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Bisphenol A (BPA) is one of the environmental endocrine disruptors (EDCs), and BPA con-
tamination in environment can cause high risks to human health. Rapid determination of
BPA on sites is in high demand in environmental analysis. Taking advantage of aptamers as
affinity ligands and fluorescence anisotropy (FA) analysis, we developed a simple and rapid
FA assay for BPA by employing a single tetramethylrhodamine (TMR) labeled short 35-mer
DNA aptamer against BPA. The assay is based on the BPA-binding induced conformation
change of TMR-labeled aptamer and alteration of interaction between TMR and guanine
bases, resulting in change of FA signals. We screened the FA change of aptamer probes hav-
ing TMR label on a specific site of the aptamer upon BPA addition. The aptamer with a TMR
label on the 22nd T base showed large FA-decreasing response to BPA and maintained good
binding affinity to BPA. By using this TMR-labeled aptamer, we achieved FA detection of BPA
with a detection limit of 0.5 umol/L under the optimized conditions. This assay was selec-

Binding affinity tive towards BPA and enabled the detection of BPA spiked in tap water sample, showing the
potential applications on water samples.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
N ciated with obesity, diabetes, cardiovascular diseases, and be-
Introduction

havioral problems (Diamanti-Kandarakis et al., 2009; Ma et al.,
2019; Michalowicz, 2014; Vom Saal et al., 2012; Yin et al.,

Bisphenol A (BPA), one of typical endocrine disrupting chem-
icals (EDCs), has attracted great concerns as its structure is
similar to natural hormones (Krishnan et al., 1993). It dis-
turbs the functions of the hormone estrogen through bind-
ing to estrogen reporters, leading to endocrine disorders.
BPA can affect sex hormones functions, reproductive organs,
thyroid functions, and immune system (Maffini et al., 2006;
Sheng et al., 2019; Siracusa et al. 2018; Tao et al., 2016). Some
new toxicology studies showed that BPA exposure is also asso-
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2015). BPA is widely used for the manufacture of polycarbon-
ate and epoxy resins based products, such as food packing,
toys, tableware, and etc. It easily migrates into food, surface
water and soil from packing materials, wastewater and land-
fill (Ashfaq et al., 2018; Kang et al., 2006; Rezg et al. 2014;
Rochester, 2013; Rubin, 2011). Considering the adverse effects
and continuous leaching of BPA, the determination of BPA is
of great significance on environmental monitoring and hu-
man health. Traditional methods for BPA analysis are chro-
matographic methods (Ballesteros-Gomez at al., 2009), which
have advantages of high sensitivity, good selectivity, and ac-
curacy. While the disadvantages including the need for com-
plicated sample preparation, time-consuming operation and
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professional operators in the laboratory may limit their use
in rapid analysis on sites. Some antibody based sensing plat-
forms have been reported for BPA detection, but they may suf-
fer drawbacks in high cost and poor stability of antibodies
(Marchesini et al., 2005).

As alternatives of antibodies, aptamers are artificially syn-
thesized single stranded DNA or RNA by in vitro system-
atic evolution of ligands by exponential enrichment (SELEX)
(Ellington and Szostak, 1990; Tuerk and Gold, 1990). Aptamers
show some advantages over antibodies in easy synthesis, low
cost, good chemical stability, and ease of labeling functional
groups (Li et al., 2015; Song et al., 2008; Tombelli et al., 2005).
Since the discovery of anti-BPA aptamers (Jo et al., 2011),
some aptamer-based assays have been developed for the de-
tection of BPA with different transduction methods, such as
fluorescence (Yun et al., 2018), electrochemistry (Shi et al.,
2018), surface-enhanced Raman (Chung et al., 2015), photo-
electrochemistry (Wang et al., 2018), and etc (Ragavan et al,,
2013). Among these methods, the fluorescence assays have
strengths in high sensitivity and easy operation.

