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Abstract To specifically and sensitively identify bisphenol A
(BPA) with a simple and rapid method is very important for
food safety. Using an anti-BPA aptamer and Mo,C nanotubes,
we developed a label-free and low-background signal biosen-
sor for BPA detection. The anti-BPA aptamer drastically in-
creased the fluorescence signal of N-methylmesoporphyrin IX
under an assistance of Help-DNA. Additionally, BPA can in-
teract with the anti-BPA aptamer and switch its conformation
to prevent the formation of a G-quadruplex, resulting in fluo-
rescence quenching. Simultaneously, Mo,C nanotubes can
reduce the background signals due to the adsorption of
Help-DNA on their surface. This method shows a linear range
of 2-20 nM with a detection limit of 2 nM for detecting BPA.
This label-free BPA aptasensor with low background signal is
inexpensive, easy to use, and can be applied to determine BPA
in real water samples.
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Introduction

Bisphenol A (BPA) is a key monomer in the production of
polycarbonate plastic and epoxy resins [1, 2], which have
been widely used in a variety of common consumer goods,
e.g., water bottles, food cans, and medical devices [3, 4].
However, BPA is an endocrine-disrupting compound that
can mimic the functions of estradiol and may have negative
effects on human health [5—7]. Recently, the safety of BPA has
been widely examined in studies on metabolic diseases, can-
cers, neurological effects, and environmental risk. Given its
health risks, BPA was banned from use in baby bottles by the
United States Food and Drug Administration in 2012 [8] and
the BPA content of both carbonate resins and its derivatives
should not exceed 0.05 mg kg ' in China according to the
Chinese Health Standard (GB 13116-91, GB 14942-94) [9].
Therefore, to prevent adverse effects on food safety and hu-
man health, it is important to detect trace amounts of BPA with
high sensitivity and selectivity.

Various strategies have been reported for BPA detection,
e.g., high-performance liquid chromatography (HPLC) [10],
liquid chromatography (LC) [11], and gas chromatography
coupled with mass spectrometry (GC-MS) [12]. The high sen-
sitivity of these techniques has been verified, but the require-
ments on strict sample preparation and expensive instrumen-
tation restrict their widespread applications [13-15].
Therefore, a sensitive and simple analytical method for quan-
tifying BPA is urgently needed. Nanomaterials show potential
applications in a variety of detection sensors because of their
unique features [16, 17], e.g., electrochemical [18, 19], fluo-
rescent [20, 21], and optical [22, 23] properties. With the
increasing development of nanotechnology, the selectivity of
nanomaterials has received more attention. Numerous
nanomaterials have been successfully used to distinguish be-
tween single-stranded DNA (ssDNA) and double-stranded
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DNA, including carbon nanotubes [24, 25], graphene oxide
[26, 27], and gold nanoparticles [28, 29], and they have been
used as biosensors for detection. Hence, a nanomaterial-based
label-free platform is needed to develop a sensitive and spe-
cific detection method with simple, rapid, and low-
background features.

Mo,C nanotubes, as novel transition metal carbides [30],
are two-dimensional (2D) ultrathin nanosheets containing
more active sites than other nanomaterials. Their well-
organized hierarchical hollow architecture reduces the area
of overlap and aggregation [31]. Mo,C nanotubes have been
used in high-performance hydrogen evolution reactions as a
highly efficient electrocatalyst [32, 33]. However, a few stud-
ies on Mo,C nanotube bound to aptamers have been reported.
It has been demonstrated that the Mo,C nanotubes have strong
selective adsorption ability to ssDNA. Xing et al. developed
an efficient nanosensor for DNA detection derived from the
enriched nanoporosity and large active surface of these highly
dispersed nanowires with uniform Mo,C nanocrystallites.
However, dye-labeled ssDNA increased the cost and made
the procedure more complex [34].

