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A new and simple procedure was applied to detect bisphenol A (BPA) based on a BPA aptamer and its complementary
strand (Comp. Str.). An electrode was modiﬁed with a mixture of carboxylated multiwalled carbon nanotubes and chitosan.
The Comp. Str. was immobilized on a modiﬁed-glassy carbon electrode (GCE) surface via covalent binding. After the
incubation of the aptamer with the electrode surface, it could interact with the Comp. Str. In the presence of BPA, its
aptamer will interact with the analyte, resulting in some changes in the conﬁguration and leading to separation from the
electrode surface. Due to the attached ferrocene (Fc) group on the 50 head of the aptamer, the redox current of Fc has
reduced. This aptasensor can sense the level of BPA in the linear range of 0.2–2 nM, with a limit of detection of 0.38 nM
and a sensitivity of 24.51 lA/nM. The proposed aptasensor showed great reliability and selectivity. The acceptable selectivity is due to the speciﬁcity of BPA binding to its aptamer. The serum sample was used as a real sample; the aptasensor
was able to effectively recover the spiked BPA amounts. It can on-site monitor the BPA in serum samples with
acceptable recoveries.
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1. Introduction
One of the important molecules for the production of epoxy
resins and polycarbonate plastics is bisphenol A (BPA), which
is used in food-storage components, ovenware and packaging
materials (Xue et al. 2013; Yan et al. 2018). It is known to be a
common pollutant, hazardous and toxic to the health of human
and animals; also, it reduces the function of the immune system and fertility and causes different cancers after being
exposed for a long time (Maiolini et al. 2014; Sheikh et al.
2017). BPA is able to bind to estrogen receptors due to its
similar structure to endocrine hormones (Zimmers et al.
2014). The exposure to this endocrine disruptor from food
contact materials was estimated by the Food and Drug
Administration (FDA) to be *0.185 and 2.42 lg/kg body
http://www.ias.ac.in/jbiosci

weight per day for adults and infants, respectively (FDA
2014). The use of BPAwas banned in baby bottles in 2010 and
2011 in Canada and China, respectively. Also, in all European
Union countries the use of BPA was prohibited in baby bottles
from January 2011 (Zehani et al. 2015). The current level of
tolerable daily intake of BPA was recommended to be 4 lg/kg
of body weight per day by the European Food Safety
Authority (EFSA 2015). BPA has the ability to act as the
mimic of the 17-b estradiol hormone in structure and function;
it can be connected to the estrogen receptors and can affect the
health (Steinmetz et al. 1997; Sekar et al. 2016). BPA determination is difﬁcult due to the weak response of common
optical methods and electrochemical sensors and low sensitivity of their interfering substance effects. It is necessary to
develop a sensitive and simple technique. There is a crucial
1
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need to develop rapid, selective, sensitive, quantitative and
economic analytical approaches for accurate determination of
BPA in numerous aqueous food and biological serum samples
to evaluate BPA exposure. Various analytical approaches have
been stated for BPA detection including liquid and gas chromatography (Cunha et al. 2015; Farajzadeh et al. 2015; Rocha
et al. 2016; Filippou et al. 2017), enzyme-linked
immunosorbent assay (Ohkuma et al. 2002; Kubo et al. 2014;
Miao et al. 2014), ﬂow injection chemiluminescence (Cao
et al. 2014) and ﬂuorimetry (Liu et al. 2016). These methods
can propose a good accuracy and sensitivity, but they have
some disadvantages such as complicated procedures, time
consuming and expensive instrumentation; therefore, their
applications are restricted (Mei et al. 2013; He et al. 2017).
Furthermore, some electrochemical procedures have been
advanced for the detection of BPA by construction of chemically reformed electrodes; however, their disadvantage is
suffering from a moderate selectivity. The use of graphene
(Zhou et al. 2016), polymers (Kazane et al. 2016), gold
nanoparticles (AuNPs) (Zhang et al. 2016) and carbon nanotubes (Beiranvand et al. 2017) results in improving the
detection limit, linear range and sensitivity. Biosensors show
miniaturization, high sensitivity and are of low cost. Immobilization of biomolecules including peptides (Yang et al.
2014), antibodies (Wang et al. 2014; Peng et al. 2018),
estrogen receptors (Salehi et al. 2018) and aptamers (Deiminiat et al. 2017; Ma et al. 2017) has been achieved to obtain
high sensitivity and selectivity of BPA detection devices.
Aptamers are RNA or DNA (single-stranded) sequences and
can be designated and chosen in vitro by systematic evolution
of ligands by exponential enrichment. They have high afﬁnity
and speciﬁcity for numerous molecules, ranging from huge
molecules such as proteins to small molecules (Darmostuk
et al. 2015). Their afﬁnity for the target molecules is similar to
or more than antibodies’ afﬁnity; in addition, the aptamer
production does not need an immune response. The other
advantages include reusability, thermal stability and denaturation resistance. Also, the modiﬁcation of aptamers is easy
(Huang et al. 2015). The ﬁrst selection of an anti-BPA aptamer
was reported in 2011 (Jo et al. 2011); many optical and electrochemical aptasensors based on this anti-BPA aptamer have
been reported (Zhang et al. 2016; Feng et al. 2016; Beiranvand
and Azadbakht 2017; Lv et al. 2018). Zhou et al. modiﬁed the
glassy carbon electrode (GCE) by a nanocomposite of dottedgraphene ﬁlms and AuNPs for immobilization of the anti-BPA
aptamer and detection of BPA in milk with a limit of detection
(LOD) of 5 nM (Zhou et al. 2014). Yu et al. fabricated an
aptasensor based on the electrochemical approach of triplesignaling to sense very low-BPA concentrations with an LOD
of 37 pg/mL in tap water (Yu et al. 2016).
In this study, a novel selective and sensitive electrochemical aptasensor was developed based on the oxidation
and reduction of the ferrocene (Fc) group at the 50 end of
aptamer as a redox probe for BPA detection. The BPA
aptamer can interact with its complementary strand (Comp.
Str.), causing Fc to be near the electrode surface in the

