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Abstract

An aptamer-based fluorometric assay is described for the determination of bisphenol A (BPA). The aptamer against
BPA is first attached to the surface of the red AuNPs, and this prevents the AuNPs from salt-induced formation of a
blue-colored aggregate. Hence, the blue fluorescence of added nitrogen-doped carbon dots (NCDots) is quenched via
an inner filter effect (IFE) caused by the red AuNPs. After addition of BPA, the BPA/aptamer complex is formed,
and the AuNPs are no longer stabilized agains aggregation. This weakens the IFE and results in the recovery of the
fluorescence of the NCDots which is measured best at excitation/emission wavelengths of 300/420 nm. The recov-
ered fluorescence increases linearly in the 10 to 250 nM and 250 to 900 nM BPA concentration ranges, and the
detection limit is 3.3 nM. The method was successfully applied to the determination of BPA in spiked environmental
tap water samples.

Keywords Salt-induced aggregation - Aggregated AuNPs - Fluorescence quenched - Fluorescence recovery - BPA/aptamer

complexes - Tap water - Environmental-friendly - Low detection limit - Wide linear range - Quick response

Introduction

Bisphenol A (BPA) is a widely used industrial com-
pound, which has been identified as an endocrine
disruptor causing many adverse properties even at very
low concentration [1-3]. Considering the adverse prop-
erties of BPA, there have been increasing needs for the
detection and monitoring of it.

Chromatography [4] and chromatography-mass spectrom-
etry [5] are the most commonly used methods for BPA
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analysis. They require complex sample pre-treatment, profes-
sional operators, expensive equipment, high test charge and
considerable time, so they are not suitable for detecting a large
number of samples. Therefore, some simple and sensitive al-
ternative assays are developed such as electrochemical [6],
immunoassay-based [7] and fluorescent [8] methods.
Among these techniques, fluorescent methods have attracted
wide attention with the advantages of simplicity, convenient
signal transduction, easy operation, and quick response [9].

With the development of nanotechnology, different fluores-
cence nanomaterials have been reported for applications in
fluorescence assays. Carbon dots (CDots) as a class of
carbon-based fluorescent nanomaterials possesses interesting
properties such as water solubility, biocompatibility, good
photostability, and low cytotoxicity. Therefore, CDots have
been widely used as ideal fluorescent probes for signal gener-
ation and transduction in the fluorescent sensing system [10,
11]. However, because most of the CDots are insensitive or
non-selective by recognizing BPA, it is difficult to use them as
BPA probes directly [8, 10, 12].

Fluorometric aptasensor based on the inner filter effect
(IFE) or fluorescence resonance energy transfer (FRET), on
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the other hand, is a solution of this problem. In such strategy,
the emission of fluorescer is remarkably inhibited in the pres-
ence of dispersed AuNPs via IFE/FRET [13, 14], whereas
recovered when AuNPs aggregated. Targets-bound aptamer
modulate the aggregation of AuNPs, and then control the
IFE/FRET efficiency for signal transfer. So far, this strategy
has been used for the detection various analytes including
dopamine [15], Hg>" [16], adenosine 5'-triphosphate [17],
acetamiprid [18], even BPA [19]. However, to the best of
our knowledge, no CDots-based such strategy for BPA detec-
tion has been previously reported.

On the other hand, by doping of heteroatoms, the optical
and electrical properties of CDots can be improved [20]. A
typical doping heteroatom is nitrogen. Therefore, nitrogen-
doped CDots (NCDots) can have extensive applications in
determination assay based on fluorescence [21-27].
Whereas, compared with synthesis methods, the application
research of NCDots is still scarce.

Hence, in the current work, we exploited NCDots as
fluorescence indicator to rapidly monitor BPA in an
IFE-based aptamer sensing platform. The assay principle
is displayed in Scheme 1. The aptasensing system con-
sists of BPA aptamer, AuNPs and NCDots. The
dispersive/aggregated AuNPs are acquired through the
reaction of the aptamer with BPA. At the absence of
BPA, the aptamers coat on the surface of AuNPs to
inhibit their aggregation in the high salt solution. In this
case, the fluorescent signal of NCDots is quenched by
the dispersive AuNPs on the basis of IFE. Upon target
BPA introduction, the aptamers bind with the analytes
to form new aptamer-BPA complexes, AuNPs tend to be
aggregate and the fluorescence of NCDots recovers.