Fluorescence anisotropy (FA) assay is a reliable fluores-
cence method based on the change in the rotational rates
of the labeling fluorophores in the binding events. FA assay
is a ratiometric method, so it is insensitive to the fluores-
cence fluctuation and photo-bleaching, showing advantages
in good reproducibility and simplicity. FA analysis is widely
applied in many fields such as molecular interaction study,
drug discovery, assays in clinical test and environmental anal-
ysis, and etc (Hall et al., 2016; Jameson and Ross, 2010). Tak-
ing advantages of the aptamers, aptamer-based FA methods
have emerged for small molecules detection, attracting wide
attentions (Liu et al., 2013; Ruta et al., 2009; Zhang et al.,
2019; Zhao et al.,, 2014; Zhao et al., 2015; Zhao et al., 2019).
Among the aptamer-based FA assays, direct FA assays us-
ing one fluorescently labeled aptamer probe are much sim-
pler than those competitive FA methods using more than one
reagent (Zhang et al,, 2019; Zhao et al., 2019). The direct ap-
tamer FA assay is based on the unique binding induced con-
formation change of aptamer and alteration of FA signals
(Ruta et al., 2009; Zhao et al., 2014; Zhao et al., 2015). Our
group previously developed aptamer-based direct FA assays
for small molecules using the tetramethylrhodamine (TMR)-
labeled aptamers. In these assays, the binding events induced
the conformation change of aptamers and the alteration of the
interaction between TMR and guanine (G) bases, which gen-
erated significant FA changes (Zhao et al., 2014; Zhao et al,,
2015). Aptamer FA assays for BPA have not been reported
yet.

In this work, taking advantages of aptamer and fluores-
cence anisotropy analysis, we describe a direct aptamer FA
method for BPA detection by using a single TMR labeled 35-
mer aptamer probe. We labeled single TMR on a specific site
of the aptamer, including the thymine (T) bases and the ter-
minals of the aptamer. We tested the FA responses of a series
of TMR-labeled aptamer probes to BPA. To evaluate the effect
of TMR labeling sites on the binding affinity of aptamer, we
measured the dissociation constants (Kgs) of the TMR-labeled
aptamer probes with microscale thermophoresis (MST), which
is a powerful technique for affinity binding study (Entzian and
Schubert, 2016). In our FA assay, the aptamer labeled TMR in
the 22nd T base showed largest FA change induced by BPA-
binding and maintained good binding affinity and generated
signal-decreasing response. We further investigated the ef-
fects of experimental conditions including the metal cations
in binding buffer solution. A simple and rapid aptamer-based
FA assay for BPA detection was achieved under the optimized
condition. BPA spiked in tap water sample can be detected,
showing the FA assay has potential to be applied in water sam-
ple analysis.

Table 1 - List of aptamer probes with TMR labeling at dif-

ferent sites.

Name Sequence

BP35-5-TMR  5'-(TMR)-CCGCCGTTGGTGTGGTGGGCCTAGGGCCGGCGG-3'
BP35-7T-TMR  5'-CCGCCGT-(TMR)TGGTGTGGTGGGCCTAGGGCCGGCGG-3'
BP35-8T-TMR  5'-CCGCCGTT-(TMR)GGTGTGGTGGGCCTAGGGCCGGCGG-3'

BP35-11T-TMR  5'-CCGCCGTTGGT-(TMR)GTGGTGGGCCTAGGGCCGGCGG-3'
BP35-13T-TMR  5'-CCGCCGTTGGTGT-(TMR)GGTGGGCCTAGGGCCGGCGG-3'
BP35-16T-TMR  5'-CCGCCGTTGGTGTGGT-(TMR)GGGCCTAGGGCCGGCGG-3'
BP35-22T-TMR  5'-CCGCCGTTGGTGTGGTGGGCCT-(TMR)AGGGCCGGCGG-3'
BP35-3'-TMR 5'-CCGCCGTTGGTGTGGTGGGCCTAGGGCCGGCGG -3'-(TMR)

The labeling position is shown in underline format.

1. Materials and methods
1.1. Chemicals and materials

Bisphenol A (BPA), tyrosine (Tyr), arginine (Arg), ampicillin
(Amp), and tetracycline (Tet) were purchased from Sigma.
Bisphenol S (BPS) and 4,4'-dihydroxybiphenyl (BP) were or-
dered from J&K Chemical (Beijing, China). All DNA oligonu-
cleotides were synthesized and purified by Sangon Biotech
(Shanghai, China). All other reagents were of analytical grade.
Ultrapure water used in this experiment for solution prepara-
tion was obtained from a Purelab Ultra Elga Labwater system.
The 35-mer aptamers with TMR labeling at different labeling
sites are listed in Table 1.