absence of BPA. When BPA is present, it interacts with the
BPA aptamer leading to conformational changes of the BPA
aptamer and separation of the Fc group from the electrode;
consequently, the redox current was reduced. The proposed
aptasensor was applied to detect BPA in the serum sample.

2. Experimental
2.1

Reagents

The synthetic sequence of the BPA aptamer which has been
reported by Jo and his colleagues is as follows: 50 -(Fc)(CH2)6-CCG GTG GGT GGT CAG GTG GGA TAG CGT
TCC GCG TAT GGC CCA GCG CAT CAC GGG TTC
GCA CCA-30 . The BPA aptamer and its Comp. Str. were
synthesized by Bioron Diagnostics GmbH (Germany). Its
oligonucleotide sequence is as follows: 50 -CCG GTG GG
ATG CGC TGG ATA CGC GGA ACG CTA TCC CAC
CTG ACC ACC CAC CGG (CH2)6-(NH2)-30 . The stock
solutions of the aptamer and complementary DNA were
prepared using deionized-distilled water and stored in a
refrigerator. Carboxylated multiwalled carbon nanotubes
(MWCNTs-COOH) were purchased from US Research
Nanomaterials, USA. N-(3-Dimethylaminopropyl)-N0 ethylcarbodiimide (EDC) and N-hydroxysulfosuccinimide
(NHS) were bought from Sigma-Aldrich. Chitosan (CHIT)
and BPA were obtained from Sigma-Aldrich (USA) and Asia
Chem., respectively. All other materials were purchased
from Merck, and the solutions were prepared using deionized forth-distilled water. Two electrolyte solutions were
used in electrochemical experiments: phosphate-buffered
saline (PBS, 0.1 M) and a solution comprised of
[Fe(CN)6]3-/4- (5 mM) and KCl (0.1 M).

2.2

Instrumentation

Field-emission scanning electron microscopy (FESEM) was
carried out by using a Mira3TESCAN-XMU scanning
electron microscope. The electrochemical experiments were
carried out using a Sama500 and Metrohm (NOVA software)
Autolabs linked to a conventional cell used for electrochemical impedance spectroscopy (EIS) and voltammetry
measurements, respectively. Three-electrodes, a platinum
wire, a saturated Ag/AgCl electrode and a GCE, were utilized as the counter, reference and working electrodes,
respectively.

