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A B S T R A C T

Bisphenol A (BPA) is commonly considered to cause a health hazard to wildlife and humans, acting as an
exogenous estrogen. Herein, a magnetic separate "turn-on" fluorescent method for the detection of BPA was
proposed based on fluorescence resonance energy transfer (FRET) between fluorescein-labeled BPA aptamer
and magnetic oxidation graphene (MGO). At different concentrations of BPA, the fluorescence intensity of the
sensing system was varied. The detection limit of 0.071 ng/mL was obtained with the linear range of 0.2–10 ng/
mL. The biosensor exhibited excellent anti-interference ability and selectivity in actual water samples.

1. Introduction

In recent years, lots of epidemiological studies depicting, in some
cases, serious interferences of endocrine system of wild animals and
human beings have been published [1–4]. Mounting evidence suggests
that the normal physiological function of the endocrine system can be
significantly interfered by certain environmental pollutants, industrial
chemicals, pesticides and natural phytoestrogens [5–7]. It's about a
hundred kinds of industrial chemicals not only show their desired
chemical properties, but also display estrogenic activity [8]. This class
of chemicals, which are released into the environment by human
production and living activities, affect the endocrine system of the
human body and animals, and are commonly known as "endocrine
disrupting chemicals" [9]. Endocrine disrupting chemicals can inter-
ference the stability of endocrine system and eliminate the responsi-
bility of natural-born hormones for the regulation of homeostasis,
reproductive and developmental processes due to affect hormone
synthesis or degradation, hormone transport, receptor binding and
gene transcription [2–7]. Most of endocrine disrupting chemicals are
persistent organic compounds and widely used, which are universally
existed in the environment and organisms [1]. Bisphenol A (BPA) is a
recognized endocrine disrupting chemical，which can disturb endo-
crine system by interfering with hormones synthesis, transport, release
and metabolism [10]. And, BPA is a high-yield, widely used industrial
compound, mainly used in the production of polycarbonate, epoxy
resin, polysulfone resin, polyphenylene ether resin, unsaturated polye-

ster resin and other polymer materials [11–14]. BPA-based polymers
are important raw materials for the production of various consumer
goods such as water bottles, food container coatings, sports equipment,
medical devices, baby bottles, toys and so on [12–15]. The widespread
use of BPA makes it very likely to be released into the natural
environment. The security issues of BPA have become the focus of
public attention. BPA exposure can cause various adverse health effects
such as male sexual dysfunction [16], heart disease [17], prostate and
mammary gland cancers, diabetes, and immune system alterations
[18]. Because of the serious harmfulness and universal existence of
BPA, the effective detection of BPA is very necessary.

To assess the risk and safety of BPA exposure, an accurate data is
essential. Thus, a variety of methods for detecting BPA have been
reported, including UV spectrometry [19,20], high-performance liquid
chromatography (HPLC) [20], gas chromatography–mass spectrome-
try (GC–MS) [21], liquid chromatography-tandem mass spectrometry
(LC-MS/MS) [22,23], immunoassays [24,25], electrochemical sensors
[26,27], fluorescence analysis [28–30] etc. Although a variety of
methods are available for the detection of BPA, searching new BPA
monitoring methods are of interesting and necessary. Fluorescence
monitoring is attractive as it is a rapid, sensitive and specific technique
[31]. A new method for detection of BPA based on fluorescence
monitoring is also acceptable. In particular, FRET methods between
a fluorescent donor and an acceptor are extremely attractive and arouse
the interest of researchers [32]. The magnetic oxide graphene (MGO) is
a composite material formed by compounding magnetic Fe3O4 on the
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surface of an oxidized graphene (GO). MGO has the characteristics of
GO and magnetic Fe3O4, which is a strong fluorescence quenching
agent [33]. MGO can quench the fluorescence of organic fluorescent
dyes and selectively adsorb single-stranded DNA like GO. Additionally,
MGO has a magnetic capability to facilitate the separation and
enrichment of targets. Thus, MGO may have potential in biosensors
using ssDNA probes. Recently, the development of new sensing and
biosensing technologies has become the focus of attention [26].
Aptamers are a good type of short single-stranded DNA or RNA
sequences which can be screened in vitro and can bind with high
affinity and strong specificity of the corresponding ligands, and
aptamers have been widely used to detect various targets in place of
antibodies [33–38]. In addition to good specificity, aptamers also have
many advantages, such as, low cost, simple modification, rapid synth-
esis, good thermal stability, anti-nuclease degradation, reversible
denaturation [39]. Combining the advantages of MGO and aptamer,
MGO and aptamer could be used to construct a biosensor to detect
BPA.

