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A B S T R A C T   

Herein, a simple and sensitive electrochemical aptasensor was fabricated on the electrodeposited nanoporous 
gold electrode. A layer of gold nanoparticle deposited on the surface of 3D mesoporous structures of SBA-15-Met 
provided a clean, stable, and biocompatible surface for self-assemble of chain BPA aptamers that bring about 
considerable advantages in both molecular recognition and signal enhancement. The most important factors 
affecting the design of the aptasensor, such as aptamer concentration, aptamer incubation time, BPA incubating 
time, and the pH of the solution, were optimized using a multivariate experiment design. For this purpose, a five- 
level central composite design and a response surface methodology were used. Under the optimized conditions, 
the proposed aptasensor exhibited a wide linear range from 10 to 1200 pM with an ultralow detection limit of 
3.65 pM for BPA. According to molecular docking computational, some hydrogen bonds and the π-π interactions 
have led to a strong affinity between the aptamer and BPA molecules which causes the developed aptasensor to 
have high sensitivity and selectivity for BPA determination in food samples.   

1. Introduction 

Phenolic compounds have been identified as major priority pollut
ants by the United States Environmental Protection Agency and the 
European Union. These chemicals are known to be toxic and impose 
severe short and long-lasting effects on both humans and animals. They 
are carcinogens and cause harm to the red blood cells, even at low 
concentrations. Among the phenolic compounds, BPA is the most 
important synthetic compound with a production volume of over 3.8 
million tons per year [1]. BPA is used in the production of poly
carbonates and epoxy resins, and it can be present in various products 
for everyday use, including drinking water bottles, electronic equip
ment, thermal paper rolls, or toys [2]. BPA is also used in food contact 
materials, including canned food containers and food packaging that 
caused consumers to be exposed to BPA through food and drinking 

water. BPA is known as an endocrine-disrupting chemical as it mimics 
the function of natural hormones in the body by interacting with various 
biological receptors, such as estrogen receptor, thyroid hormone re
ceptor, and androgen receptor [3]. Therefore, BPA hurts the reproduc
tive system, immune system, nervous system, metabolic function, as 
well as for the growth and development of progeny [4]. Recent data 
suggested that there is a significant association between BPA levels in 
the body with the risk of obesity, diabetes, and heart disease [5]. Also, 
studies have shown that low levels of BPA in the body increased the risk 
of developing breast, prostate, and lung cancers [6]. Due to the harmful 
effects of BPA, the European Food Safety Authority has reduced the daily 
tolerance rate from 50 μg / kg body weight to 4 μg/kg body weight in 
2015. Also, in 2008, Canada classified BPA as a toxic chemical and 
banned the use of BPA in baby bottles. Thereafter, the United States and 
some European countries, as well as some Asian countries, banned the 

Abbreviations: SELEX, Systematic evolution of ligands by exponential enrichment; GCE, Glassy carbon electrode; ΔEp, Peak to peak separation; EIS, Electro
chemical impedance spectroscopy; CV, Cyclic voltammetry; DPV, Differential pulse voltammetry; FESEM, Field emission scanning electron microscope; TEM, 
Transition electron microscope; FT-IR, Fourier transform infrared spectroscopy; EDS, Energy dispersive x-ray spectroscopy; E, Estradiol; EE2, Ethinyl estradiol; Au 
NPs, Gold nanoparticles; GQDs, Graphen quantum dots; BPA, Bisphenol A; BPAF, Bisphenol AF; BPB, Bisphenol B; BPBP, Bisphenol BP; MCH, 6-Mercapto-1-hexanol; 
TCEP, Tris-(2-carboxyethyl) phosphine hydrochloride; DIEA, Diisopropylethylamine; CCD, Central composite design; Con. Aptamer, Aptamer concentration; t. 
Aptamer, Aptamer incubation time; t. BPA, BPA incubating time; Ret, Electron transfer resistance; RSD, Relative standard deviation. 

* Corresponding author. 
E-mail address: m.baghayeri@hsu.ac.ir (M. Baghayeri).  