2.3 Synthesizing the nanocomposite of MWCNTsCOOH and CHIT
The nanocomposite of MWCNTs-COOH and CHIT was
prepared as reported by Raﬁpour et al. (2017). Brieﬂy, a
CHIT solution (1.0% (m/v)) was prepared using 10 mg of
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CHIT by dissolving it in 1 mL of acetic acid (1.0% (v/v))
solution; then it was stirred for 3 h at 25°C until completion
of dissolution. For preparation of a mixture of MWCNTsCOOH in CHIT solution with the concentration of 1.0% (m/
v), 1 mg of MWCNTs-COOH was dispersed in 100 lL of
CHIT solution and sonicated for 5 h. The prepared
nanocomposite suspension was kept at 4°C.
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volumes of BPA at 1 lM in PBS were spiked in diluted
human-serum samples.

3. Results
3.1 Aptasensor characterization using FESEM
and energy-dispersive X-ray spectroscopy

2.4 Fabrication of aptasensor based on the MWCNTsCOOH/CHIT nanocomposite
Before GCE modiﬁcation, it was polished using an alumina
slurry (0.05 lm), rinsed with forth-distilled water and then
allowed to dry. After this, 7.0 lL of MWCNTs-COOH/CHIT
nanocomposite suspension was added dropwise onto the
GCE surface and dried at 25°C. Then, 7 lL of PBS (pH 7.0)
was added dropwise onto the electrode surface and left to dry
for 45 min; this step was repeated again. After this step, the
mixture of EDC and NHS (with the concentration of 0.5%
m/v for both) was used to activate the carboxyl groups of
MWCNTs-COOH for complementary DNA immobilization.
It was immobilized onto the surface of the modiﬁed GCE by
adding 4 lL of its solution (200 lM) to the electrode surface.
After drying, 8 lL of BPA aptamer solution (100 lM) was
added dropwise onto the electrode surface. Finally, the prepared electrode was washed with distilled water and dried. In
subsequent studies, the modiﬁed GCE was used as an
aptasensor for BPA detection in PBS and serum samples.

2.5

Electrochemical experiments

The stock solutions of BPA were prepared in dimethyl sulfoxide at a concentration of 10-2 M and kept in a refrigerator
at 4°C. PBS (pH 7.0) was used for the preparation of dilutedBPA fresh solutions; these solutions were used to investigate
BPA and its aptamer interactions. The electrochemical
experiments were carried out in a solution comprised of KCl
(0.1 M) and K3[Fe(CN)6]/K4[Fe(CN)6] (5 mM) redox pair.
Voltammetry techniques (differential pulse voltammetry
(DPV) and cyclic voltammetry (CV)) were used within the
potential range of -0.5 to 0.8 V. EIS was carried out at the
amplitude of 0.01 V, applied potential of 0.20 V and in the
frequency ranging from 0.1 to 30,000 Hz. All of the electrochemical experiments were performed at 25°C.

2.6

Serum sample preparation

Blood samples were collected from the Imam Reza hospital
in Kermanshah. After clotting of samples, they were centrifuged for 15 min at 2000 rpm under 4°C. The same volume of acetonitrile was added to the serum sample to clot
serum proteins. The serum sample was further diluted in
PBS (pH 7.0). To test the matrix effect of serum, several

The morphology of the modiﬁed electrodes was characterized by FESEM. Figure 1A shows a homogeneously spread
layer of the MWCNTs-COOH/CHIT mixture and a porous
reticular formation at the GCE surface. Figure 1B presents
the FESEM image of the modiﬁed-electrode surface after the
introduction of the MWCNTs-COOH/CHIT mixture modiﬁed with a Comp. Str. and Comp. Str./aptamer.