Herein, we report a novel sensing platform based on Mo,C
nanotubes and an anti-BPA aptamer for the simple, rapid, and
sensitive detection of BPA. In the absence of BPA, the anti-
BPA aptamer was hybridized to Help-DNA. Complexation
between the anti-BPA aptamer and Help-DNA facilitated the
formation of a G-quadruplex between G-rich splits GGGT of
the anti-BPA aptamer and G-rich sequence (TGGGTGGG
TGGGT) at the 5'-terminal of the Help-DNA [35]. The G-
quadruplex structure is a guanine-rich sequence that binds to
the small molecule dye N-methylmesoporphyrin IX (NMM).
This G-quadruplex structure drastically increased the fluores-
cence signal of NMM [36]. In contrast, BPA can interact with
the anti-BPA aptamer and switch its conformation to prevent
formation of the G-quadruplex, resulting in fluorescence
quenching. Simultaneously, the Mo,C nanotubes can adsorb
Help-DNA to reduce the background signals of G-rich se-
quences (TGGGTGGGTGGGT). We constructed a novel la-
bel-free, low-background signal sensory system for BPA de-
tection. This label-free and low-background signal BPA
aptasensor is inexpensive, easy to use, and can be applied to
detect BPA in real water samples. This method shows linearity
in the range of 2-20 nM with a detection limit of 2 nM for
detecting BPA.

Materials and methods
Materials and reagents
Anti-BPA aptamer (5'-CCGGT GGGTG GTCAG GTGGG

ATAGC GTTCC GCGTA TGGCC CAGCG CATCA
CGGGT TCGCA CCA-3"), Help-DNA (5'-GAACG CTATC
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CACCT GACCT GGGTG GGTGG GT-3'), and FAM (5-
carboxy fluorescein)-AptBPA (5'FAM-CCGGT GGGTG
GTCAG GTGGG ATAGC GTTCC GCGTA TGGCC
CAGCG CATCA CGGGT TCGCA CCA-3") were synthe-
sized by Sangon Biotechnology Co., Ltd. (Shanghai, China).
Oligonucleotides were stored at =20 °C and heated to 90 °C
for 10 min, followed by gradual cooling to room temperature
before use to ensure that the nucleic acids were completely
hybridized to each other. NMM was purchased from
Porphyrin Products (Logan, UT, USA). Other chemicals were
purchased from Aladdin reagent (Shanghai, China) and used
as received without further purification. All reagents used
were of analytical reagent grade unless specified. Milli-Q ul-
trapure water of 18 M{2 cm was used throughout the study.

Synthesis of Mo,C nanotubes

The Mo,C nanotubes were prepared as described previously
[31]. First, MoO3 nanorods were synthesized using the
solvothermal method as follows: 1.4 g of ammonium
heptamolybdate tetrahydrate (INH4)¢Mo0-0,4-4H,0) was dis-
solved in 40 mL of H,O and 65% HNOs in a volume ratio of
5:1. The mixture was then transferred into a Teflon-lined stain-
less steel autoclave and heated at 200 °C for 12 h. After
cooling, the obtained MoOj; nanorods were washed with water
and ethanol several times and then 100 mg of MoO5 nanorods
was added to 20 mL of H,O. After ultrasonic dispersion,
200 mg of (NH4)sM0,0,4-4H,0 and 50 mg of dopamine
hydrochloride were dissolved into the above solution,
resulting in an orange-red suspension. Into the above solution,
40 mL of ethanol was added. After stirring for another 5 min,
0.3 mL of 25-28% NH;3H,O was quickly injected into the
above reaction solution and the mixed solution reacted for
120 min with gentle stirring. Finally, the orange-red precipi-
tate was collected by centrifugation, washed twice with etha-
nol, and dried under vacuum at 37 °C. The orange-red product
was then annealed at 750 °C under N, gas flow for 16 h with a
ramp rate of 5 °C min”! to obtain the Mo,C nanotubes (Mo,C
NTs).