Herein, a simple, rapid, selective and sensitive biosensor for
detection of BPA based on fluorescence resonance energy transfer
(FRET) between MGO and fluorescein-labeled BPA aptamer was
developed. An anti-BPA aptamer was modified by fluorescein. MGO
can adsorb fluorescein-labeled BPA aptamer to form aptamer-MGO
complex and can effectively quench the fluorescence of fluorescein due
to FRET. In the presence of BPA, the anti-BPA aptamer prefers to
switch its configuration to combine with the BPA target, resulting in
desorption of the anti-BPA aptamer from the surface of MGO and then
the fluorescence recovered by magnetic separation. The fluorescence
recovery of the sensing system correlated with the concentration of
BPA. Accordingly, the fluorescence intensity of the biosensor is
enhanced with an increase of the BPA concentration. This proposed
biosensor was of high specificity and selectivity for BPA detection and
had a strong capability to resist interference, and it was sensitive. In
addition, MGO could be recycled for being reused, which could save
costs.

2. Materials and methods

2.1. Materials and reagents

The BPA aptamer was purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). The sequence of the BPA aptamer was designed as
5′- CCG GTG GGT GGT CAG GTG GGA TAG CGT TCC GCG TAT GGC
CCA GCG CAT CAC GGG TTC GCA CCA-FAM-3′. The MGO was
prepared according to the previously published reports [40,41]. The
BPA, sym-Diphenylcarbazide (SDC), Catechol (CAT), Benzidine (BZD)
and Bisphenol B (BPB) were all obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Other primary reagents including
Na2HPO4, KH2PO4, KCl, NaCl were also purchased from Sinopharm
Chemical Reagent Co., Ltd. Doubly distilled water was used throughout
the experiments. Actual blank water samples were taken from the tap
water in our laboratory and the river water in Xiangjiang River in
Changsha City.

2.2. Instrumentation

All fluorescence measurements were conducted on a Perkin-Elmer
LS-55 spectrofluorimeter (United Kingdom) and controlled by a
personal computer data processing unit. The parameters of spectro-
fluorimeter were set as follows: both excitation and emission slits
5.0 nm, and excitation/emission wavelength 494/515 nm. All assays
were performed in triplicates and all measurements were performed at
room temperature (RT, 25 ± 3 ℃) and atmospheric pressure. To
prevent viruses or other organisms, centrifuge tubes, buffer solution,
pipettes, pipette tips, beakers and volumetric flasks were all sterilized
by High pressure steam in a LDZX-30FBS vertical heating pressure

steam sterilizer (Shanghai Shen An Medical Instrument Factory). The
centrifugal process were operated on Allegra™ 64 R Centrifuge
(Beckman Coulter) and Centrifuge 5415 R (Eppendorf). HY-4 multi-
speed oscillator (Jiangsu Jintan Medical Instrument Factory) and QT-1
vortex mixer (Shanghai Qite Analytical Instrument Co., Ltd.) were used
throughout oscillating process.

2.3. Preparation of MGO sheets

In this paper, the MGO was accomplished by two steps. The first
step was the synthesis of GO, the second step was the MGO synthesized
by the reaction of GO and FeCl3 under a certain condition.

The GO was prepared by oxidizing graphite according to the
modified Hummer's method [40]. 1.0g of graphite powder and 1.0g
of NaNO3 was stirred into 46 mL of concentrated sulfuric acid. The
reagents were mixed in a three-necked flask. The mixture was stirred
vigorously for 30 min under the condition of cooling to 0 ℃ in an ice-
bath. While maintaining vigorous stirring, 6.0g of potassium perman-
ganate was slowly added into the three-necked flask. The rate of
addition was controlled slowly to maintaining the solution temperature
below 20 ℃. The ice bath was removed after the mixture is completed.
The suspension solution was stirred for two hours and the temperature
was maintained at 36–37 ℃. Then 92 mL of doubly distilled water was
slowly stirred into the three-necked flask and increased the tempera-
ture to 98 ℃. The mixture was maintained at this temperature to
stirring for 30 min. As the reaction progressed, the mixture was then
further diluted with 280 mL of warm water, and then 10 mL of
hydrogen peroxide was slowly added into the three-necked flask.
Upon treatment with the hydrogen peroxide, the mixture turned
yellow. The suspension was filtered while warm, and then a yellow-
brown filter cake was obtained. The yellow-brown filter cake was rinsed
with warm water and 1:10 hydrochloric acid (5 or 6 times) to effectively
remove the solvent and salt impurities, and then dried at 45 ℃ in
vacuum drying oven. During each rinsing step, the GO was separated
from the suspension by using centrifuge.

