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A B S T R A C T   

The gold electrode was functionalized with anti-bisphenol A (BPA) aptamer and captured the BPA as analyte. By 
dropping the aptamer-modified magnetic Fe3O4/Au nanoparticles solution onto the electrode, a BPA molecule 
attaches to many aptamers that are in contact with a large number of Fe3O4/Au nanoparticles. The modified 
electrode were transferred to a solution containing Ag+ ions. Fe3O4/Au nanoparticles reduce the Ag+ ions to Ag0. 
A potential scan was applied for the oxidation of the Ag0-loaded magnetic nanoparticles to the AgCl. The 
magnitude of the stripping anodic signal of the Ag0 was related to the concentration of the BPA. The assay shows 
a detection limit of 0.6 fmol L− 1 and linear range of 1 fmol L− 1-150 pmol L− 1 and. The applicability of the 
aptasensor is measured by its successful use in the sensing BPA in water, milk and juice samples and measuring 
BPA migration from different commercial plastic products.   

1. Introduction 

Bisphenol A (BPA) is an endocrine-disrupting chemical, which has 
severe health damage (Huang et al., 2020; Jiang et al., 2020). BPA is 
widely used in the manufacture of epoxy/polycarbonate resin products, 
which are considerably used in water bottles, baby bottles, plastic food 
containers and in the manufacture of compact discs and medical devices 
(Khanmohammadi et al., 2020). BPA can be released into surface water 
via wastewater of industries that manufactures plastic materials. 
Therefore, it is greatly needed to propose a selective analysis procedure 
for monitoring BPA in the different real samples. Various techniques 
have been proposed for the measurement of BPA, including colorimetry 
(Lee, Lee, Kim, & Lee, 2019), high-performance liquid chromatography 
(Zhao et al., 2019), LC-MS/MS (Dreolin, Aznar, Moret, & Nerin, 2019), 
field-effect transistor (Liu et al., 2018), electrochemiluminescence 
(Zhang et al., 2019), fluorescence (Yun, Wu, Chen, & Yang, 2018), 
GC–MS (Johnson, Burke, Harrison, & Burdette, 2012) and electroana
lytical methods (Alam & Deen, 2020; Ekomo et al., 2018; Mahmoudi 
et al., 2019). In this regard, most researchers are focusing on the use of 
electrochemical biosensors for BPA detection (Qin et al., 2018; Ashraf 

et al., 2019; Baghayeri et al., 2018; Deiminiat et al., 2017; Yu et al., 
2019; Beiranvand et al., 2017; Liu et al., 2016; Li et al., 2019; Ensafi 
et al., 2018; Zhang et al., 2021; Xu et al., 2020; nodehi et al., 2021; 
Messaoud et al., 2018). Biosensors work on the basis of an affinity re
action between a immobilized biomolecule and target molecule (BPA). 
As a result, a physical signal generates and the analyte concentration 
detects by evaluating of the signal. The physical signal in electro
chemical biosensors is an electrochemical response. 

Aptamers are single-stranded DNA and RNA or peptide molecules 
that are capable of specifically binding a target molecule. In recent 
years, aptamers have received a lot of attention because they not only 
have the benefits of antibodies, but also provide thermal stability, low 
cost, and a wide variety of applications. A range of analytical methods 
was linked to aptamer-based analysis including, fluorescence, quartz 
crystal microbalance, colorimetry, circular dichroism, optical trans
duction, surface plasmon resonance, atomic force microscopy and 
electrochemistry (Lee et al., 2017; Ren et al., 2019; Rajabnejad et al., 
2020). If the aptamer is used as a bioreceptor in a sensor, it is called an 
aptasensor. 

There are two detection platforms for aptasensors: single aptamer- 
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based biosensors and sandwich-type aptamer-based biosensors 31. (Seo 
& Gu, 2017). In a single aptamer-based biosensor, the target molecule 
bind to the aptamer that is immobilized on the transducer and the 
detection was performed by monitoring a physical signal (Heydari- 
Bafrooei & Askari, 2017; Rostamabadi & Heydari-Bafrooei, 2019; 
Mohammadi et al., 2020). Single aptamer-based biosensors suffered 
from their low sensitivities, and making it approximately impossible to 
get these sensors into the practical and commercial stage. To overcome 
this drawback, as an alternative, sandwich-type aptasensors utilizing a 
couple of antibody complex and/or aptamer have been established. In a 
double-aptamer sandwich assay, two aptamers are employed, the first is 
the capture probe and the second is a reporter probe. The capture probe 
is immobilized on a suitable solid substrate such as electrodes and 
nanoparticles, thereby trapped the target molecule. Then the reporter 
probe, which is usually attached to a signaling molecule such as enzymes 
or nanoparticles, is bound to the target molecule. Simultaneous 
attachment of two aptamers in double-aptamer sandwich assays makes 
them as a very selective aptasensing method for direct analysis of 
complex samples, such as blood serum and environmental samples. 