Contents lists available at ScienceDirect 

Microchemical Journal 

journal homepage: www.elsevier.com/locate/microc 

https://doi.org/10.1016/j.microc.2020.105825 
Received 7 October 2020; Received in revised form 20 November 2020; Accepted 1 December 2020   

mailto:m.baghayeri@hsu.ac.ir
www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2020.105825
https://doi.org/10.1016/j.microc.2020.105825
https://doi.org/10.1016/j.microc.2020.105825
http://crossmark.crossref.org/dialog/?doi=10.1016/j.microc.2020.105825&domain=pdf


Microchemical Journal 162 (2021) 105825

2

use of BPA [3]. Due to the various uses and releases of BPA in the sur
rounding environment, BPA is direct present in daily life. Therefore, the 
development of sensitive and reliable methods for the monitoring of 
trace amounts of BPA in the real samples is very important. The typical 
analytical techniques have been used for this purpose are chromatog
raphy methods [7], fluorescence [8], colorimetric aptasensor [1], 
chemiluminescence [9]. Nonetheless, these methods suffer from some 
limitations such as costly, need to the skilled operator, not portable, 
time-consuming, and requiring complex preparation [10]. Therefore, 
the development of novel methods for the determination of BPA seems 
necessary. 

Aptamers are single-stranded DNA or short RNA sequences that 
synthesized from a synthetic oligonucleotide library using the auto
mated method known as SELEX. Output aptamers from the SELEX pro
cess exhibit high selectivity and low detection limit, often in the nano 
and picomolar range [11–15]. The aptamers have received much 
attention due to their attractive properties and a special affinity to 
different targets such as pesticides [16], toxins [17], heavy metal ions 
[18], endocrine disruptors [19], and cells [20]. Aptamers are known as 
chemical antibodies and have broad advantages over antibodies, e.g. 
longer lifespan, cheap synthesis, easy to modify, and excellent thermal 
stability [21]. Also, aptamers are easy to be modified by different 
functional groups and labels, which stabilizes and immobilizes the 
aptamers on the surface of different nanoparticles [22]. Aptamer-based 
biosensors are called aptasensors. In the past few years, a variety of 
aptasensors have been fabricated mainly based on fluorescence [23], 
optical [24], and electrochemical [25] techniques. Amongst these 
techniques, the number of electrochemical aptasensors is continuously 
increasing due to the ease of integration of aptamers into electro
chemical systems. Also, the ability to perform multiple analyses and 
rapid response are other features of electrochemical sensors [26]. 
Abnous et al. reported a novel electrochemical aptasensor based on 
nontarget-induced bridge assembly. They used a signal off method for 
BPA detection in [Fe(CN)6]3− /4− solution as a redox agent [27]. Kashefi- 
Kheyrabadi et al. fabricated an aptasensor based on the miniaturized 
gold electrode and ferrocene terminated anti aptamer of BPA. Upon 
addition of BPA, the BPA-aptamer complex is formed and ferrocene and 
BPA are close to the electrode surface, and direct oxidation signals of 
ferrocene and BPA are considered as analytical signals [28]. Yu et al. 
developed an electrochemical biosensor based on a single-stranded 
DNA-methylene blue complex for the determination of BPA. Under 
optimal conditions, a linear relationship was obtained with the loga
rithm of BPA concentrations in the range of 0.001–100 μg/L, and a 
detection limit of 0.4 ng/L was reported [29]. In recent years, our 
research team presented electrochemical aptasensors based on magnetic 
gold nanocomposite for BPA detection [30,31]. 

The first step in the fabrication of an aptasensor is to immobilize 
proper aptamer sequences on a conducting surface. Recently, modifi
cation of the electrode surface with nanomaterials such as multiwall 
carbon nanotubes [32], metal nanoparticles [33], conductive polymeric 
[34], and combinations of several kinds of nanostructures [35] has led to 
the development of highly sensitive aptasensors. Recently, Au NPs with 
unique properties such as large specific area, good biocompatibility, and 
excellent conductivity have been attracted considerable attention in the 
fabrication of electrochemical aptasensors [36,37]. Moreover, Au NPs 
can bind to the surface of many substrates through functional groups 
such as CN, NH2, and SH. Therefore, aptamer chains with NH2 or SH 
terminals can be easily immobilized on the surface of Au NPs [38]. The 
BPA electrochemical biosensors with specially designed anti-BPA 
aptamer and Au NPs not only can increase figures of merit of these 
biosensors but also provide a highly reproducible sensor for onsite use 
[39]. However, the major limitations of gold nanostructures are their 
poor adhesion to the substrate surface and complicated preparation 
procedure [40]. 