1.2.  Fluorescence anisotropy measurement

For fluorescence anisotropy (FA) measurements, fluorescence
spectrometer (JASCO FP-8300, Japan) equipped with a thermo-
stat for temperature control was employed. The fluorophores
were excited by polarized light, and emitted light was col-
lected from channels that are parallel and perpendicular to
the electric vector of the excitation light. FA value is defined
as FA= (Iyy — Glyn)/(lyv + 2Glyy), where I corresponds to the
emission intensity, and the subscripts V and H mean the ver-
tical and horizontal orientation of the polarizer, respectively.
G factor, which is given by G = Igy/Iyy, is used for instrumen-
tal correction between different instruments. FA analysis was
performed with an excitation at 550 nm and an emission at
580 nm. Slits for the excitation and emission were both set
at 5 nm. Without otherwise statement, the measurements of
FA analyses were conducted at 25°C. For FA detection of BPA,
20 nmol/L TMR labeled aptamer probes were incubated with
varying concentrations of BPA for 15 min in the binding buffer
containing 25 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl, and
10 mmol/L MgCl,. Each sample was tested for five times and
the average value was used for further data processing.

1.3.  Microscale thermophoresis analysis

The MST experiments were performed on Monolith NT.115
instrument (Nanotemper, Germany) at room temperature. A
green excitation light (510-550 nm) was chosen for TMR-
labeled aptamer probes. MST power was set at medium level.
LED power was set at auto mode. Sixteen samples with
constant concentration of TMR-labeled aptamer (50 nmol/L)
and varying concentrations of BPA ranging from 100 pmol/L
to 3.1 nmol/L were prepared. The MST binding buffer con-
tained 25 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NacCl, and
10 mmol/L MgCl,. After incubation for 10 min, the samples
were loaded into 16 capillaries (NanoTemper Technologies).
Each capillary was successively scanned by the instrument.
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Scheme 1 - Principle of fluorescence anisotropy assay for
BPA with TMR-labeled aptamer. TMR is labeled on a specific
position of the aptamer against BPA. The BPA binding
induces the conformation change of aptamer and the
alteration of the intramolecular interaction between TMR
and ambient G bases, thus causing remarkable FA change.

Initial fluorescence was scanned for 5 sec to ensure homo-
geneity before switching the IR heating laser on. Then, the ac-
tivation of the IR laser generated a microscopic temperature
gradient of 2-6°C, causing the directional movement of ap-
tamers and aptamers-BPA complex. During thermophoresis,
unbound probe and aptamer-BPA complex showed different
behaviors. After about 20 sec, IR laser was off. A series of MST
traces were recorded for each sample. After three times mea-
surements, the average value and the standard deviation were
used. With the MO affinity analysis software, the recorded flu-
orescence signal was normalized to Fnorm (Fhot/Feolds Feold 1S
the fluorescence value measured before turning the IR laser
on, Fpot is the fluorescence value measured in the MST-on
time) and fraction bound (0 = unbound, 1 = bound), then dis-
sociation constants (Kgs) of the aptamer probes to BPA were
derived by using the law of mass action.

2. Results and discussion

2.1. Screening FA responses of TMR-labeled aptamers to
BPA

Scheme 1 shows the principle of FA assay for BPA detection
by using a single TMR-labeled aptamer. It is reported that the
interaction between TMR and ambient G bases in aptamer
causes the fluorescence quenching through photoinduced
electron-transfer (PET) and affects the FA value by restrict-
ing the local rotation of TMR (Unruh et al., 2005; Zhang et al.,
2012). When BPA binding to aptamer, an adaptive conforma-
tion of aptamer is induced, thus the intramolecular interac-
tion between TMR and ambient G bases possibly alters, caus-
ing changes of FA signals. If the BPA-aptamer binding weakens
the interaction, TMR shows more local rotation freedom, lead-
ing to lower FA value. While a higher FA value will be observed
when the TMR-G interaction is strengthened. Therefore, BPA
can be detected by measuring FA change of TMR. A proper site
on the aptamer for TMR labeling is critical for the sensitive de-
tection of BPA.