Herein, considering the advantages of the double-aptamer sandwich 
assay, we designed an electrochemical aptasensor for sensitive quanti
tative sensing of BPA. Magnetic gold nanoparticles (Fe3O4/Au nano
particles) were synthesized to exploit as signal amplifiers. Each Fe3O4/ 
Au nanoparticle was attached to a large number of the aptamer specific 
to BPA (Fe3O4/Au-aptamers nanoparticles). BPA was captured by the 
aptamer on a gold electrode, and then recognized by the Fe3O4/Au- 
aptamer complex. This procedure let numerous Fe3O4-Au nanoparticles 
to be immobilized on the surface of the electrode. The Fe3O4/Au 
nanoparticles were dissolved by HNO3 and dispersed into the solution 
containing Ag+ ions. The remaining hydroxylamine groups on the 
Fe3O4/Au nanoparticles can reduce the Ag+ ions to Ag0. Due to alkaline 
conditions, the Ag2O was also produced in the medium. Anyway, Ag+

and Ag2O accumulated on the Fe3O4/Au nanoparticles surface. The 
magnetic nanoparticles were transported to the electrode surface and 
the deposited Ag2O was electrochemically reduced to Ag0. Finally, the 
Ag0 was oxidized to AgCl by using stripping differential pulse voltam
metry (SDPV). The BPA concentration was sensed based on the current 
signal of the stripping voltammogram of the oxidation of the Ag0 to 
AgCl. 

2. Materials and methods 

2.1. Materials and apparatus 

BPA, 6-mercapto-1-hexanol, Chloroauric acid (HAuCl4, 99.9%) and 
K3[Fe(CN)6]/K4[Fe(CN)6] were purchased from Sigma-Aldrich, St. 
Louis, MO. All other reagents were of analytical grade and obtained from 
Merck Chemicals KGaA, Darmstadt, Germany. Thiol-terminated 63-mer 
BPA aptamer (5ʹ-SH-(CH2)6-CCG-GTG-GGT-GGT-CAG-GTG-GGA-TAG- 
GGT-TCC-GCG-TAT-GGC-CCA-GCG-CAT-CAC-GGG-TTC-GCA-CCA-3ʹ) 
was acquired from Bioneer Corporation, Daejeon, Korea. The aptamer 
solution was prepared in Tris-HCl buffer and was kept in the freezer 
before use. The concentration and pH of the Tris-HCl buffer is 10 mmol 
L− 1 and 7.4, respectively. The solutions of the Ag+ ion were made from 
their nitrate salt. All samples were characterized by transmission elec
tron microscopy (TEM, Tecnai G2 20ST), UV–Vis spectroscopy (Agilent 
Cary 60 UV–vis spectrophotometer), scanning electron microscopy 
(SEM, JEOLJSM-7600F), and vibrating sample magnetometry (VSM, 
Princeton MICROMAG 3900). 

2.2. Synthesis of Fe3O4 nanoparticles 

The synthesis of Fe3O4 nanoparticles is in accordance with the 
method previously described by our group (Farahbakhsh et al., 2019). 
FeCl2⋅6H2O and FeCl3⋅6H2O with 0.98:2.703 g ratios were dissolved in 
100 mL deionized water at 80 ◦C temperature. The solution was stirred 

vigorously for 30 min until the salts are dissolved. Then, 25 mL ammonia 
solution of 28% w/v% was added dropwise. The black solution was 
stirred for 30 min under N2 gas at 80 ◦C temperature. Consequently, the 
black precipitation was washed and dried in an oven for 8 h. 

2.3. Synthesis of Fe3O4/Au nanoparticles 

The synthesis of Fe3O4/Au nanoparticles is according to the litera
ture procedure (Zhang et al., 2011; Dadmehr et al., 2014). A solution 
containing 3 mL hydroxylamine hydrochloride (0.2 mol L− 1) and 10 mL 
of 1 mg mL− 1 as-prepared Fe3O4 nanoparticles was diluted with 50 mL 
0.03 mol L− 1 tetramethylammonium hydroxide and heated to 80 ◦C, 
then, followed by the addition of 25 mL of 50 mmol L− 1 sodium citrate 
solution and stirred for 30 min. One hundred ml of 0.2 mg mL− 1 HAuCl4 
solution was added dropwise while the solution is vigorously stirred 
under N2 gas. The change in the color of the precipitate from black to 
reddish-brown indicates the successful synthesis of the Au nano
particles. The Fe3O4/Au nanoparticles were separated using a perma
nent magnet. 