Au NPs loading on the surface of proper support makes them more 
stable and well dispersed. Shahamirifard et al. used zirconia NPs with 

chlorocholine chloride as a suitable substrate for the immobilization of 
Au NPs [41]. Tang et al. cast GQDs on the surface of GCE, and then Au 
NPs are well dispersed on the surface of GQDs electrochemically [42]. 
Razavipanah el al. prepared MWCNT-SiO2@Au core–shell nano
composite to fabricated BPA aptasensor. The Au NPs are well dispersed 
around the SiO2 NPs and in a bed of MWCNT to provide sufficient sta
bility at the GCE surface. Mesoporous silica would seem to be ideal 
support with the three-dimensional structure for metal nanoparticles 
[43]. Chen et al. immobilized Au NPs on the surface of TiO2/SBA-15 
nanocomposites and used as active plasmonic photocatalysts for the 
selective oxidation of aromatic alcohols [44]. 

In traditional experimental design methods (one variable at a time), 
only one factor is considered as a variable, and the other factors are at a 
constant level. In these methods, the interactions between variables are 
not studied. Also, many experiments are needed to do the research, 
which leads to increased time and cost. To overcome this problem, 
response surface methods have been proposed for optimization studies. 
These methods are a set of useful mathematical and statistical tech
niques for modeling and analyzing problems in which a reaction is 
influenced by several independent variables whose purpose is to opti
mize the response [45,46]. 

SBA-15 zeolite with owning high surface area, porosity, uniform pore 
size distributions, and biocompatibility have been used so far to make 
electrochemical biosensors, especially for determination glucose and 
hydrogen peroxide [47,48]. The novelty of this work is the use of met
formin for SBA-15 functionalization. Metformin, with its NH and NH2 
groups, provide dendritic structures to immobilization of various metal 
nanoparticles on its surface. Also, Metformin use as a drug for the 
treatment of type 2 diabetes therefore, it is biocompatible with the 
human body and does not alter the structure of aptamers immobilized on 
its surface. Therefore, the use of SBA-15-Met can be used as a suitable 
substrate for aptamer immobilization to provide the electrochemical 
aptasensors. To our knowledge, no papers have been reported on the 
construction of aptasensor based on SBA-15-Met nanocomposite. On the 
other hand, although many studies have been performed on the detec
tion of BPA using an aptasensor [11,25,28], no papers based on SBA-15- 
Met have been reported for the determination of BPA. For the first time, 
we have used SBA-15-Met nanocomposite as a suitable substrate for the 
fabrication of an electrochemical aptasensor for the determination of 
BPA. 

In this work, an ultrasensitive and selective electrochemical apta
sensor was developed on a self-supported SH-terminated anti-BPA 
aptamer and Au NPs. At first, the SBA-15/Met platform synthesized 
chemically to provide the proper substrate for Au NPs immobilization 
using a simple electrodeposition method. Integration of mesoporous 
silica and Au NPs created a large specific area with excellent stability 
and high conductivity to self-assembled SH-aptamer on it. The param
eters affecting the aptasensor fabrication and the measurement condi
tions of BPA were investigated by CCD design combined with response 
surface methodology. The mechanism of BPA detection on the surface of 
the proposed aptasensor is the label-free strategy in [Fe (CN)6]3− /4−

redox probe. The electrochemical behavior of the electrodes prepared at 
each step of the construction of the aptasensor and the final electrode in 
the presence and absence of BPA was investigated by cyclic voltammetry 
technique. The electrode showed a good linear response to changes in 
the BPA concentration in the 0.01–1.2 nM range. Molecular docking was 
done to find the interaction between the aptamer and the BPA molecules 
from the molecular point of view. 