Scheme 1 Schematic
presentation of the fluorometric

This method is relatively environmental-friendly because
of the low-toxicity NCDots used. Moreover, BPA can
also be easily detected using colorimetric method via
color change of AuNPs, and the detection limit can
reach 50 nM. In addition, it can be performed at the
high salt condition and has a good potential in environ-
mental analysis.

Experimental
Chemicals and materials

BPA is provided by Sigma-Aldrich (St. Louis, MO, USA). L-
arginine (L-Arg), ethylenediamine (EDA) and chloroauric ac-
id (HAuCl,-4H,0) are got from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) (http://www.
sigmaaldrich.biogo.net/). Phenol, Hydroquinone (HQ) and 4,
4'-Dihydroxybiphenyl (BP) are purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China) (http://www.aladdin-
e.com/). The anti-BPA aptamer with the sequence of 5-CCG
GTG GGT GGT CAG GTG GGATAG CGT TCC GCG TAT
GGC CCA GCG CAT CAC GGG TTC GCA CCA-3"is used
on the basis the previous studies and synthesized by Sangon
Biotechnology Co., Ltd. (Shanghai, China) (http://www.
sangon.com/). The anti-BPA aptamer is solved in the ultrapure
water with certain volumes for 100 uM of the stocking solu-
tion. In the experiment, the aptamer stocking solution is dilut-
ed to 200 nM by 0.05 M phosphate buffered solution (pH 7.4)
containing 2 mM Mg”*, 10 mM K.

All chemicals are of analytical grade without any
purification.
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Instruments

All measurements are carried out under room temperature
unless stated. UV-vis spectra are obtained on a UV-2400
UV-VIS-NIR spectrophotometer (Shimadzu) (https://www.
shimadzu.com.cn/). The morphology and size of
nanoparticles are analyzed using a JEM-2100 transmission
electron microscope (HRTEM, JEOL) (http://www.jeol.com.
cn/). The fluorescence measurements are carried out on a
fluorescence spectrometer (Thermo Scientific Lumina,
Thermo) (https://www.thermofisher.com/cn/) with the
instrument settings as follows: A, =300 nm (slit 5 nm),
Aem =320-580 nm (slit 5 nm), PMT detector voltage =
600 V. Ultrapure water used throughout the experiment is
obtained from the Heal Force water purification system
(ROE-100) (http://www.healforce.com/en/).

Synthesis of materials

The NCDots with superior optical properties, outstanding wa-
ter solubility and low-toxicity are prepared by a microwave-
assisted method [28]. The AuNPs synthesized according to
the previous report [29] (Electronic Supporting Material,
ESM).

Aptamer-based fluorescent detection of BPA

20 uL of 200 nM aptamer solution is mixed with 20 L. BPA
solution with different concentrations at 37 °C for 10 min.
Afterwards, 500 puL of AuNPs is added and the mixture is
incubated at room temperature for 10 min. Next, 100 uL of
15 mM NacCl is added, and incubate for another 10 min.
Finally, 100 uL of NCDots solution is added into the above
mixture solution, and then gives a final volume of 1 mL with
ultrapure water. The fluorescence emission and UV—vis ab-
sorption spectra of the resulting solution are recorded
immediately.

Determination of BPA in real samples

The tap water samples are taken from our laboratory and fil-
tered using 0.45 pwm membrane, then measured according to
the method in above Section. For recovery analysis, a certain
amount of BPA is added into the samples and analyzes in
accordance with the above procedure. Each experiment is re-
peated three times.

The tap water samples were taken from our laborato-
ry and the urine samples were centrifuged at 12000 g.
The tap water samples were taken from our laboratory
and the urine samples were got from a health volunteer.
Both of them were centrifuged at 12000 g., and then
measured according to the method in above Section. For
recovery analysis, a certain amount of BPA is added

into the samples and analyzes in accordance with the
above procedure. Each experiment is repeated three
times.