2.4. Synthesis of aptamer-modified Fe3O4/Au nanoparticles 

The procedure for attachment of thiol-terminated BPA aptamer to 
Fe3O4/Au nanoparticles is according to the literature procedure (Zhang 
et al., 2011). Ten mg of as-prepared Fe3O4/Au nanoparticles was 
dispersed in 1.0 mL of 10 mmol L− 1 Tris–HCl buffer (pH = 7.4) and then 
20 µL of 100 µM aptamer was added to the nanoparticles suspension, and 
the mixture was mildly stirred for 24 h. The unbound aptamers were 
removed by a magnet. The magnetically separated nanoparticles were 
washed with double distilled water and Tris–HCl buffer four times and 
lastly were re-dispersed in 5 mL of Tris–HCl solution. 

2.5. Aptamer-BPA assay 

To clean the gold electrode (2.0 mm diameter, Metrohm), the elec
trode was rinsed in piranha solution for 60 s to remove the organic 
impurities. Then, the electrode washed twice with ethanol and water 
mixture (1:1). Afterward, the electrode surface was polished with 
aluminum oxide powder (grain size 0.3 µm), then rinsed thoroughly 
with water and sonicated 2 min into an ethanol/water mixture in a 
volume ratio of 1:1. The cleaned gold electrode was then transferred to 
an electrochemical cell containing 0.5 mol L− 1 H2SO4 and the potential 
cycled between − 0.2 to 1.5 V until a stable cyclic voltammogram was 
obtained. Ten µL of 2 μmol L− 1 thiol-terminated BPA aptamer was 
dropped cast on the cleaned surface of the electrode and maintained 
overnight at the 4 ◦C. The electrode was immersed twice in water to 
eliminate additional aptamer molecules. Finally, unbound sites and non- 
specific adsorptions were blocked by casting of 5 μL of 3.0 μmol L− 1 6- 
mercapto-1-hexanol solution on the modified electrode for 0.5 h. After 
preparing the aptamer-functionalized gold electrode, 5 μL of BPA solu
tions with different concentrations dropped on the modified electrode 
and incubated on the electrode for 2 h at room temperature. Then, 5 μL 
of the Fe3O4/Au-aptamer complex was dropped and incubated on the 
surface for 1 h. After the electrode washing with Tris-HCl buffer, the 
Fe3O4/Au nanoparticles remaining at the surface of the electrode were 
dissolved by the addition of 100 μL of 0.10 mol L− 1 HNO3 solution. 

2.6. Electrochemical detection 

The Fe3O4/Au nanoparticles released from the electrode surface 
were added into the solution containing 0.5 mmol L− 1 Ag+. The pH of 
the suspension was adjusted to 12.0 and the mixed solution was incu
bated for 180 s in ambient condition. The nanoparticles were separated 
from the medium by a magnet. Then, to remove the residual matrix, the 
Fe3O4/Au nanoparticles were washed with water four times. The Fe3O4/ 
Au nanoparticles were captured on the gold electrode surface and then a 
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constant potential of − 500 mV was applied to the electrode for 3 min in 
0.1 mol L− 1 KCl solution (pH = 7.0) to reduce the deposited Ag2O on the 
Fe3O4/Au nanoparticles surface to Ag0. Finally, the Ag0 was oxidized to 
AgCl by using SDPV. the modified electrode was transferred to an 
electrochemical cell containing 0.1 mol L− 1 KCl solution (pH = 7.0). The 
DPV was achieved with a potential scan from − 0.2 to 0.6 V in a pulse 
width of 50 ms and a pulse amplitude of 50 mV. The electrochemical 
analysis was performed by Autolab PGSTAT204 with NOVA 2.1 soft
ware. A three-electrode system containing a Pt wire, Ag|AgCl|3.0 M KCl 
and gold electrode as the auxiliary, reference and working electrode was 
used. 

2.7. Real samples preparation 

Tap and river waters were acquired from our laboratory in Rafsanjan 
(Iran) and Zayandehroud River in Isfahan (Iran), respectively. Different 
volumes of the standard solution of BPA were spiked to water samples 
and the recovery percentages were reported. A Whatman No. 45 filter 
paper was used to filtrate water samples. A 5-fold dilution factor was 
selected for the samples. Mineralized water, orange juice and milk 
sample acquired from a supermarket in Rafsanjan (Iran). These samples 
were also spiked with various volumes of BPA. To eliminate the upper 
suction fat, the milk sample was centrifuged at 6,000 × g for 20 min. The 
proteins were precipitated by mixing up the equivolume of the milk 
sample and ethanol and centrifugation at 6,000 × g for 10 min. The 
supernatant was filtrated and diluted 5-fold with water. For the orange 
juice, after ultrafiltration with a 0.22-µm membrane, the solution was 
diluted 10-fold with water. 