2. Experimental 

The materials, instrumentation, synthesis process of SBA-15-Met, 
and real sample preparation are listed in the Supporting information. 
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2.1. Preparation of GCE/ SBA-15-Met/Au/aptamer/MCH electrode 

Before preparing of GCE as a platform for the placement of the 
modifier and aptamer, the disulfide bonds in the anti-BPA aptamer 
removed by adding 2 mM reducing agent TCEP to the prepared aptamer 
solution in Tris-HCl 0.01 M (pH = 7.4). In the following, it was heated at 
90 ◦C for 10 min and then placed in the refrigerator for 15 min at 4 ◦C. 

The surface of the GC electrode was polished with alumina slurry on a 
polishing cloth until a mirror-like surface was obtained. Then, it was 
rinsed separately with ethanol and double distilled water by sound 
waves for 2 min, and allowed to dry at room temperature. After that, 5 
μL of SBA-15-Met nanocomposite, dispersed at ethanol 1.0 mg mL− 1 was 
dropped onto the GCE surface and then allowed to dry at room tem
perature. The electrode prepared was called the GCE/SBA-15-Met. Au 

Fig. 1. (A) The FESEM and (B) the TEM images of SBA-15-Met. (C) The FESEM and (D) the TEM images of SBA-15-Met/Au nanocomposite. (E) The EDX pattern of 
SBA-15-Met. (F) The FT-IR spectra of SBA-15 (a) and SBA-15-Met nanocomposite (b). 
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NPs was deposited on the surface of GCE/SBA-15-Met electrode by cy
clic voltammetry method (potential: − 0.2 to +1.6 V vs. Ag/AgCl, 
number of cycle 25, scan rate 0.05 Vs− 1) in 6 mM HAuCl4 solution. Then, 
5 μL of the aptamer solution containing 2 mM TCEP and 1 µM aptamer in 
10 mM Tris-HCl buffer solution (pH 7.6) was cast onto the obtained 
GCE/SBA-15-Met/Au electrode so that anti-BPA aptamer with -SH group 
at terminal assembles on Au NPs in the GC/SBA-15-Met/Au electrode. 
For aptamer immobilization, the modified electrode was placed in a 
100% moisture-saturated environment for 16 h at 4 ◦C. After being 
washed with double distilled water to eliminate the unbound aptamer, 5 
μL of 1 µM MCH was dropped onto the aptamer-immobilized GCE/SBA- 
15-Met/Au. The resulting mixture was incubated for 60 min to decrease 
the unspecific adsorption. Finally, the fabricated GCE/SBA-15-Met/Au/ 
Apt electrode biosensor was rinsed with a 10 mM phosphate buffer so
lution (pH 7.6) and then, dried under N2 stream. 

For the detection of BPA, the fabricated biosensor was incubated into 
the binding buffer (25 mM Tris HCl, pH 9.65 with 100 mM NaCl, 10 mM 
MgCl2, and 25 mM KCl) containing 0.9 nM of BPA for 55 min at room 
temperature. Then, electrochemical measurements were performed in 
0.1 M KCl containing 5.0 mM [Fe (CN)6]3− /4− . The peak current change 
(ΔI) is defined by (i0-i), where i is the anodic peak current of the apta
sensor after BPA treatment, while i0 is the initial anodic peak current 
without BPA. The preparation procedure of the GCE/SBA-15-Met/Au/ 
Apt electrode is presented in Scheme S1. 

3. Results and discussion 

3.1. Characterization of SBA-15-Met/Au nanocomposite 

The morphological features and component SBA-15-Met nano
composite were investigated by FESEM, TEM, and, EDS analyzers. 
Moreover, the distribution of Au nanoparticles on the surface of GCE/ 
SBA-15-Met was investigated by FESEM and TEM analyzer. The 
FESEM image of SBA-15-Met (Fig. 1A) shows the rod-like and the uni
form channels of zeolite, while the channels are open along with the 
mesoporous particles. Also, it was revealed that the size of SBA-15-Met is 
about 400–1400 nm. Moreover, TEM image of the SBA-15-Met in Fig. 1B 
shows that the attachment of metformin to the SBA-15 zeolite has no 
distinct influence on the morphology of SBA-15. In the FESEM and TEM 
images of GCE/SBA-15-Met/Au, we can see the Au NPs distributed on 
the surface of GCE/SBA-15-Met that have spherical nanostructures with 
uniform size (Fig. 1C and D). According to EDS patterns of SBA-15-Met 
nanocomposite (see inset image of Fig. 1E), the strong peaks of Si and O 
illustrate that silicon and oxygen are the major elements in SBA-15-Met. 