BPA detection

The aptamer of BPA (Aptgpa) and Help-DNA (H-DNA) were
premixed in 25 mM Tris—HCI buffer containing 20 mM KCl
and 20 mM MgCl, at pH 8.0. The premixed solution was
heated at 90 °C for 10 min and gradually cooled to room
temperature to form Aptgpa/H-DNA. The assay solution con-
taining 0.5 uM Aptgpa/H-DNA complex, 1 uM NMM, and
60 pug mL™' Mo,C NTs in 25 mM Tris—HCI buffer was incu-
bated for 30 min. The signal value was calculated according to
the relative fluorescence intensity (¥ — F)/F, where Fjy and F’
represented the fluorescence intensities of the Mo,C NTs-
based sensor system at A, 610 nm in the absence and
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Scheme 1 Principle for label-
free BPA detection

BPA aptamer

presence of BPA, respectively. For investigating the linear
relationship between the concentration of BPA and (Fy— F)/
F), a series of concentrations of BPA were added to the assay
solution, and the fluorescence spectra were recorded at room
temperature on an F-7000 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) by irradiating NMM at A\, 399 nm.
Absorbance measurements were performed on a U-3900 UV—
vis spectrophotometer (Hitachi). The same procedure was per-
formed to estimate the selectivity of the present system by
replacing BPA with other interferences.

Real water samples

The real water sample was collected from the Hun River
(Shenyang, China). Prior to the analysis, the water samples
were filtered through a 0.22-um membrane. Next, the water
samples were diluted in Tris—HCI buffer in a ratio of 1:4. The
water samples, containing BPA at a specific concentration,
were analyzed by following the same procedure as that used
for BPA detection.

Fig. 1 SEM and TEM
characterization of prepared
MoO; NRs (a and ¢) and Mo,C
NTs (b and d), respectively

BPA
>

sy, OB

Mo,C NTs e

Results and discussion

Principle of the label-free fluorescent strategy for BPA
detection

We found a “TGGGT” sequence in the anti-BPA aptamer.
Hence, H-DNA, with a G-rich sequence (TGGGTGGG
TGGGT) at the 5’ terminus, was utilized to form the G-
quadruplex structure with the anti-BPA aptamer. A weaker
signal was observed for NMM alone (see Electronic
Supplementary Material (ESM) Fig. S1A(a)), but the formed
G-quadruplex structure drastically increased the fluorescence
signal of NMM (ESM Fig. S1A(b)). The anti-BPA aptamer
shows high binding affinity to BPA (Ky=8.3 nM), as de-
scribed by Jo et al. [37]. In the presence of BPA, structural
changes were induced in the aptamers, preventing the forma-
tion of the G-quadruplex, resulting in dissociative quenching
(ESM Fig. S1A(c)). However, the H-DNA still generated a
high background signal because of the fluorescence intensity
from the short G-rich strands G3. In order to reduce the
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Fig. 2 a Fluorescence spectra of
NMM as a function of different
concentrations of BPA. b Peak
fluorescence change ((Fo— F)/Fo)
as a function of BPA
concentration

Fl (a.u.)

550 600
A (nm}

influence of H-DNA, Mo,C nanotubes were used to adsorb
dissociative H-DNA. Nevertheless, BPA aptamer as a single-
strand DNA may also be adsorbed on the Mo,C NTs.
Therefore, the binding kinetics between Aptgpa and Mo,C
NTs were investigated by modifying the FAM at the 5’ termi-
nus of the Aptgpa (FAM-Aptgpas). The validation test and
kinetic results prove that Aptgps can be released from Mo,C
NTs when BPA binds Aptgpa to form BPA/Aptgpa complex,
as shown in ESM, Fig. S2 and Fig. S3. Finally, a label-free,
simple, low-background BPA aptasensor was constructed
(Scheme 1).