2.8. Bottle samples pretreatment for migration tests 

In October 2020, several plastic bottles and food containers that may 
contain BPA, including baby feeding bottles, plastic flasks and plastic 
jars were collected from local stores in Iran. The total volume of the 
bottles was filled with acetonitrile or with food simulants (distilled 
water; ethanol, 50% v/v; acetic acid, 3% w/v). 3% of acetic acid in water 
is the simulant for acidic foods (e.g., fruit juice) and 50% ethanol in 
water is the food simulant for milk products (e.g., infant formula) (EEC, 
1985). A water bath was prepared at a temperature of 60 ◦C and the 
bottles filled with acetonitrile were placed in it for 24 h and then allowed 
to cool at room temperature. The bottles full of food simulants were also 
placed in the bath at 40 ◦C for 10 days. For all these conditions, the 
samples were wrapped in aluminum foil to avoid photolysis due to 
exposure to light. The extract was then evaporated to dryness under 
reduced pressure in a rotary evaporator with nitrogen steam at 40 ◦C. 
Reconstitution of the dried extract was performed by 20 mL acetonitrile 
(three times) and after mixing, the total extract kept at refrigerator 
temperature (2–4 ◦C) before assay. A standard addition approach was 
used for the determination of the BPA after dilution of a certain amount 
of the samples with Tris–HCl buffer (10 mmol L− 1, pH 7.4). 

3. Results and discussion 

Magnetic gold nanoparticles (Fe3O4/Au nanoparticles) herein were 
used for two purposes; first, to amplify the signal, and second to catalyze 
the reduction of Ag+. Due to the nanosize structure of Fe3O4/Au, a large 
amount of the BPA-specific aptamers on the surface of the electrode 
were attached to each Fe3O4/Au nanoparticle and led to the immobili
zation of numerous Fe3O4-Au nanoparticles. The Fe3O4/Au 

Fig. 1. Schematic illustration of the sensing mechanism of the aptasensor for the detection of BPA.  
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nanoparticles can cause catalysis reduction of Ag+ ions to Ag0. There
fore, by dissolving the immobilized nanoparticles and putting them in 
contact with Ag+ ions and monitoring the progress of the reduction 
reaction of Ag+ by using SDPV, the concentration of BPA was deter
mined. Furthermore, the presence of gold nanoparticles on the Fe3O4 
particles is necessary for immobilization of thiol-terminated BPA 
aptamer by covalent bonds Au-S. 

3.1. Schematic illustration 

Fig. 1 illustrates the preparation and the sensing mechanism of the 
electrochemical aptasensor for the detection of BPA. The procedure is 
based on the use of magnetic nanoparticles for signal amplification and 
catalytic effect on the reduction of Ag+. Thiol-terminated BPA aptamer 
was immobilized on the gold electrode by covalent bonds Au-S. 6-mer
capto-1-hexanol was applied to block unbound sites and non-specific 
adsorptions. The aptamer-modified electrode selectively recognizes 
the BPA molecule. In another experiment, thiol-terminated BPA 
aptamers were attached to many Fe3O4/Au nanoparticles by covalent 
bonds Au-S. By dropping aptamer-loaded Fe3O4/Au nanoparticles on the 
aptamer-modified electrode (after interaction with BPA), a molecule of 
BPA can attach to many Fe3O4/Au nanoparticles. This step leads to 
thousands of times amplification of the signal and the ultra-trace 
determination of BPA. The Fe3O4/Au nanoparticles on the surface of 
the electrode were dissolved by HNO3 and were added into the solution 
containing Ag+. The remaining hydroxylamine groups on the Fe3O4/Au 
nanoparticles surface can reduce the Ag+ ions to Ag0. On the other hand, 
in this experiment, the Fe3O4/Au nanoparticles is a catalyst for the 
reduction of Ag+. Typically, during this process, due to the alkaline 
condition, the Ag2O was also produced in the medium. Anyway, Ag0 and 
Ag2O accumulated on the Fe3O4/Au nanoparticles surface. The mag
netic nanoparticles were transported to the surface of the gold electrode 
and then by applying a constant potential of − 500 mV for 180 s, the 
deposited Ag2O on the Fe3O4/Au nanoparticles surface reduce to Ag0. 
Lastly, a positive-going differential pulse potential scan was applied to 
oxidate the Ag0 to the AgCl. The magnitude of the stripping anodic 
signal of the Ag0 was related to the concentration of the BPA. By an 
increase in the concentration of BPA in the solution, the amount of the 
BPA on the surface of the aptamer-modified electrode increases, and 
consequently, the amount of the aptamer-modified Fe3O4/Au nano
particles that were attached to the BPA increases and finally, the 
quantity of the available Fe3O4/Au nanoparticles for the reduction of the 
Ag+ ions to Ag0 increases. Therefore, by the increase in the number of 
Fe3O4/Au nanoparticles, the amount of the preconcentrated Ag0 on the 
Fe3O4/Au nanoparticles surface increases and consequently, the current 
of the stripping voltammogram of the oxidation of the Ag0 to AgCl 
increases. 