Fig. 1F illustrates the FT-IR spectra of SBA-15 (curve a) and SBA-15- 
Met (curve b). The peaks at 1080 and 800 cm− 1 attributed to Si-O-Si and 
Si-O in SBA-15, respectively. Moreover, the peaks at 960 and 3400 cm− 1 

related to Si-OH groups. The FT-IR spectrum of SBA-15-Met exhibits the 
typical silica bands related to the main inorganic backbone of SBA. The 
clear band at 1052 cm− 1, which is attributed to Si-O-Si anti-symmetric 
stretching vibration, confirms the existence of a silica material. More
over, signals that appeared at 3350 and 1650 cm− 1 are related to the 
N–H stretching vibration and bending vibration of the amine group, 
respectively. The presence of bands in the spectral region of 1251 cm− 1 

can be attributed to the side-chain in-plane C–N–C and N–C–N 
bending of the triazine ring. The observed bands at 1671 and 1650 cm− 1 

corresponding to the C––NH and C––N–C stretching vibration [49]. 
These results indicate the successful functionalization of mesoporous 
SBA-15 material with triazine and metformin organic ligands. 

3.2. Electrodepositon of Au NPs on the surface of GCE/SBA-15-Met 

Fig. 2 shows the several successive voltammetric scans of Au NPs 
electrodeposition in a 0.5 M H2SO4 solution containing 0.6 mM AuCl4−

on the surface of GCE/SBA-15-Met. In the cyclic voltammograms was 
observed two reduction peaks, c1 and c2, and two oxidation peaks, a1 

and a2. The c1 and c2 reduction peaks are related to the reduction of 
AuCl4− to AuCl2− and the further reduction of AuCl2− to Au metal, 
respectively. The oxidation peaks indicated the reoxidation of Au elec
trodeposits. The area of the anodic peaks a1 and a2 are smaller than the 
area of reduction peaks that indicate Au electrodeposits cannot be 
completely reoxidized in each scan. Moreover, after the first scan, the 
Au3+ reduction peak shifted to more positive potentials implying that 
the formation of a gold layer on the electrode surface. The number of Au 
NPs deposited on the GCE/SBA-15-Met electrode increased with suc
cessive scans due to the continuous growth of the new pair of redox 
peaks (a2/c2). The anodic peak a2 at 1.14 V appeared on the second scan 
and gradually increased with an increase in the number of scanning 
cycles, which represented the formation of Au oxides. On the reverse 
scan, the cathodic peak c2 at 0. 90 V related to the reduction of the 
previously formed Au oxides. 

3.3. Aptasensor strategy 

The sensing mechanism of BPA using the proposed aptasensor is 
based on the label-free strategy in the presence of [Fe(CN)6]3− /4− as a 
redox mediator. The anti BPA aptamers with SH-terminate, self- 
assemble on the surface of Au NPs and provide long tunnels pathway for 
the electron transfer of [Fe(CN)6]3− /4− ions. In the absence of BPA, the 
aptamers were remaining unfolded and the long tunnels are opened, 
therefore allow to the passage of electrons on the surface of electrode. 
But in the presence of BPA due to the interaction between aptamers with 
BPA molecules the conformation of aptamer was changed to G-quad
ruplex structure that closed the entrance of long tunnels. Therefore, the 
electron transfer process between the redox mediator and the electrode 
surface becomes difficult and causes the intensity of the electrochemical 
signal to decrease (Scheme S2). 

3.4. Electrochemical properties of modified electrodes 

Electrochemical characterization of fabricated aptasensor after each 
step was investigated by both CV and EIS in 0.1 M KCl containing 5.0 
mM [Fe(CN)6]3− /4− solution. Fig. 3A shows the cyclic voltammograms 
of various interfaces by plotting current signal vs. potential. The CV of 
bare GCE shows clear well defined reversible redox peaks corresponded 
to the [Fe(CN)6]3− /4− redox probe with a ΔEp of 325 mV. After GCE was 
modified with SBA-15-Met, the peak current decreased and ΔEp 
increased to 400 mV. These results are likely to be related to the met
formin functional groups and SBA-15 zeolite that limit the electron 