Results and discussions
Characterization of NCDots and AuNPs

NCDots are synthesized according to the microwave as-
sistant method, and exhibit the maximal emission at
420 nm under 300 nm excitation with the fluorescence
quantum yield ~0.15 (Fig. Sla). The fluorescence inten-
sity of NCDots did not change remarkably after
1 month. The monodispersed AuNPs are prepared fol-
lowing the classical Frens’ citrate reduction route [29],
and the maximum UV-vis absorption of the AuNPs is at
523 nm (Fig. S1b). The size, morphology and structure
of NCDots and AuNPs are confirmed by transmission
electron microscopy (TEM). As shown in Fig. 1,
NCDots and AuNPs are all spherical in shape and well
dispersed in water, and with average size of ~5 nm and
~13 nm, respectively. XPS of NCDots and IR of
NCDots and NCDots/AuNPs are shown in Fig. 2. The
NCDots and NCDots/AuNPs have similar IR spectra,
suggesting a similar functional groups distribution. To
further confirm the functional groups present on the
surface of NCDots, XPS characterization was carried
out. From the full-scan XPS spectrum of NCDots, C,
N, and O are detected with peaks at 286.8 eV (Cls),
400.33 eV (N1 s), and 532.34 eV (Ols) respectively.
The XPS spectrum of Cls can be deconvoluted into
three surface components corresponding to sp2 (C=C)
at 284.5 eV, sp3 (C-C, and C-H) at 285.5 eV, C=0/
C=N at 288.3 eV. The surface components of NCDots,
as determined by XPS, are in good agreement with the
FT-IR results.

Detection principle

This assay is based on the binding of the aptamer with
the target can modulate the IFE efficiency of AuNPs on
NCDots in NaCl solution as showed in Scheme 1. In
the IFE-based fluorescence detection, the overlap be-
tween the emission spectrum of fluorescer and the ab-
sorption spectrum of absorber is required. Therefore, we
firstly verify the spectra overlap. Fig. S1 shows that the
emission of NCDots overlaps the absorption spectrum of
AuNPs. This demonstrates that IFE can occur. Thus, the
effective emission intensity of NCDots is greatly de-
creased or quenched if NCDots and AuNPs mixed, as
shown in Fig. S2.
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Fig. 1 TEM images of NCDots
(a) and AuNPs (b) dispersed in
water

To illustrate the principle for BPA detection, the ef-
fects of NaCl, aptamer and BPA-aptamer binding com-
plexes on the fluorescence and absorption spectra of
NCDots-AuNPs mixed solution are also investigated in
detail.

We firstly investigate the fluorescence spectra of
NCDots in each stage, the results are shown in
Fig. 3A. Initially, NCDots shows a strong emission peak
at 420 nm (Fig 3Aa). When NCDots are mixed with
dispersed AuNPs (without NaCl), the emission is signif-
icantly quenched via IFE (Fig 3Ab). When ionic
strength increases, the charge balance between the

AuNPs will be damaged and rapid aggregation occurs
[15]. Therefore, the addition of enough salt can screen
the repulsion between the nanoparticles, leading to the
AuNPs aggregation which provokes a corresponding re-
covery of IFE-decreased emission of NCDots (Fig 3Ac).
The unmodified AuNPs can attach with unfold aptamer
and stabilize even in high salt concentration solution
and the fluorescence of NCDots decrease again
(Fig 3Ad). In contrast, the binding of aptamer with the
target can induce AuNPs aggregation in the presence of
NaCl [30], and after aggregation the fluorescence of
NCDots is greatly enhanced (Fig. 3Ae).
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Fig. 3 (A) Fluorescence spectra: a, NCDots; b, NCDots and AuNPs; c,

NCDots, AuNPs and NaCl; d, NCDots, AuNPs, NaCl and aptamer; e,

NCDots, AuNPs, NaCl, aptamer and BPA, Aex =300 nm. Insert is the
corresponding photographs under UV lamp, Aex =365 nm (B)

The corresponding UV-vis absorption spectra of
AuNPs in each stage are also recorded in Fig. 3B.
Owing to the surface plasmon resonance, the AuNPs
dispersed in water solution display an absorption peak
at 523 nm (Fig. 3Ba). By adding NaCl, the aggregation
of AuNPs occurs, the absorption peak at 523 nm is
clearly reduced as shown in Fig. 3Bb. After addition
of aptamer, the absorption peak of AuNPs increases,
suggesting that aptamer might be absorbed onto the sur-
face of AuNPs and stabilize the AuNPs in salt solution
(Fig 3Bc). In the presence of both BPA and aptamer,
the absorption intensity is reduced again because the
BPA-aptamer complexes cause the aggregate of AuNPs
(Fig 3Bd).