3.2. Surface characterization 

Figure S4 displays the Nyquist plots of the electrode for the charac
terization of the interfacial changes in the stepwise assembly process of 
the aptasensor. The equivalent circuit was shown in Figure S5. When the 
gold electrode was modified with the aptamer (curve b) and the BPA 
(curve c), the charge transfer resistance (Rct) increased compared to the 
bare electrode (curve a), due to hindering effect of the aptamer and BPA 
molecules. After binding of the Fe3O4/Au-aptamer to the BPA, the Rct 
was also increased (curve d) due to the more blocking and insulation 
effect, which initiates from hampered mass transport and electron 
transfer. 

3.3. Electrochemical investigation of the deposition of silver on the surface 
of Fe3O4/Au nanoparticles 

To assess the ability of the dissolved Fe3O4/Au nanoparticles from 
the surface of the electrode to capture the Ag+, CV and DPV of the gold 

electrode was investigated. For this purpose, two experiments was per
formed according to the procedure presented in sections 2–5 and 2–6. In 
experiment 1, the released Fe3O4/Au nanoparticles from the surface of 
the electrode were not treated with Ag+ solution and directly transferred 
on the surface of the gold electrode. But, in the experiment of 2, Fe3O4/ 
Au nanoparticles after dissolving were added in a solution with a pH 
value of 12 containing 1 mmol L− 1 Ag+ and the mixture was incubated 
for 180 s at room temperature. Then the magnetic nanoparticles are 

Fig. 2. (A) and (B) cyclic voltammetric curves of Fe3O4/Au nanoparticles- 
modified gold electrodes. The Fe3O4/Au nanoparticles were not incubated (a) 
and incubated (b) in the Ag+ solution. (C) DPV of the Fe3O4/Au nanoparticles- 
modified gold electrodes. The Fe3O4/Au nanoparticles were not incubated (a) 
and incubated (b & c) in the Ag+ solution. After incubating the Fe3O4/Au 
nanoparticles in Ag+ solution, the Fe3O4/Au nanoparticles-modified gold 
electrode was treated with (b)/without (c) electrochemical reduction. Detection 
solutions were 0.1 mol L− 1 KCl (pH = 7.0). reduction voltage, − 500 mV; 
reduction time, 180 s; concentration of AgNO3, 1000 μmol/L; incubation time, 
180 s; scan rate, 50 mV/s; concentration of BPA, 30 pmol L− 1. 
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transported to the gold surface of the electrode. Fig. 2A displays CV of 
the electrode without (a) and with (b) interaction of released Fe3O4/Au 
nanoparticles with Ag+ in 0.1 mol L− 1 KCl solution (pH = 7.0). The CV of 
the electrode covered with untreated Fe3O4/Au nanoparticles shows no 
oxidation and/or reduction signals. A clear oxidation peak was seen in 
the case of the electrode covered with interacted Fe3O4/Au nano
particles with Ag+, which is attributed to oxidation of Ag0 to AgCl in 0.1 
mol L− 1 KCl (Singh et al., 2012). As a result, Fe3O4/Au nanoparticles can 
capture the Ag+ as Ag0. The reduction of Ag+ to Ag0 is because of the 
presence of the remaining hydroxylamine groups on the surface of 
Fe3O4/Au nanoparticles as the reducing agent, which is used in the 
synthesis of the Fe3O4/Au nanoparticles (Lai et al., 2011; Yang et al., 
2013). Furthermore, the Fe3O4/Au nanoparticles also catalysis the 
process of adsorption/deposition of Ag+ (Yang et al., 2013). The CV 
result shows that by combining of Ag+ and Fe3O4/Au nanoparticles, the 
Ag+ ion reduces to Ag and by the transportation of the silver-deposited 
Fe3O4/Au nanoparticles to the electrode surface, the stripping oxidation 
peak current of silver was observed. 