For preparation of MGO composites, 0.50g of GO was dispersed in
80 mL of ethylene glycol by ultrasonic dispersion for 4 h. Then, 1.60g
of FeCl3 and 3.20g of sodium acetate were dissolved into the suspen-
sion and stirred vigorously at room temperature for 30 min. As the
completion of stirring, the suspension was transferred to a Teflon lined
stainless steel autoclave with a reaction of 200 ℃ for 6 h. After being
cooled to room temperature, the black precipitate was obtained by
centrifugation. The resulting black powder was washed several times
with ethyl alcohol and water. During each rinsing step, the black
precipitate was separated from the supernatant by using magnetic
force. Finally, the black precipitate was dried at 45 ℃ in vacuum drying
oven.

2.4. Preparation of BPA aptamer stock solution

According to the oligo DNA storage solution preparation instruc-
tions provided by Sangon Biotech Co., Ltd. (Shanghai, China), the
centrifuge tube containing oligo DNA powder was placed into the
centrifuge and centrifuged at 12,000 rpm for 2 min. And slowly open
the lid and add appropriate amount of buffer solution. Then close the
lid and the mixture was fully shocked for 5 min to prepare a stock
solution of 10 μM. The stock solution was divided into several tubes
and stored at –20 ℃ in refrigerator.

2.5. Process for the detection of BPA

For BPA detection, firstly, 750 μL of buffer solution was added into
a centrifuge tube. 220 μL of MGO (in buffer solution) was then added
into the centrifuge tube and well mixed with buffer solution. Then,
20 μL of BPA aptamer was added into the mixture and mixed well. And,
the mixed solution was incubated for 3 min at room temperature and
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then magnetic separation by magnet. After that, 10 μL of BPA standard
solution was added and incubated at room temperature. At the end of
this process, the mixed solution was placed on a magnet to separate the
MGO from the mixture. Finally, the fluorescence intensity of the
separating solution was measured.

3. Results and discussion

3.1. Principle of the proposed method

A magnetic separate "turn-on" fluorescent biosensor for BPA based
on MGO was developed. As shown in Fig. 1, MGO is a kind of
composite material formed by compounding magnetic Fe3O4 on the
surface of GO, and, the MGO has the characteristics of GO and the
characteristics of magnetic Fe3O4. Therefore, MGO can adsorb single-
stranded DNA (ssDNA) to form ssDNA-MGO complex and can
effectively quench the fluorescence of fluorescent dyes labeled on
ssDNA due to FRET. And, the two magnetic separation process of
the sensing system could be achieved. A schematic of the sensing
principle is shown in Scheme 1.

BPA aptamer is a segment of DNA sequence which can be used to
ensure the specificity of detecting for BPA. Upon the binding of the BPA
aptamer to the BPA, the BPA aptamer can switch its conformation,
resulting in desorption of BPA aptamer from the surface of the MGO.

In the absence of BPA, the fluorescein-labeled BPA aptamer was
absorbed onto the surface of MGO by strong absorbability of MGO and
the fluorescence of the fluorescein was quenched by MGO. In the

presence of BPA, aptamer preferentially binds to the BPA because of
the strong specific affinity effects, including the spatial matching effect,
hydrogen bond effect, and electrostatic effect [40]. And, this specific
affinity was stronger than the absorbability of MGO, which desorb the
fluorescein-labeled BPA aptamer from the surface of MGO and prevent
the aptamer from being adsorbed onto the surface of MGO. And then
through a magnetic separation, the fluorescence of this reaction system
was recovered. There are two magnetic separations in the process. The
first magnetic separation was performed to remove fluorescein-labeled
aptamers that were not adsorbed to the surface of the MGO in the
detection system, thereby reducing the background interference caused
by the non-quenched fluorescein. As shown in Fig. 2, the fluorescence
intensity of the sensing system after the second magnetic separation
was significantly stronger than the fluorescence intensity of the sensing
system without the second magnetic separation. In addition, as shown
in Fig. 3, MGO could be separated for reusing, and the recycling of
water could save the costs. Therefore, the two magnetic separation
processes are necessary.

3.2. Optimization of the experimental conditions

3.2.1. pH optimization
Since, the pH of the buffer had a strong influence on the stable

conformation of aptamer and the fluorescence intensity of fluorescein.
The effects of the different pH buffer solutions inducing the fluorescent
signal changes were investigated. The aptamer is relatively stable in
neutral partial alkaline environment, the pH values of 6.0, 6.5, 7.0, 7.5,

Fig. 1. (a) SEM image of GO; (b) SEM image of MGO.