3.2

Aptasensor electrochemical characterization

The study on the interface properties of the surface-modiﬁed
electrodes can be conducted using the EIS technique. It
encompasses the important parameters such as the Warburg
impedance (ZW), resistance of the solution (Rs) and electrontransfer resistance (Ret) which are related to the diffusion
contribution. The semicircular portion diameter is used for
the estimation of the Ret value. Figure 2A shows the change
in electrode impedance after each alteration and conﬁrms our
successful electrode fabrication of the sensing interface.
According to ﬁgure 2A, the bare GCE showed the largest
semicircle and Ret (1.85 kX). Due to the improvement of
electron transfer, the Ret value decreased for MWCNTsCOOH,CHIT/GCE compared with that of the bare GCE
which was obtained to be 72.1 X. Also, Ret were calculated
for Comp. Str./MWCNTs-COOH,CHIT/GCE and aptamer/
Comp. Str./MWCNTs-COOH,CHIT/GCE, which were
obtained to be 790 and 154 X, respectively. The Nyquist plot
circuit of the modiﬁed GCEs is [R(Q[RQ])].
Investigation of the presence and function of each component on the GCE surface was performed using CV. CVs of
various modiﬁed electrodes were recorded in the electrolyte
solution comprising KCl and [Fe(CN)6]3-/4-. According to
ﬁgure 2B, the MWCNTs-COOH,CHIT/GCE has a pair of
strong redox peaks.
According to equation (1), the surface area of GCE,
MWCNTs-COOH,CHIT/GCE and aptamer/Comp. Str./
MWCNTs-COOH,CHIT/GCE was calculated to be 0.05,
0.70 and 3.94 cm2, respectively. The number of electrons (n)
and diffusion coefﬁcient (D) were considered to be 1 and 7.6
9 10-6 cm2/s for the redox reaction of [Fe(CN)6]3-/4-. C, v
and A are the concentration of K3[Fe(CN)6], scan rate and
the electrode area (cm2), respectively:

Ip ¼ 2:69  105 n3=2 AD1=2 Cv1=2
ð1Þ
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Figure 1. Typical FESEM images of MWCNTs-COOH,CHIT/GCE (A) and aptamer/Comp. Str./MWCNTs-COOH,CHIT/GCE (B).

Figure 2. (A) Illustration of the corresponding Nyquist plots in 0.1 M KCl solution containing 5.0 mM Fe(CN)3-/4in the frequency range
6
of 10 kHz–0.1 Hz: bare GCE (curve 1), MWCNTs-COOH,CHIT/GCE (curve 2), Comp. Str./MWCNTs-COOH,CHIT/GCE (curve 3) and
aptamer/Comp. Str./MWCNTs-COOH,CHIT/GCE (curve 4). (B) CVs of modiﬁed electrodes in 0.1 M KCl solution containing 5.0 mM
[Fe(CN)6]3-/4-: MWCNTs-COOH,CHIT/GCE (curve 1), Comp. Str./MWCNTs-COOH,CHIT/GCE (curve 2) and aptamer/Comp. Str./
MWCNTs-COOH,CHIT/GCE (curve 3). (C) CVs of modiﬁed electrodes in 0.1 M PBS (pH 7) at a scan rate of 0.1 V/s: bare GCE (curve 1),
MWCNTs-COOH,CHIT/GCE (curve 2), aptamer/Comp. Str./MWCNTs-COOH,CHIT/GCE (curve 3) and BPA/aptamer/Comp. Str./
MWCNTs-COOH,CHIT/GCE (curve 4).
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In addition, to demonstrate the possibility of this process,
the electrochemical behaviors of the aptasensor were
observed using CV after each step in PBS (pH 7)
(ﬁgure 2C). Upon Fc-aptamer introduction, a pair of clear
redox peaks at 0.02 and 0.55 V (vs Ag/AgCl) appeared at
0.1 V/s (curve 3). More favorably, the peak currents
diminished upon adding BPA (curve 4), which was
principally attributed to the detachment of the Fc-aptamer
from the electrode. Moreover, a speciﬁc platform was
provided for ampliﬁed aptamer loading through
interactions with covalent immobilized Comp. Str.