In the negative scan direction, as shown in Figure 2B, a reduction 

peak was also observed at − 0.085 V, which can be ascribed to the 
electroreduction of Ag2O to Ag0, as has been described in the literature 
(Singh et al., 2012). From this observation, it can be deduced that during 
the reduction of Ag+ to Ag0, due to the alkaline condition, the Ag2O are 
also formed and deposited on the Fe3O4/Au nanoparticles surface. 
Therefore, before the stripping differential pulse voltammetry, the 
deposited Ag2O reduces to Ag0 by applying a constant potential of − 500 
mV for 3 min. By doing this, the quantity of Ag0 increases and conse
quently, the oxidation signal of Ag0 to AgCl improves, as shown in 
Fig. 2C. 

3.4. Optimization of the experimental parameters 

The effect of different parameters on the sensitivity of the sensor was 
divided to seven sections, including the optimization of the concentra
tion of the aptamer, the incubation time of the Fe3O4/Au-aptamer on the 
surface of the electrode, the effect of the pH on the reduction of Ag+ to 
Ag0, the incubation time of the magnetic nanoparticles in Ag+ solution, 
the time and the potential of the reduction of the Ag2O to Ag0 and the 

Fig. 3. Effects of the aptamer concentration (A), incubation time of the Fe3O4/Au-aptamer on the surface of the electrode (B), pH of the Ag+ solution (C), incubation 
time of the Fe3O4/Au nanoparticles in Ag+ solution (D), time (E) and potential (F) of the reduction of the Ag2O to Ag0 on the stripping current of Ag0 in 0.1 mol 
L− 1 KCl. 
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concentration of Ag+. For this purpose, the stripping anodic current of 
Ag0 to AgCl is checked as a function of the experimental parameters. 

For finding the optimum concentration of the anti-BPA aptamer, the 
concentration was changed in the range from 0.01 to 4 μmol L− 1. As 
shown in Fig. 3A, the stripping anodic current of Ag0 increased till 2 
μmol L− 1 and then leveled off. The incubation time of the Fe3O4/Au- 
aptamer on the electrode surface was also explored. It can be seen in 
Fig. 3B, the maximum stripping anodic current of Ag0 was achieved 
when the incubation time is 60 min. 

To assess the effect of the pH on the reduction of Ag+ to Ag0, the pH 
of the solution in the range of 4.0 to 14.0 was investigated. As shown in 

Fig. 3C, during the increasing of the pH, the current for stripping 
oxidation of Ag0 to AgCl was enhanced till pH = 12 and then it was 
approximately leveled off in longer pHs. Therefore, it can be concluded 
that at pH above 12, the Ag+ ions almost entirely deposit on the Fe3O4/ 
Au nanoparticles surface as Ag0. Accordingly, pH 12.0 was chosen for all 
subsequent trials. 

The efficiency of the reduction of Ag+ to Ag0 depends on the incu
bation time of the Fe3O4/Au nanoparticles in the Ag+ solution. For this 
purpose, the stripping oxidation current of Ag0 to AgCl was evaluated 
and attained in the range of 30–240 s as the incubation time. As shown 
in Fig. 3D, the signal reaches a constant value after about 180 s incu
bation. It found that the optimum time for the total reduction of Ag+ ions 
and deposition of Ag0 on the Fe3O4/Au nanoparticles surface is 180 s. 
The Ag2O that co-deposited with Ag0 on the surfaces of the magnetic 
nanoparticles must be reduced to Ag0 by applying an appropriate po
tential before stripping differential pulse oxidation of Ag0 to AgCl. The 
experimental conditions, including the potential and the time of Ag2O 
reduction, were optimized. The reduction potential and time were 
changed from 0 mV to − 900 mV and 30–240 s, respectively. As shown in 
Fig. 3E & F, the maximum stripping signal obtained at − 500 mV and 
180 s, which were selected for succeeding assays. 

To investigate the effect of the concentration of Ag+, eleven solution 
containing different concentrations of Ag+ (with a pH value of 12) in the 
range of 0.1 to 1000 μmol L− 1 was selected and the whole procedure 
steps were performed on each of these solutions separately and finally, 
the stripping oxidation current of Ag0 to AgCl was evaluated. As shown 
in Fig. 4A, by the increase in the Ag+ concentration to 1000 μmol L− 1, 
the intensity of the oxidation peak current of Ag0 was increased. Ac
cording to the results, the Ag+ concentration was determined 500 μmol 
L− 1 for assay of all solutions. 