Fig. 2. Cyclic voltammograms of electrodeposition of Au NPs on the surface of 
GCE/SBA-15-Met in 0.5 M H2SO4 at scan rate 0.05 Vs− 1. 
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transport at the electrode surface. When GCE/SBA-15-Met was electro
deposited with Au NPs, the peak currents sharply increased and the 
reversible electrode process with ΔEp 125 mV was observed. The pres
ence of Au NPs with excellent conductivity significantly had enhanced 
the electron transfer kinetics on the surface of the electrode. Moreover, 
SBA-15-Met/Au was provided the proper substrate for the immobiliza
tion of aptamers by self-assembly. When the surface of the GCE/SBA-15- 
Met/Au was coated with anti-BPA aptamer and MCH, the redox peak 
experienced a clear fall in currents and an increase in the peak separa
tion compared to the GCE/SBA-15-Met/Au electrode. These results 
confirm that the aptamers and MCH immobilized on the surface of GCE/ 
SBA-15-Met/Au. The negative charge of aptamers leads to repulse redox 
ions of [Fe(CN)6]3− /4− from the surface of the electrode. In the vol
tammogram of the GCE/SBA-15-Met/Au/Apt electrode incubated in 2.0 
nM of BPA solution, the peak current decreased while the peak-to-peak 
separation potential increased. This finding can be accounted for by the 
fact that the formation of aptamer/BPA complexes could block the 
diffusion of [Fe(CN)6]3− /4− towards the electrode surface. 

For further evaluation of the steps taken for the modification of the 
aptasensor, the electrodes were also characterized by EIS. From the 
semicircle part of the Nyquist plot can be obtained information about 

the electrolyte resistance between the working and reference electrodes 
and Ret that affected by the diffusion of the ions from the electrolyte to 
the interface. As can be seen in Fig. 3B, the bare electrode possessed a Ret 
about 1200 Ω while Ret in the GCE modified with SBA-15-Met increased 
to 2400 Ω. When a layer of Au NPs electrodeposited on GCE/SBA-15- 
Met, Ret became smaller and shows nearly a line due to the good con
ductivity of Au NPs was desirable for electron transfer between the 
electrolyte and the interface. After the immobilization of aptamer and 
MCH on the surface of the modified electrode, the Ret value increased to 
7500 Ω. These results indicate a strong interaction between the 
aptamers with SH terminates and Au NPs. Finally, when the aptasensor 
was incubated in 2.0 nM BPA for 55 min, a significant increase was 
observed in electron transfer resistance (Ret = 13589 Ω), proving the 
successful formation of aptamer/BPA complexes and the surface 
blocking for charge transfer of the redox system. These results are in line 
with that observed in the CV investigation. 

3.5. Optimization of the performance of aptasensor 

The influence of some parameters on the detection of BPA was 
optimized using a central composite design and results listed in 

Fig. 3. (A) Cyclic voltammograms and (B) Nyquist plots of different modified electrode in 5 mM Fe(CN)6
3− /4− (1:1) solution containing 0.1 M KCl.  
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Supporting information. 

3.6. Analytical performance of the electrochemical aptasensor 

We investigated the analytical performances of the aptasensor 
through incubated GCE/ SBA-15-Met/Au/Apt in different concentra
tions of BPA with DPV. As shown in Fig. 4A, the peak currents decreased 
with increasing BPA concentrations, while ΔI increased in the range of 
10–1200 pM. It can be explained that by increasing the concentration of 
BPA, the number of BPA-aptamer complexes increased, which prevented 
the electron transfer and decreased the peak current. A good linear 
relationship was obtained between the current change and BPA con
centration (Inset of Fig. 4A). The regression equation was ΔI (µA) =
41.92 CBPA (nM) + 7.585 with a correlation coefficient of 0.9904. The 
detection limit of 3.65 pM was obtained based on 3 Sb/m (Sb and m were 
the blank standard deviation and the slope of the linear curve). The 
quantification limit was 12.16 pM, which was calculated by 10 Sb/m. 
The analytical performance of the BPA aptasensor was compared with 