Scheme 1. Schematic diagram of the biosensor for selective detection of BPA.
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8.0, 8.5, 9.0, 9.5 and 10.0 were selected for the optimization of
experimental conditions. 18 of centrifuge tubes were divided into
group A (experimental group) and group B (blank group), which were
respectively labeled as A1, A2, A3, A4, A5, A6, A7, A8, A9 and B1, B2,
B3, B4, B5, B6, B7, B8, B9. As described above, in the experimental
group, each of the tube was added of 750 μL of different pH buffer
solution. 220 μL of MGO (in different pH buffer solution) was added
into the tube and mixed well. Then, 20 μL of BPA aptamer was added
into the mixture. And, the solution was fully mixed and incubated for a
while and then magnetic separation by magnet. After that, 10 μL of
BPA solution was added and incubated at room temperature. Next, the
mixed solution was placed on a magnet to separate the MGO from the
mixture and the final separating solution was transferred into a micro
quartz cuvette for detection of fluorescence intensity. In the blank
group, the experimental processes were the same as the experimental

group except adding 10 μL of BPA solution into each centrifuge tube
replaced by adding 10 μL of water.

As shown in Fig. 4, in the presence of a certain amount of BPA, the
ΔF value first increases and then decreases as the pH value increases.
ΔF (ΔF=F-F0) increased along with the increase of pH from 6.0 to 8.5.
However, the value of ΔF decreased when the pH over 8.5. In order to
guarantee a higher performance for the fluorescence sensing of BPA,
pH 8.5 was chosen in the sensing system.

3.2.2. MGO concentration optimization
Following the above-mentioned principle, the performance of the

biosensor for BPA detection was based on the competitive reaction
between target BPA and MGO with the BPA aptamer. Relatively, the
concentration of MGO had effect on this competitive reaction. Thus,
the changes of fluorescence intensity in the reaction system with
different concentration of MGO were studied. A series of concentra-
tions of MGO (in buffer solution) were added into a centrifuge tube
contained buffer solution at a fixed concentration of 20 nM anti-BPA
aptamer. As shown in Fig. 5, the fluorescence quenching rate enhanced
along with the increase of MGO concentration. When the concentration
of MGO reached 55 mg/L, the fluorescence quenching rate was
basically no longer enhanced. Indicating that the fluorescence of the
solution was approximately quenched and all the anti-BPA aptamers
labeled with fluorescein were adsorbed onto the surface of MGO.
Therefore, 55 mg/L was selected for the optimal MGO concentration.

3.2.3. Temperature optimization
The stability of the biosensor may be affected by the temperature.

And, temperature could induce the change of pH of the buffer so as to
affect the activity of aptamer and the fluorescence intensity of FAM.

Fig. 2. Effect of the second magnetic separation.

Fig. 3. (a) Comparison of fluorescence quenching of MGO and recovered MGO; (b)
Effect of MGO and recovered MGO on the sensing system.

Fig. 4. Optimization of reaction pH.

Fig. 5. Quenching efficiency with different concentration of MGO.
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Therefore, it is necessary to evaluate the effects of temperature.
Generally, the analytes were detected at room temperature, thus the
reaction temperature range of 5–40 °C was selected to optimize the
temperature. As shown in Fig. 6, with gradually rising of temperature,
the fluorescence intensity exhibited a very small variation. These
results indicated that the proposed biosensor was slightly affected by
the change of temperature from 5 to 40 °C and the stability of this
biosensor was excellent. Considering the simplicity of the method,
subsequent experiments were performed at room temperature.

3.2.4. Optimization of the incubation time
The effects of incubation time on the fluorescence intensity were

investigated from two processes. The first process was the adsorption of
BPA aptamer onto the surface of MGO. The second process was the
specific conjugation of BPA and BPA aptamer. In the first process,
MGO can quickly absorb the fluorescein-labeled BPA aptamer and
quench its fluorescence due to the strong absorption of MGO for ssDNA
and FRET between fluorescein and MGO. Even if a small amount of
BPA aptamers that were not adsorbed onto the surface of the MGO,
they were separated by magnetic force. In addition, the BPA aptamer
would not be absorbed onto MGO after the combining of BPA and
aptamer. And, the BPA aptamer that had not been combined with BPA
could continuously be absorbed by MGO. That is to say, there were
slight effects on the results even if the BPA aptamer had not been
completely absorbed onto MGO when the BPA was added. Therefore,
the effect of the time of the second process on the experimental results
was mainly studied. The second process of this sensing system was
evaluated at different times in the presence of 55 mg/L MGO, followed
by the addition of 20 nM fluorescein-labeled BPA aptamer and 15 ng/
mL BPA. As depicted in Fig. 7, the fluorescence intensity increased with

the increase of incubation time and approximately reached the max-
imum within 15 min. Hence, 15 min was selected as the optimal time.