We conjugated single TMR on different sites of a 35-mer ap-
tamer against BPA, which was truncated from a long sequence
of aptamer (Jo et al., 2011; Marks et al., 2014). The screened
labeling sites included 5'-terminal, 3'-terminal, and internal
thymine (T) bases (7T, 8T, 11T, 13T, 16T, 22T) as shown in
Table 1. We measured the FA values of TMR labeled aptamers
before and after BPA addition. In the absence of BPA, most of
TMR labeled 35-mer aptamer probes showed high FA values
of higher than 0.210, while the FA value of BP35-13T-TMR was
about 0.168 (Fig. 1a). In the presence of 50 pmol/L BPA, the FA-
responses of TMR-labeled aptamers upon BPA were remark-
ably different (Fig. 1b). The BP35-7T-TMR, BP35-11T-TMR, BP35-
13T-TMR showed negligible FA response upon BPA. The BP35-
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Fig. 1 - The FA (r) value of TMR labeled aptamers (a) and the
FA change (Ar) in the presence of 50 pymol/L BPA (b). Binding
buffer: 25 mmol/L Tris-HCl (pH=8.0), 150 mmol/L NaCl and
10 mmol/L MgCl,. The concentration of TMR labeled
aptamers was 20 nmol/L.

5'-TMR exhibited FA increase, which was different from the
other aptamer probes. It suggests that the BPA binding tight-
ens the intramolecular interaction between G bases and TMR
labeled at 5" end of anti-BPA aptamer (Zhao et al., 2015). The
BP35-8T-TMR, BP35-16T-TMR, and BP35-3'-TMR showed slight
FA reduction with the addition of 50 pumol/L BPA. BP35-22T-
TMR is a more FA-responsive probe among these TMR-labeled
aptamer, and the presence of 50 umol/L BPA caused FA de-
crease about 0.024. When fluorescein (FAM) was labeled on
the 22nd T in the sequence, the FAM labeled aptamer did not
show FA changes upon addition of BPA, which shows TMR-G
interaction is specific. Therefore, we chose BP35-22T-TMR as a
fluorescent probe in the FA assay.

2.2. Characterization of TMR labeled aptamers with
microscale thermophoresis

To test whether the insignificant FA change of some TMR-
labeled aptamers upon binding to BPA are caused by the bind-
ing affinity decrease or the slight change of intramolecular
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Table 2 - Binding affinity of TMR-labeled aptamers deter-

mined by MST analysis.

Name Kg (umol/L)
BP35-5'-TMR 8.0+2.3
BP35-7T-TMR NB
BP35-8T-TMR 129434
BP35-11T-TMR NB
BP35-13T-TMR NB
BP35-16T-TMR 91+28
BP35-22T-TMR 17+6.5
BP35-3'-TMR 10+4.9

NB means no binding affinity.

interaction between TMR and G bases, we further used mi-
croscale thermophoresis (MST) analysis to characterize the
binding affinity of TMR labeled aptamer probes to BPA (Ap-
pendix A Fig. S1, Table 2).

MST is a powerful tool to study biomolecular interac-
tions by monitoring the movement of fluorescently labeled
molecules in temperature gradients (Entzian and Schubert,
2016; Jerabek-Willemsen et al., 2011). The interactions be-
tween some small molecules and aptamers have been suc-
cessfully characterized by MST (Entzian and Schubert, 2016).
In MST analysis, the binding of target to fluorescently labeled
ligand causes changes in charge, size, or hydration shell and
alteration of thermophoretic mobility of fluorescently labeled
ligand through a microscopic temperature gradient, leading to
the variance of fluorescence intensity of fluorescently labeled
ligand in the testing zone (Entzian and Schubert 2016; Jerabek-
Willemsen et al., 2011). The measurement of MST traces for a
series of samples with fluorescently labeled ligand at constant
concentration and varying concentrations of targets allows for
the characterization of the binding affinity.