3.5. Characterization of the aptasensor 

As explained above, it was proved that the complex of Fe3O4/Au 
nanoparticles attaches fine on the electrode. So, Fe3O4/Au nanoparticles 
can be dissolved with HNO3, and used as a reductant to reduce Ag+ to 
Ag0. The formed Ag0 were electrochemically oxidized to AgCl and 
stripped from the surface of the Fe3O4/Au nanoparticles. The stripping 
oxidation current of the Ag0 can be used to indicate the level of BPA 
indirectly. As presented in Figure 4B, a clear stripping voltammetric 
peak can be seen at about 0.21 V for the oxidation of Ag0. As shown in 
Fig. 4B and Figure S6, by an increase in the concentration of BPA, the 
intensity of the peak current increases. The dependence of the stripping 
current of the oxidation of Ag0 to AgCl with the log of BPA concentration 
was displayed in Fig. 4C, which yields a linear plot. The calibration 
curve is linear in the range of 1 fmol L− 1 to 150 pmol L− 1. The limits of 
detection of the assay was calculated to be 0.6 fmol L− 1 at a signal-to- 
noise of 3. Table S1 compares the LOD and linearity of the method 
with the before published electrochemical aptamer-based methods for 
the determination of BPA. As shown in Table S1, the sensitivity of the 
method is comparable with others. Our research established a different 
approach for aptasensing of BPA, which applied magnetics nano
particles and stripping voltammetric analysis for signal enhancement. 

To investigate the selectivity of the sensor, the signal of the BPA 
aptasensor was measured by adding other molecules that may be present 
together with the analyte in real samples to the test solution. It was 
found that the presence of 100-fold of 2,6 dichlorophenol, p-benzoqui
none, 4-nitrophenol, hydroquinone, indophenol, 4 aminothiophenol 
and p-nitrophenol and 50-fold of tetrabromobisphenol A has no mean
ingful effect on the BPA analysis. The results display an acceptable 
selectivity for ultra-trace determination of BPA. 

The reproducibility of the sensor is an critical factor in the applica
bility of the sensor in real sample analysis. Therefore, the assay for the 
determination of 1 pmol L− 1 of BPA was performed eight times. The 
relative standard deviation of 5.5% indicates good reproducibility of the 
method in measuring BPA. 

Fig. 4. (A) Effect of AgNO3 concentration on the stripping current of Ag0 in 0.1 
mol L− 1 KCl. (B) Stripping differential pulse voltammetric curves of Ag0 

immobilized at the Fe3O4/Au modified gold electrode and (C) the linear cali
bration plot for determination of BPA. The concentrations of BPA varied as (a) 
0.001, (b) 0.003, (c) 0.01, (d) 0.03, (e) 0.07, (f) 0.2, (g) 0.5, (h) 1.1, (i) 3, (j) 8, 
(k) 40 and (l) 150 pmol L− 1. 
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Aptasensor is an analytical tool and the storage stability of the de
vices are used for analytical purposes is very important, which should be 
clarified. Therefore, we tested the stability of the assay by comparing the 
signal obtained from the sensor that has been kept for 30 days at the 
refrigerator temperature with the newly prepared sensor. The results 
showed that the sensor can retain 95% of its first-day signal for 1 pmol 
L− 1 BPA solution. The stability test shows that the sensor has acceptable 
stability. 

The applicability of an analytical device is measured by its successful 
use in the determination of the analyte in real samples. Therefore, we 
studied the recovery of the spiked BPA in milk, fruit juice, tap, river and 
mineralized water samples. The results of the analysis have been pre
sented in Table 1 and compared with those obtained using LC-MS-MS. 
There is no significant difference between the recoveries, relative stan
dard deviation (RSD) and bias% obtained by the two methods. Variances 
of the two methods were compared with the F-test and considered no 
significantly different when P > 0.05. Statistical significance of differ
ences in means was also tested by Student’s t-test and conclude that 
there is no difference in means at the 95% confidence level. 

The proposed method was applied to measure BPA migration from 
three commercial plastic products (plastic jar, plastic flask and baby 

bottle), and the results are described in Table 2. The results displayed 
that BPA was released from the plastic products to acetonitrile at 60 ◦C 
for 24 h and to distilled water, 50% ethanol and 3% acetic acid at 40 ◦C 
for 10 days. Migration solution affected the migration of BPA from 
bottles. The highest migration of BPA was found in acetonitrile. No 
significant BPA was found released from the baby bottles to distilled 
water and 3% acetic acid. The results of the analysis have been 
compared with those obtained using LC-MS-MS. The results of the two 
methods are in good agreement with each other and confirm the effec
tiveness of the assay for the analysis of real samples towards detection of 
BPA. 