previously reported methods for BPA detection including fluorescence 
spectroscopy, HPLC-MS/MS, electrochemical immunosensors, electro
chemical sensors, MIPs-based electrochemical sensor, and electro
chemiluminescence aptasensors, the results were presented in Table 1. 
Although spectroscopy and analytical methods such as HPLC-MS and 
GC–MS methods are highly sensitive to the determination of BPA, the 
matrix effect in these methods is very high and requires complex pre
treatment methods that are time-consuming and expensive. Therefore, 
most electrochemical techniques today, with advantages such as 
simplicity, low cost, and high sensitivity, are used to determination of 
BPA. Even among electrochemical sensors, the high toxicity of electro
chemical immunosensors, preparation of imprinting material, and the 
removal of imprinting molecules in MIPs-based electrochemical sensors 
and low selectivity in electrochemical sensors cannot be ignored. 
Meanwhile, aptamer-based electrochemical sensors have excellent 
sensitivity and selectivity. As can be seen in Table 1, electrochemical 
aptasensors show better analytical performance for the determination of 
BPA compared to other methods and, in addition to their simplicity, 

Fig. 4. (A) DPVs obtained at the GC/SBA-15-Met/Au/Apt electrode before (a) and after incubation in 0.01 (b), 0.1 (c), 0.3 (d), 0.7 (e), 0.9 (f) and 1.2 (g) nM of BPA 
solutions. Inset: linear dependence of the peak current change with BPA concentration. (B) Selectivity confirmation studies of the proposed aptasensor for deter
mination of BPA. 
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have lower detection limits and wider linear range. 
To research, the specificity of the electrochemical aptasensor, some 

potential substances, including BPB, BPAF, BPBP, E, and EE2, which had 
a similar function or similar structure with BPA were used as model 
interferents. Each time the GCE/SBA-15-Met/Au/Apt electrode was 
incubated in one of five interferents. The concentration of 0.9 nM and 
the DPV responses were recorded with the same method for determining 
BPA. The current change before and after the incubation of 0.9 nM of 
interferents was used to estimate the selectivity of the aptasensor. As 
shown in Fig. 4B, ΔI was about 21.07 μA in 0.9 nM BPA, whereas ΔI was 
less than 3.2 μA when the aptasensor was incubated in any one among 
five interferents. Overall caused by these interferents were less than 
15.28% for that of BPA, indicating that the electrochemical aptasensor 
had good selectivity. This fact was mainly attributed to the high affinity 
of the aptamer to BPA. Also, the reproducibility and stability of the 
aptasensor were investigated. Its reproducibility was studied by 
detecting 0.9 nM BPA for five measurements by DPV under the same 
conditions. The RSD was 3.1%, this result represents an acceptable 
reproducibility. Furthermore, more than 95.8% of the original current 
response of the aptasensor remained after 10 days of storage at 4 ◦C, 
indicating the good stability of the aptasensor. 

3.7. Real sample analysis 

To investigate the applicability of electrochemical aptasensor in real 
samples, two milk samples, including liquid milk and milk powder, were 
analyzed by using the strategy established in this paper. The pasteurized 
liquid milk and milk powder were purchased from a local supermarket 
(Sabzevar, Iran). The examined milk samples were prepared as follows: 
10.0 mL of liquid milk was mixed with 10.0 mL acetic acid (3%, v/v). 
After 30 min sonication, the mixture was centrifuged for 10 min at 
10000 rpm. Then, the supernatant solution collected and added into a 
50 mL volumetric flask and diluted with Tris-HCl buffer (pH 9.65). 
Finally, the prepared liquid milk sample was spiked with a defined BPA 
concentration. Moreover, the sample without adding BPA was used as a 
control group. In about milk powder, the preparation procedure was 
similar to the above processes except at first 5.0 g of milk powder was 
mixed with 5 mL of Tris-HCl buffer solution [30]. The result obtained 
was listed in Table 2. The recovery for BPA was between 95.4% and 
104.2%, and the RSD results were smaller than 4.8%. These results 
displayed that the proposed aptasensor had acceptable sensitivity and 
accuracy in determining BPA in milk samples and had enormous po
tential in food applications. 