Appendix A Fig. S1 shows the results of MST analysis of
binding affinity of TMR-labeled aptamers. The normalized flu-
orescence (Fnorm) of MST traces was plotted against the con-
centrations of BPA. The curves of TMR-labeled aptamers start
from different Fnorm and show different amplitudes (Appendix
A Fig. S1a-h). Fraction bound was plotted against the concen-
trations of BPA to compare the binding affinity of TMR-labeled
aptamers which have MST response to BPA (Appendix A Fig.
s2).

Table 2 summarizes the dissociation constants (Kgs) of
TMR-labeled aptamers determined by MST. MST analysis did
not get binding affinity of BP35-7T-TMR, BP35-11T-TMR and
BP35-13T-TMR to BPA, so the negligible FA responses of these
three probes to BPA were possibly due to the affinity loss. BP35-
8T-TMR and BP35-16T-TMR exhibited greatly reduced binding
affinity, and their FA changes to BPA were not large. BP35-
5'-TMR, BP35-3'-TMR and BP35-22T-TMR maintain good bind-
ing affinity to BPA, with the dissociation constant at 8.0+2.3
pumol/L, 10+4.9 pmol/L and 17+6.5 pmol/L, respectively. How-
ever, BP35-3-TMR did not show remarkable FA response to
BPA, meaning it lacked large alteration of the local rotation of
TMR and the TMR-involved intramolecular interaction upon
BPA binding.

2.3.  Optimization of FA assay for BPA

To figure out the optimum conditions for FA assay, we in-
vestigated the effects of experimental conditions on FA re-
sponses of BP35-22T-TMR to BPA, including the concentrations
of MgCl,, NaCl, and KCl in binding buffer solution. Under the
different conditions, we monitored the FA value of BP35-22T-
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Fig. 2 - The effects of MgCl, on FA responses of
BP35-22T-TMR. (a) FA value of 20 nmol/L BP35-22T-TMR in
the absence or the presence of 100 umol/L BPA, (b) FA
change (Ar) caused by 100 umol/L BPA. The binding buffer
contained 25 mmol/L Tris-HCI (pH = 8.0), 100 mmol/L Nacl,
and varying concentrations of MgCl,.

TMR (20 nmol/L) in the absence of BPA and the FA change upon
100 pmol/L BPA.

We first tested the effect of MgCl, in binding buffer. As
shown in Fig. 2a, in the absence of BPA, the FA value of
BP35-22T-TMR sharply decreased from 0.255 to 0.225 and then
slowly increased with addition of MgCl,. It indicates that the
addition of MgCl, may affect the conformation of aptamer and
weaken the intramolecular interaction between TMR and am-
bient G bases. The absolute FA change (Fig. 2b) of BP35-22T-
TMR upon BPA binding was negligible when the binding buffer
did not contain MgCl,. With the addition of MgCl,, the ab-
solute FA change remarkably increased. The result suggests
MgCl, is important for FA sensing BPA with BP35-22T-TMR,
which may help the aptamer to maintain suitable structure for
affinity binding. When the concentration of MgCl, was higher
than 10 mmol/L, the absolute FA change became smaller. Thus
the addition of 10 mmol/L MgCl, in the binding buffer was ap-
plied in subsequent experiments.
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Fig. 3 - Direct FA assay of BPA using aptamer probe
BP35-22T-TMR.

The concentration of NaCl affected the FA value of BP35-
22T-TMR and the FA change to BPA (Appendix A Fig. S3). The
FA value of BP35-22T-TMR decreased with the increase of NaCl
when BPA was absent. When BPA was present, 150 mmol/L
NaCl in binding buffer was favorable for large FA response. We
further tested the influence of KCl in the solution containing
10 mmol/L MgCl, and 150 mmol/L NaCl (Appendix A Fig. S4).
The absolute FA change caused by BPA gradually reduced with
the addition of KCI. It shows that KCl is not preferred for large
FA changes caused by BPA. Thus, we did not add KCl in the
binding buffer in the following experiments.