Characterization of prepared Mo,C nanotubes

Mo, C nanotubes play a critical role in reducing the influence
of H-DNA. Thus, the properties of Mo,C nanotubes were
investigated in the following experiments. The MoO3; nano-
rods were used as a reactive self-degraded template as well as
additional Mo supply. These MoO; nanorods have a smooth
surface with an average width of approximately 350 nm ac-
cording to the results of scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) (Fig. 1a/c). The

0.6

(Fy-F)/Fy=0.02756C- 0.01524
0.54 R2=0.970 1

0.4

=

0 ' 5 10 15 20
BPA concentration (nM)

Fig. 3 Plot of the linear relationship between the peak fluorescence
change ((Fp — F)/F,) and the concentration of target BPA from 2 to 20 nM
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MoO; nanorods were employed as self-degradable templates
to obtain Mo-polydopamine nanotubes. After annealing the
Mo-polydopamine nanotubes, the obtained Mo,C nanotubes
showed good crystallinity based on the x-ray diffraction re-
sults (ESM Fig. S4). SEM images indicated that the prepared
Mo,C nanotubes had a rough surface and hollow interior
(Fig. 1b). ATEM showed that the walls of the nanotube were
constructed by 2D thin nanosheets (Fig. 1d). In this study, the
MoO; nanorods and Mo,C nanotubes were employed to ad-
sorb H-DNA. The H-DNA, which was adsorbed onto the
Mo,C nanotubes, did not enhance the fluorescence of
NMM. When only H-DNA was present, the system generated
a background signal (ESM Fig. S1B(a)). The MoO; nanorods
and Mo,C nanotubes adsorbed H-DNA to decrease the back-
ground signal (ESM Fig. S1B(b/c)). However, the Mo,C
nanotubes showed superior performance to other systems,
which may be attributed to the nanosheets on the Mo,C nano-
tubes (Fig. 1d). The nanosheets increased the surface area of
the Mo,C nanotubes and thus increased the adsorption
capacity.

Optimization of experimental conditions for aptasensor

In addition to the influence of the Mo,C nanotube surface, the
performance of the present aptasensor is affected by the con-
centration of Mo,C nanotubes which directly affects the back-
ground. The effect of Mo,C nanotubes was investigated by
monitoring the fluorescence at different concentrations of
Mo,C nanotubes. A blank sample without Mo,C nanotubes
was tested under the same conditions. Larger amounts of H-
DNA were adsorbed with increasing concentrations of Mo,C
nanotubes, which decreased the background signal.
Fluorescence intensity gradually decreased with increasing
the concentration of Mo,C nanotubes up to 60 pg mL ™" and
then plateaued (ESM Fig. S5). In order to obtain the optimum
detection performance, a concentration of 60 ug mL™" Mo,C
nanotubes was adopted in the following experiments.
Fluorescence intensity changes also depend on the incuba-
tion time of BPA in the detection system. The optimal incu-
bation time of BPA in the detection system was explored by
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Table 1 Comparisons of the

present aptasensor with those Method Labeled group Detection range (nM) LOD (nM)

having labeled groups for BPA

detection Electrochemical aptasensor [9] SH-(CH,)s 10-10,000 5%
Surface-enhanced Raman scattering [38] Cy5 3-300 3?
Optic fiber aptasensor [39] Cy5 2-100 1.86°
Label-free fluorescent aptasensor (this work) - 2-400 0.9%/2°

#LOD was calculated based on the 3o/slope

®LOD was determined experimentally

monitoring the fluorescence spectra change in NMM with the
incubation time of BPA. The fluorescence intensity of NMM
at Aoy 610 nm significantly decreased with increasing incuba-
tion time up to 30 min and then reached a plateau (ESM
Fig. S6). Thus, 30 min was selected as the optimal incubation
time.