4. Conclusions 

By considering the advantages of the double-aptamer sandwich assay 
and based on the catalytic effect of the Fe3O4-Au nanoparticles on the 
reduction reaction of Ag+, a novel method utilizing magnetic nano
particles for the aptasensing of BPA has been established. Simultaneous 
attachment of two aptamers to analyte in double-aptamer sandwich 
assays makes them as a very selective aptasensing method for analysis of 
complex samples. Although there are several published aptasensing 
methods for the analysis of different analytes by double-aptamer sand
wich assay, here, in addition to the specific reaction of the analyte with 
aptamer, which is present in all aptasensors, we have used the catalytic 
properties of Fe3O4-Au nanoparticles for silver ion reduction reaction to 
increasing the sensitivity of the method. As can be seen in Table S1, this 
extra work significantly improves the LOD and linear dynamic range of 
the aptasensing methods. Comparison of the developed method with LC- 
MS-MS as a standard method for analysis of BPA in real samples showed 
that there is no significant difference in accuracy and precision between 
the two methods. However, this method has a large number of steps, 
representing the major limitation of the procedure. Nevertheless, 
although this extra work has increased the detection steps, it has 
dramatically enhanced the figures of merit for aptasensing detection of 
analytes. Therefore, the procedure can be suggested as a new method for 
electrochemical aptasensing assays of different molecules. 
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Table 1 
Recovery of BPA in spiked samples (n = 5).  

Samples Spiked (pmol L− 1) Proposed method LC-MS-MS Fb tc 

Found (pmol L− 1) Recovery% ± RSDa% Bias 
% 

Found (pmol L− 1) Recovery% ± RSD% Bias 
% 

Tap water 0 NDd – – ND –  –   
0.050 0.0476 95.2 ± 6.1 − 4.8 0.0512 102.4 ± 4.9  2.4  1.339  2.098  
0.50 0.542 108.4 ± 4.7 8.4 0.547 109.4 ± 4.8  9.4  1.062  0.306 

Zayandehrood River water 0 ND – – ND –  –   
0.050 0.0530 106.0 ± 5.1 6.0 0.0526 105.2 ± 5.5  5.2  1.056  0.226 
0.50 0.473 94.6 ± 5.9 − 5.4 0.470 94.0 ± 5.4  − 6.0  1.209  0.167 

Mineralized water 0 ND – – ND –  –   
0.050 0.0518 103.6 ± 4.9 3.6 0.0491 98.2 ± 3.9  − 1.8  1.757  1.899  
0.50 0.490 98.0 ± 6.4 − 2.0 0.520 104.0 ± 4.7  6.0  1.646  1.688 

Milk 0 ND – – ND –  –   
0.050 0.0488 96.0 ± 4.9 − 4.0 0.0512 102.4 ± 5.1  2.4  1.232  1.581  
0.50 0.519 103.8 ± 5.6 3.8 0.489 97.8 ± 5.0  − 2.2  1.239  1.766 

Orange juice 0 ND – – ND –  –   
0.050 0.0532 106.4 ± 6.0 6.4 0.0527 105.4 ± 6.1  5.1  1.014  0.247  
0.50 0.527 105.4 ± 4.7 5.1 0.541 108.2 ± 5.5  8.2  1.193  0.854  

Table 2 
Migration of BPA from the plastic jar, plastic flask and baby bottle to 1 L 
acetonitrile (24 h @ 60 ◦C), distilled water (10 days @ 40 ◦C), 50% ethanol (10 
days @ 40 ◦C) and 3% acetic acid (10 days @ 40 ◦C) as aqueous food simulant.  

Sample Migration 
solution 

Proposed 
method 

LC-MS-MS Fb tc 

μg 
BPA 

RSDa 

(%) 
μg 
BPA 

RSD 
(%) 

Plastic 
jar 

Acetonitrile 7.911  4.7 8.343  3.9  1.306  1.237 
Distilled 
water 

2.731  5.1 2.540  4.2  1.754  1.541 

50% ethanol 4.111  4.9 4.412  3.3  1.914  1.714 
3% acetic 
acid 

3.323  5.5 3.519  4.7  1.221  1.126 

Plastic 
flask 

Acetonitrile 5.721  5.1 5.412  5.5  1.042  1.049 
Distilled 
water 

1.102  6.2 1.018  3.1  3.953  1.722 

50% ethanol 3.612  4.3 4.065  5.1  1.783  2.476 
3% acetic 
acid 

1.880  3.7 2.009  4.2  1.470  1.670 

Baby 
bottle 

Acetonitrile 1.119  6.2 0.986  5.9  1.422  2.080 
Distilled 
water 

NDd  – ND  –   

50% ethanol 0.823  6.0 0.742  6.2  1.152  1.699 
3% acetic 
acid 

ND  – ND  –    
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