2.4.  Analytical performance of the method

Under the optimal conditions, the FA assay of BPA using BP35-
22T-TMR was achieved (Fig. 3). With the addition of BPA, the
FA value gradually reduced. The detection limit of BPA was 0.5
umol/L which was determined by the signal to noise ratio > 3.
In the concentration range from 5 pmol/L to 1000 pmol/L, the
FA values showed a linear relationship with the logarithm of
concentration of BPA (y = -0.0276lgx ++0.2316, R? = 0.9882).
The dynamic detection range was from 0.5 to 1000 umol/L,
covering about three orders of magnitude. The relative stan-
dard deviations for five repeated analyses were less than 3%.

Compared with some reported aptamer-based detection
methods for BPA, the sensitivity of our assay is lower
(Guo et al., 2018; Marks et al., 2014; Ragavan et al., 2013;
Shi et al., 2018; Su et al., 2018; Wang et al., 2018; Zhu et al,,
2015). The comparison with other reported aptamer based as-
says for BPA was summarized in Appendix A Table S1. How-
ever, our FA assay only uses a TMR-labeled aptamer, show-
ing the merits of simplicity, rapidity, good reproducibility and
the potential for high throughput analysis. Combining sam-
ple preconcentration, lower concentrations of BPA can be de-
tected by using this FA assay. In addition, signal amplification
strategy may help to improve the sensitivity of the FA assay.
The use of anti-aptamer with higher binding affinity will also
improve the sensitivity of this aptamer FA assay.

2.5.  Assay selectivity and performance in complex sample
matrix

The selectivity of the FA assay with BP35-22T-TMR for BPA de-
tection was examined by using the analogues of BPA includ-
ingbisphenol S (BPS), 4,4'-dihydroxybiphenyl (BP), a few amino
acids and antibiotics including tyrosine (Tyr), arginine (Arg),

blank BPA BP BPS Tyr

Amp Tet Arg

0.00

-0.01

-0.03

-0.04

Fig. 4 - Selectivity of FA assay using BP35-22T-TMR for BPA
detection. FA change (Ar) of BP35-22T-TMR were tested in
the absence of BPA (blank) and in the presence of 100
pmol/L BPA, 100 pmol/L 4,4'-Dihydroxybiphenyl (BP), 100
pmol/L bisphenol S (BPS), 100 pmol/L tyrosine (Tyr), 100
pmol/L ampicillin (Amp), 100 pmol/L tetracycline (Tet), or
100 pmol/L arginine (Arg).
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Fig. 5 - FA assay of BPA spiked in 10-fold diluted tap water.

ampicillin (Amp), and tetracycline (Tet). Among the tested
compounds in a high concentration of 100 pmol/L, insignif-
icant FA change of BP35-22T-TMR were observed, while the
presence of BPA caused a large FA decrease (Fig. 4). The result
shows the FA assay is selective for BPA detection.

To evaluate the feasibility of FA analysis of BPA detection
in actual water samples, we used tap water sample as an ex-
ample. BPA spiked in 10-fold diluted tap water sample was
tested by using BP35-22T-TMR. The quantification curves of
BPA detection in the binding buffer and tap water were simi-
lar (Fig. 5). The recovery rates of 5 ymol/L, 50 umol/L and 500
umol/L spiked BPA in the diluted tap water sample were 104%,
95%, and 100%, respectively. Because metal ions (e.g., Mg?*,
Na™, K*) can have effect on the FA signal in the assay (Fig. 2,
Appendix A Fig. S3 and Fig. S4), the water sample should be
diluted with the optimized binding buffer to reduce possible
effects from sample matrix prior to analysis. The result indi-
cates that the FA assay using BP35-22T-TMR has potential to
detect BPA in actual water samples.
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3. Conclusions

In summary, we developed a direct aptamer-based FA assay
for BPA detection using a single TMR labeled 35-mer aptamer
against BPA. After screening different labeling sites on ap-
tamer, we identified that when TMR labeled on 22nd T base,
the TMR-labeled aptamer showed remarkable FA change in
the presence of BPA. Under the optimized condition, BP35-22T-
TMR probe allowed to determine BPA with a detection limit
of 0.5 umol/L and good selectivity. This method has the ad-
vantages of simplicity and rapidity, and shows the potential
application for water sample analysis.
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