Performance of the aptasensor

To evaluate the sensitivity and dynamic range of the proposed
detection system, the fluorescence intensity change of NMM
in the presence of different concentrations of BPA was moni-
tored. In the absence of BPA, Aptgps hybridized to the H-
DNA and formed the G-quadruplex to generate a high fluo-
rescence signal. In the presence of BPA, the conformation of
the G-quadruplex was destroyed with increasing BPA concen-
trations, decreasing the fluorescence signal. As shown in
Fig. 2, a decrease in fluorescence intensity was observed with
increasing BPA concentrations in the range of 0-400 nM. The
fluorescence intensity of NMM at A., 610 nm linearly
depended on the BPA concentration ranging from 2 to

0.6

Fig. 4 Selectivity investigation of the proposed strategy for BPA
detection

20 nM. Figure 3 shows the corresponding calibration plot
for different concentrations of BPA. Error bars with a correla-
tion coefficient of 0.970 were obtained from three indepen-
dent experiments, indicating the high reproducibility of the
developed sensing system. As shown in ESM Fig. S7, the
limit of detection (LOD) of 2 nM was obtained based on the
experimental determination, where an obvious signal response
of 2 nM BPA was observed with respect to that of blank. This
detection limit meets the requirements of the Chinese Health
Standard [9]. Furthermore, this aptasensor has similar analyt-
ical performances to those with labeled group, as listed in
Table 1 [9, 38, 39].

Selectivity is a crucial parameter for evaluating the perfor-
mance of the aptasensor. To assess the specificity of the fab-
ricated aptasensor, we evaluated molecules with similar struc-
tures to BPA, which might interfere with the performance of
the aptasensor for BPA detection, e.g., 4,4'-biphenol,
bisphenol AF, and 4,4'-sulfonyldiphenol. Figure 4 shows the
fluorescence spectra upon exposure of the aptasensor to these
molecules and the fluorescence intensity drastically decreased
in the presence of BPA. The interfering molecules only slight-
ly decreased the background signal. The result shows that the
aptasensor exhibits good selectivity for BPA. Additionally, the
fluorescence decrement ratio (F— F)/Fy was determined to

0.6

I BPA in buffer
I BPA in river water

(F,-F)F,

2nM 4 nM 8 nM 12 nM
BPA concentration

Fig. 5 Results obtained from the buffer solution and diluted real water
samples spiked with different concentrations of BPA

20 nM
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quantify the changes when the sensor was exposed to different
molecules. The results clearly indicated that the aptasensor
displayed high specificity and selectivity towards BPA and
thus has great potential for practical applications. This excel-
lent selectivity can be ascribed to the specific and high affinity
of anti-BPA aptamer to BPA.

Analysis of real water samples

To confirm the feasibility and sensitivity of the aptasensor for
analyzing real water samples, river water (Hun River in
Shenyang, China) was chosen for the evaluation of BPA de-
tection. The same procedure as that used for the measurement
of buffer solution was applied. A series of BPA solutions was
prepared by spiking different amounts of BPA into 5-fold
diluted actual water samples. As shown in Fig. 5, a trend
similar to that observed for pure buffer solution was observed,
confirming that our proposed method can be used for real
water sample detection. These results confirmed the practical
value of the developed biosensor.

Conclusions

We developed a convenient fluorescence assay for highly sen-
sitive and specific detection of BPA with acceptable reproduc-
ibility. The “TGGGT” sequence in Aptgps Was utilized to
form a G-quadruplex structure with H-DNA (with the G-rich
sequence (TGGGTGGGTGGGT) at the 5’ terminus). BPA
acts as a trigger to alter the G-quadruplex structure. The supe-
rior adsorption ability of Mo,C nanotubes reduced the back-
ground signal and enabled sensitive detection of 2 nM BPA in
a buffer solution. Importantly, the developed assay can be
used to distinguish BPA from other molecules with structures
similar to that of BPA. This is the first report demonstrating
the application of an aptasensor for BPA detection in real
water samples based on label-free ssDNA and Mo,C nano-
tubes. Compared with conventional methods, the developed
detection strategy provides a sensitive, specific, simple, en-
zyme-free, and cost-effective assay and has potential practical
applications.
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