3.3. Sensitivity of detection method

In order to investigate the sensitivity of this developed method, a
series of different concentrations of BPA were added into the sensing
system to measure the change of fluorescence intensity and their
fluorescence spectra were recorded. As shown in Fig. 8, we found that
fluorescence intensity was changed following addition of BPA. From
the results showed in Fig. 9, the fluorescence intensity increased with
the increase of the BPA concentration, and the fluorescence intensity

Fig. 6. Influence of temperature on the fluorescence intensity.

Fig. 7. Optimization of reaction time.

Fig. 8. Fluorescence spectrum of the sensing system with different concentrations of
BPA.

Fig. 9. (a) Plot of fluorescence intensity as a function of BPA concentrations; (b) Linear
relationship between fluorescence intensity and BPA concentration.
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was linear with the concentration of BPA in the range of 0.2–10 ng/
mL. The linear equation was fitted as Y=4.3411X+3.9766 with a
linearity correlation coefficient of R2 =0.9977 (Y=F-F0, F was the
fluorescence intensity, F0 was the fluorescence intensity of the blank,
and X was the concentration of BPA). Moreover, the limit of detection
(LOD) of 0.071 ng/mL was obtained. This LOD is lower than some
other detected methods for BPA [42–44]. From these comparisons, the
LOD of the method developed here was acceptable and the proposed
sensor was sensitive.

3.4. Specificity and selectively of this developed sensor

To investigate the specificity and selectivity of this biosensor, two
aspects of the experiment were carried out. On the one hand, four kinds
of interferents (SDC, CAT, BZD and BPB) were added to the sensing
system as four independent samples to observe whether the inter-
ferents can lead to fluorescence intensity changes. On the other hand,
the anti-interference capability was studied; the interferents were
mixed with BPA and then added to the sensing system. As shown in
Fig. 10, only the samples containing BPA caused a significant enhance-
ment of fluorescence intensity, the interferents did not cause significant
changes in fluorescence. The anti-interference test also showed that the
mixed solution of interferents containing BPA had no obvious change
compared with the sample only containing BPA. These results might be
attributed to the high affinity and strong specificity of aptamer, when
the target is present, the conformation of the aptamer changes and is
folded into a specific three-dimensional structure such as stem, inner
ring, convex ring, hairpin, quadrangular ring, fake body, triple body

and G-quadruplex structure. Through the shape matching, the pairing
of complementary bases in the chain, the accumulation between the
aromatic compounds, the accumulation of the base of the ligand, the
van der Waals force, the electrostatic interaction or the hydrogen
bonding, the aptamer is complementary to the target molecule and
form a stable three-dimensional space structure to achieve specific
binding to the target [45–47]. And, these results clearly demonstrated
that the biosensor was of high specificity and selectivity for BPA
detection and had a strong capability to resist interference.

3.5. Application in actual water samples

In order to investigate the practical application of the method in the
actual water samples, the experiments were performed to compare the
proposed detection method by high performance liquid chromatogra-
phy (HPLC). Different standard concentrations of BPA were added into
the real water samples (river water, tap water and pure water) and
measured using the proposed detection method and HPLC. As shown
in Table 1, the value of BPA in these samples measured by the proposed
method was close to the value of BPA measured by HPLC. These results
indicated that the agreement of the proposed method with HPLC for
BPA detection. And, the detection results of the proposed method are
acceptable and very slight affected by the components of the actual
environmental samples. In other words, this proposed method is an
alternative and practical approach for the analysis of BPA in actual
water samples.

4. Conclusion

In this study, a simple, sensitive and selective detection method was
proposed to detect BPA in environmental water based on MGO and the
specific binding of aptamer to PBA. The MGO synthesized in this paper
retains the characteristics of both graphene oxide and magnetic
material, and exhibits excellent properties as fluorescence quencher
and ssDNA adsorbent, and also plays a good role as separation
medium. In addition, the proposed method has high selectivity and
anti-interference capability, the recovery experiments shown that this
method could be applied to the detection of real environmental
samples.
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