3.3

Optimization of experimental conditions

In detail, two important factors were considered to be optimized: the amount of aptamer and Comp. Str. and the incubation time for aptamer and BPA interaction. As can be seen in
ﬁgure 3, the oxidation current increased with the aptamer
amounts up to *8 lL of 100 lM and then plateaued. Due to the
surface saturation, it was observed that the current reduced after
an increase in the volumes according to the literature (Beiranvand et al. 2017; He and Yan 2018). Thus, 8 lL of aptamer (100
lM) was used as the optimal amount. The other important factor
is the incubation time for the aptamer to capture BPA and affect
the detection range. As shown in ﬁgure 4, by increasing the
incubation time, the oxidation current ﬁrst quickly decreased
and remained steady at about 60 min which indicates sufﬁcient
time period for complete interaction between BPA and its
aptamer; this time was selected to examine the effect of the scan
rate, calibration test and so on.
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According to ﬁgure 5A, the CV responses to BPA/aptamer/
Comp. Str./MWCNTs-COOH,CHIT/GCE were recorded in
PBS at various scan rates. By enhancing the scan rate from
0.02 to 0.35 V/s, the redox peak currents regularly increased.
The redox peak currents are related to the functional scan rate
(ﬁgure 5B and C), demonstrating that the process is diffusion
controlled. Also, this shows the effective BPA recognition
using the fabricated aptasensor. Moreover, when the scan rates
were increased, the anodic potential moved to more positive
potentials. It suggests that the mechanism of the aptasensor is
a quasi-reversible electron transfer (Bard and Faulkner 1980).
As shown in ﬁgure 4D, the scan rate effect was examined
based on the change in cathodic (Ecp) and anodic (Eap) peak
potentials vs the logarithm of the scan rate (log v). The effect
of the scan rate on Eap was investigated via the Laviron
equation (Laviron 1979):
0

Epa ¼ E0 

2:3RT
ð1  aÞFn#
log
ð1  aÞnF
RTk

log ks ¼ a logð1  aÞ þ ð1  aÞlog a  log


að1  aÞFnDEp
2:3RT

ð2Þ
RT
nF#
ð3Þ

where temperature, gas and Faraday constant are indicated
by T, R and F, respectively; a, n and ks are the electrontransfer coefﬁcient, the number of electrons and heterogeneous electron-transfer rate constant, respectively. Assuming
0.3 \ a \ 0.7 as usual (Nazari et al. 2015; Raﬁpour et al.
2017), it could be resolved that n and a equal to 1 and 0.66,
respectively. Thus, the reaction of the aptasensor is one
electron-transfer path. Besides, the ks was obtained to be
0.12/s (table 1).

3.4 Investigation of the scan rate effect on BPA/
aptamer/Comp. Str./MWCNTs-COOH, CHIT/GCE
3.5
To conclude the electrochemical mechanism of the
aptasensor, the scan rate effect on the BPA redox reaction
was examined.

Linear range and detection limit

The modiﬁed electrode was used to determine various BPA
concentrations in PBS (pH 7, 0.1 M). According to ﬁgure 6A,

Figure 3. Optimization of aptamer volume in 0.1 M PBS (pH 7) at a scan rate of 0.1 V/s: (A) CV curves: 4 lL (curve 1), 8 lL (curve 2),
12 lL (curve 3) and 16 lL (curve 4). (B) Bar chart of peak currents vs aptamer volumes.
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Figure 4. Optimization of incubation time between aptamer and BPA in 0.1 M PBS (pH 7) at a scan rate of 0.1 V/s: (A) CV curves and
(B) linear plot of peak currents vs time incubation.

Figure 5. (A) Cyclic voltammograms of BPA/aptamer/Comp. Str./MWCNTs-COOH,CHIT/GCE in 0.1 M PBS pH 7.0 at different scan
rates. Scan rates from (i) to (s) are 0.02, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.25, 0.3 and 0.35 V/s. (B) The effect of scan rate on anodic and
cathodic currents vs the scan rate. (C) The effect of scan rate on anodic and cathodic currents vs the square of the scan rate. (D) Dependence
of peak potentials vs the logarithm of the scan rate.

the DPV peaks of Fc oxidation decrease with an increase in
BPA concentration. Figure 6 shows the relationship between
the oxidation peak currents of the Fc-labeled aptamer and

BPA concentration ranging from 0.2 to 2 nM. The equation is
y = 2.2219 ? 24.507CBPA (R2 = 0.995), and the LOD is
obtained to be 0.38 nM (based on S/N = 3).