3.8. Computational methods 

The geometry optimization of BPA was carried out at the M06-2X/ 
6–31 + G(d) level of theory [50] using the GAUSSIAN09 program 
package [51]. This compound docked into the aptamer and the binding 
energies were calculated using the genetic algorithm based on the 
Autodock 4.2 program package [52]. To obtain the tertiary structure of 
the aptamer molecules, a B-DNA composed of 63 nucleotides was 
designed and 100 ns MD simulations in water were applied to fold the 
structure using discovery Studio software. 

According to Autodock, BPA and aptamer were prepared in the pdbqt 
format, and ligand considered flexible during the docking process. The 
search space was defined to encompass all aptamer structure as a box 
with dimensions of 65 Å × 65 Å × 65 Å manually. Autodock provides 10 
predicted binding energy (ΔGb values) and inhibition constant (Ki) from 
different docking poses, which the best ΔGb = − 4.45 kcal mol− 1 and Ki 
= 547.15 µM were considered as molecular docking score for docked 
BPA in aptamer (Fig. S2). 

According to Fig. S2, some hydrogen bond interactions were 
observed between the NH group of G10 and C––O group of G52 nucle
otides with OH groups of the BPA molecule. Also, the π-π interaction was 
formed between U nucleotide and BPA, in which these effective in
teractions demonstrated the ability of the BPA to bond to the aptamer 
molecule. 

4. Conclusions 

In summary, a new and label-free electrochemical aptasensor based 
on SBA-15 and Au NPs has been designed for the detection of BPA. The 
electrodeposition of Au NPs on the surface of SBA-15-Met improved the 
electrons transfer and the load amount of BPA aptamer by the self- 
assembly method that causes the enhancement of signal intensity and 

Table 1 
Comparison between various methods for determination of BPA with the proposed method.  

Method Modifier LOD LDR 
(nM) 

Real sample Ref. 

Electrochemical aptasensor Screen-printed gold electrode 15 pM 0.08–15 Tap water 27 
Electrochemical aptasensor MWCNT-SiO2@Au 10 pM 0.1–100 Mineral water, orange juice 

milk 
43 

Electrochemical sensor PtPd bimetallic nanoparticles and cationic pillar [5] arene 
decorated graphene 

3.3 nM 10–106 Water and milk samples [53] 

Electrochemiluminescence 
aptasensor 

Carbon nanodots composite as co-reaction of Ru(bpy)3 
2+

nanosheets 
33 pM 0.1–105 Water samples 4 

Electrochemical sensor Molecularly imprinted polymer tailored on multiwalled carbon 
nanotubes 

20 pM 0.1–105 Baby feeding bottle extracts [54] 

Excitation-emission matrix 
fluorescence 

– 175 pM – PC plastics [55] 

HPLC–MS/MS – LOQ = 438 
pM 

– Human plasma [56] 

Electrochemical immunosensor Anti-BPA/AuNPs/MWCNTs/GCE 8700 pM 10–1000 Food fresh-keeping film [57] 
Electrochemical aptasensor GCE/SBA-15-Met/Au /Apt 3.65 pM 0.01–1.2 Milk powder Fresh liquid 

milk 
This 
work  

Table 2 
The results obtained for BPA detection in real sample (n = 5) using GCE/SBA-15- 
Met/Au/Apt electrode.  

Sample Added (nM) Found (nM) R.S.D Recovery(٪) 

Fresh liquid milk 0 
0.1 
0.5 

– 
0.104 ± 0.005 
0.477 ± 0.016 

– 
4.8 
3.3 

– 
104.2 
95.4  

Milk powder 0 
0.1 
0.5 

– 
0.100 ± 0.004 
0.509 ± 0.009 

– 
4.0 
1.8 

– 
100.2 
101.8 

Milk powder and fresh liquid milk (Pegah, Iran Dairy Industries Co., Guilan, 
Iran). 
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improvement of detection sensitivity. The designed aptasensor showed 
excellent analytical performance with a detection limit of 3.65 pM and a 
linear range 10–1200 pM for the determination of BPA with high 
selectivity. Moreover, it has been successfully applied to detect BPA in 
real samples with satisfactory recovery between 95.4% and 104.2% with 
acceptable RSD. There will be great development potential in the anal
ysis of food products. Also, the ability of interaction between BPA with 
aptamer was investigated using computational methods. 
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