (6F-BPA) under the same experimental condi-
tions. As can be seen in Fig. 9, the photocurrent response obtained for
Fig. 8. (A) Time-based photocurrent responses of PEC aptasensor for different
concentrations of BPA (from a to j: 0, 0.1, 0.5 1, 5, 10, 50, 100, 500, 1000 nM)
and (B) calibration curve of PEC aptasensor. Error bars represent the standard
deviations for three replicate measurements.
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the BPA molecules, is noticeably higher than that of the interfering
species which confirms the excellent selectivity of the fabricated pho-
toelectrochemical aptasensor for determination the concentration of
BPA in solutions.

To evaluate the reproducibility of the photoelectrochemical
aptasensor, five PEC aptasensors were constructed under the same
experimental conditions and they were used for measurement the pho-
tocurrent response of BPA in solution. The relative standard deviation
(RSD) was found to be 3.3%.

The stability of the prepared PEC aptasensor was also investigated
for a two weeks period. For this purpose, the PEC aptasnsor was
employed for determination the same concentration of BPA every
day. After 14 days, the photocurrent response of the fabricated sensor
was retained to 95% of initial value which indicates that the proposed
PEC aptasensor possesses a good stability.

3.7. Practical application of the PEC aptasensor

In order to study the applicability of the proposed PEC aptasensor,
the photoelectrochemical measurements of BPA were performed in
mineral water, milk, baby bottle, food storage container and urine
samples. These samples were prepared according to the procedures
which are explained in section 2.7, then, they were spiked with appro-
priate concentrations of BPA standard solution and the photoelectro-
chemical measurements were carried out using the standard addition
method. The values of the recoveries and RSDs obtained from these
measurements are listed in Table 2. As is evident in Table 2, these val-
ues are in the ranges from 94% to 106% for recovery and from 2.3 to
4.2% for RSD which clearly demonstrates the successful operation of
the developed aptasensor for quantitative measurement of BPA in dif-
ferent real sample solutions.

3.8. Conclusion

In this study, a new label free photoelectrochemical aptasensor was
constructed for determination the concentration of bisphenol A in
solutions. The combination of graphitic carbon nitride as a photoactive
nanomaterial, apatamer as a biorecognition element and gold
nanoparticles as the photocurrent amplifier, led to increase the sensi-
tivity and selectivity of the fabricated photoelectrochemical sensor.
Also, the proposed PEC aptasensor, showed a low detection limit of
0.03 nM, a wide linear range from 0.1 to 1000 nM and a good stability
and reproducibility for determination the concentration of BPA in
solutions. Moreover, the prepared PEC aptasensor, was successfully
used for measurement the trace levels of BPA in mineral water, milk,
baby bottle, food storage container and also for an urine sample and
the acceptable results were achieved. The acceptable recoveries which
were obtained in these measurements, reveal that the matrix of the
real samples does not have a considerable effect on the analytical per-
formance of the fabricated sensor and the proposed PEC aptasensor is a
promising tool for quantitative determination of BPA in biological,
food and plastic samples in the future.



Fig. 9. Selectivity of the proposed PEC aptasensor to BPA molecules and some interferences including BPB, BP and 6F-BPA.

Table 2
Determination of BPA in real samples (n = 3).

Sample Adedd (nM) Detected (nM) Recovery (%) RSD (%)

0 Not detected – –

Mineral water 0.5 0.51 102 2.7
1 0.99 99 2.3
0 Not detected – –

Milk 0.5 0.53 106 3.4
1 0.98 98 3.1
0 Not detected – 3.5

Baby bottle 0.5 0.48 96 4.2
1 1.03 103 3.7
0 0.45 – 2.8

Food storage 0.5 0.92 94 3.9
container 1 1.46 101 4.1

0 Not detected – –

Urine 0.5 0.49 98 3.0
1 1.2 102 2.9
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