Biosensors using an electroactive label-based aptamer to detect bisphenol A
Table 1. Cyclic voltammogram information of various scan rates
in 0.1 M PBS pH 7.0
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Table 2. BPA determination in serum samples

Scan rate (V/s)

iap (lA)

Eap (V)

icp (lA)

Ecp (V)

Sample

0.02
0.04
0.06
0.08
0.1
0.15
0.2
0.25
0.3
0.35

9.459
14.99
19.66
22.63
24.52
30.22
31.63
33.92
34.7
35.85

0.36
0.382
0.401
0.419
0.428
0.473
0.481
0.53
0.549
0.561

-10.46
-15.32
-20.98
-25.01
-28.32
-35.34
-38.06
-42.2
-44.43
-45.18

0.194
0.179
0.153
0.144
0.125
0.092
0.08
0.065
0.053
0.028

1
2

The concentration of
spiked BPA (nM)

Detected BPA
concentration (nM)

Recovery
(%)

0.400
0.799

0.338
0.705

84.53
88.20

Figure 7. Aptasensor selectivity to BPA molecules and some
interference including testosterone, estradiol and progesterone.

3.7

Figure 6. Plot of oxidation peak current vs BPA concentrations.
Inset: DPV curves obtained for the proposed aptasensor recorded in
0.1 M PBS solution after incubation with different concentrations
of BPA (from a to i): 0.2–2 nM.

3.6 Reproducibility, repeatability, stability
and selectivity of the aptasensor
For checking the aptasensor reproducibility, three electrodes
were used for the fabrication of the proposed aptasensor. The
relative standard deviation (RSD) was found to be 3.3%
indicating the satisfactory value of reproducibility for the
aptasensor. The repeatability of the proposed aptasensor was
estimated as well; to this end, six successive current signals
were recorded and the RSD was calculated to be 2.99%,
which is an acceptable value according to table 2. Also, the
stability of the proposed aptasensor was investigated; the
RSDs of 95.16 and 83.64% were obtained after 2 weeks and
2 months, respectively.
The selectivity of the proposed aptasensor for BPA was
studied under optimal experimental conditions in the phosphate buffer solution containing BPA (1 nM) and the control
molecules, including estradiol, progesterone and testosterone, which were structurally analogous to BPA (ﬁgure 7)
were added to the serum samples.

Real sample analysis

The recovery test of the aptasensor was evaluated in serum
samples for practical applications. According to the literature
(Zhu et al. 2015), serum samples are rarely used as real
samples for BPA detection, while the controlling of BPA
concentration should be conformed in clinical samples such
as serum to investigate BPA harmful effects. The serum
sample was diluted 20 times using PBS; after that it was
spiked with various BPA concentrations. The recoveries
were obtained as 84.53 and 88.20% (table 2).

4. Discussion
A new redox probe Fc-labeled aptasensor was proposed for
BPA detection in this work. The approach was based on the
immobilization of Comp. Str. sequence by EDC/NHS
chemistry on the electrode surface, the hybridization of an
aptamer with immobilized Comp. Str. and the dehybridization of an aptamer in the presence of BPA. According to the
FESEM images, the MWCNTs-COOH/CHIT modiﬁed with
Comp. Str. and Comp. Str./aptamer exhibited denser and
more crowded compared with unmodiﬁed MWCNTs/CHIT.
They were homogeneously distributed on the GCE-modiﬁed
surface with no agglomeration.
EIS data demonstrate that the coverage of Comp. Str.
diminished the electrode surface area and delayed the probe
electron transferring ([Fe(CN)6]3-/4-); thus it causes increase
of the Ret value for Comp. Str./MWCNTs-COOH,CHIT/

This work
2.99
f-MWCNTs, functionalized multiwalled carbon nanotubes; AuNPs, gold nanoparticles; GR, graphene.

3.3
24.507
0.38
0.2–2 nM

95.16

Zhou et al. (2014)
Huang et al. (2011)
Goulart et al. (2016)
Baghayeri et al. (2018)
–
4.8
–
–
3.2
–
–
4.4
*95
–
–
95.3 (for 1 week)
5
–
3.6
–
0.61 lM 31.3
0.03
86.43 lA/nM cm2
0.01–10 lM
0.113–8.21 lM
2.5–29.1 lM
0.1–8 nM

Beiranvand and Azadbakht (2017)
–
6.1
92
–
1–20, 50–600 nM 0.3

Yang et al. (2014)
Deiminiat et al. (2017)
–
–
7.6
3.5
–
94
–
3.2356
0.7
0.05
1–5000 nM
0.1–10 nM

Peptide/Au electrode
f-MWCNTs/AuNPs
nanocomposite/aptasensor
Aptamer/Fe3O4/AuNPs/CNTs/
GCE
Aptamer/AuNPs/GR/GCE
Sol–gel MIP/GNPs/MWCNTs/Au
MWCNTs/GCE
MCH/aptamer/Fe3O4-SH@Au/
MWCNT/GCE
Aptamer/Comp. Str./MWCNTsCOOH,CHIT/GCE

Repeatability
(RSD%)
Reproducibility
(RSD%)
Stability (RSD% for
2 weeks)
Sensitivity (lA/
nM)
LOD
(nM)
Linear range
Method

GCE. As can be seen, the Ret value of the aptamer/Comp.
Str./MWCNTs-COOH,CHIT/GCE is less than that of Comp.
Str./MWCNTs-COOH,CHIT/GCE due to the presence of the
Fc group in the 50 tail of the aptamer. A palindrome sequence
of eight base pairs was selected at the ends of Comp. Str. to
provide a hair pin shape in the absence of the BPA aptamer.
Hence, by its immobilization on the electrode surface,
Comp. Str. can form a loop-stem structure. In the absence of
BPA, Comp. Str. hybridizes with the Fc-labeled aptamer
which keeps the Fc group near to the surface of the electrode, therefore an electrochemical signal can be obtained.
Cyclic voltammograms conﬁrm the enhancement of the
electrode conductivity and facilitate the electron transfer due
to the presence of MWCNTs-COOH on the electrode surface. After immobilization of Comp. Str. (Comp. Str./
MWCNTs-COOH,CHIT/GCE), redox currents have
reduced, because [Fe(CN)6]3-/4- and Comp. Str. have similar
charges, causing electrostatic repulsion. Nevertheless, strong
peak currents can be observed for the aptamer/Comp. Str./
MWCNTs-COOH,CHIT/GCE because of the speciﬁc and
strong integration between the BPA aptamer and Comp. Str.
and the presence of the Fc group in the 50 tail of the aptamer.
After incubation (for 60 min) of the aptasensor with 1 lM
BPA, the redox currents greatly decreased, which approves
the strong interaction between the aptamer and the BPA, due
to the aptamer/Comp. Str. duplex dissociation and release of
the aptamer from the surface of the electrode, due to the
higher afﬁnity of BPA and its aptamer compared with the
aptamer and the Comp. Str. Also, the calculated large surface
area of the proposed aptasensor conﬁrms the presence of the
Fc group of the functionalized BPA aptamer. After the
aptamer attachment to the modiﬁed GCE, the potential difference decreased and the redox currents increased, representing the Fc-labeled aptamer coverage at the modiﬁedelectrode surface and retarded the improved electron transferring. The aptasensor incubation with 1 lM BPA causes
aptamer conformational changes upon BPA binding and
more delay in the interfacial electron exchange; consequently, for the aptasensor a considerable electrochemical
signal decrease was detected.
The results of EIS and CV measurements were consistent
with each other and clearly conﬁrmed the fabrication of the
aptasensor. These results revealed that this BPA aptasensor
can be used for BPA monitoring.
Under optimal conditions, the modiﬁed electrode displayed high sensitivity and low LOD. Compared with the
other BPA sensors and the indicated biosensors in table 3,
the proposed aptasensor demonstrates more sensitivity for
the BPA detection (Deiminiat et al. 2017) and lower detection limit (Huang et al. 2011; Yang et al. 2014; Zhou et al.
2014; Goulart et al. 2016). In addition, in table 3, the stability of some BPA biosensors is reported; as can be seen,
the proposed aptasensor has good stability after 2 weeks
when compared with the others.
The speciﬁcity of the developed aptasensor was studied in
the presence of human hormones having a similar structure
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Table 3. Comparison of different electrodes for BPA detection in solutions
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to BPA. As is shown, only BPA caused a decrease in the
current response, while no current changes were observed in
the presence of other interference with the concentration 10
times greater than that of BPA, indicating that the proposed
aptasensor has an acceptable speciﬁcity toward BPA in the
presence of similar molecules which may exist in serum.
Also, it was used for the BPA determination in serum
samples with the recovery results being obtained. The results
indicate that this aptasensor is acceptable and practicable in
order to apply in real sample analysis. This design can be
applied to fabricate aptasensors for the detection of other
analyte molecules.
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