To clearly verify such aggregation and disperse of the
AuNPs, the corresponding TEM images are also collect-
ed (Fig. 4). As indicated, initially, AuNPs are dispersed
in aqueous solution (Fig. 4a). In addition of NaCl,
AuNPs aggregate (Fig. 4b). Afterward, the aggregation
of AuNPs becomes dispersed upon addition of aptamer
(Fig. 4c). Finally, when the mixture of BPA and
aptamer is added, the AuNPs is aggregated again (Fig.
4d). Because the amount of NCDots is much smaller
than AuNPs, it is different to observe their TEM im-
ages. Therefore, we only observe the AuNPs TEM im-
ages at different conditions.

The fluorescence, absorption spectra and TEM image re-
sults are all consistent with the mechanism illustrated in
Scheme 1.

Optimization of the experimental conditions

On the purpose of acquiring the satisfactory detection efficien-
cy of the method, the significant factors affected the response
of the experiment were optimized.

450 500 550 600 650 700
Wavelength / nm
Absorption spectra: a, AuNPs; b, AuNPs and NaCl; ¢, AuNPs, NaCl

and aptamer; d, AuNPs, NaCl, aptamer and BPA. Aptamer, 250 nM;
NaCl, 15 mM; BPA, 250 nM

The concentration of salt played an important role in
AuNPs aggregation as discussed above. Therefore, we
firstly investigate the effect of concentration of NaCl
on the assay by monitoring the fluorescence change. It
is seen that with the increase of NaCl concentration, the
fluorescence signal increases gradually until to 15 mM
(Fig. S3A). 15 mM NaCl is selected for further
experiment.

The following parameters are also optimized by mon-
itoring the fluorescence of the assay system under dif-
ferent conditions: concentration of aptamer, reaction
temperature and time, AuNPs amount. The optimum
concentration of aptamer is chosen to be 200 nM (Fig.
S3B). The best binding temperature and time of BPA
with aptamer are 37 °C and 10 min, respectively (Fig.
S3C and D). The optimum AuNPs amount is chosen to
be 500 pL (Fig. S4).

Sensitivity and selectivity

As the assay principle described above, BPA can in-
crease the fluorescence intensity of NCDots in the sys-
tem. Under the optimum conditions, the enhanced in-
tensity is in proportion to the concentration of BPA
(Fig. 5a). Insert shows the corresponding fluorescence
color change with the amount of BPA ranging from 10
to 900 nM (from right to left: concentrations of BPA
were 10 nM, 40 nM, 80 nM, 100 nM, 120 nM,
250 nM, 400 nM, 600 nM, 750 nM, 900 nM, respec-
tively). The concentrations of BPA are ranged from 10
to 900 nM, we obtain two linear regression equations:
1=33.131¢ +10,521 (r =0.9984, 10-250 nM) and [ =
22.5 ¢ +13,378 (r =0.9989, 250-900 nM), and a de-
tection limit of 3.3 nM is calculated using the 30 rule
(0=S8/S, Sy is known as the standard deviation of the
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Fig. 4 TEM images of AuNPs in
different systems. a AuNPs; b
AuNPs+NaCl; ¢ AuNPs+NaCl+
aptamer; d AuNPs+NaCl+
aptamer+BPA. Aptamer, 250 nM;
NaCl, 15 mM; BPA, 125 nM

e
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blank after repeated measurements, and S is the slope
of the calibration plot) (Fig. 5b). Correspondingly, as
shown in Fig. 5c and d, the UV-vis absorbance inten-
sity of AuNPs reduced gradually with increasing con-
centrations of BPA and shown good linear relationship
ranging from 180 nM to 550 nM with a LOD of
50 nM. Based on fluorescent and colorimetric dual
mode detection, we can more accurately and intuitively
detect BPA.

Compared with most other previously published strat-
egies for BPA detection (Table 1), the method here is
capable of offering higher detection sensitivity and se-
lectivity, with less cost and lower environmental
toxicity.

The selectivity of the method was investigated by
observing potential interferences of other molecules
such as analogues (phenol, hydroquinone, 4,4'-
dihydroxybiphenyl, bisphenol S, bisphenol F, o-nitro-
phenol, paranitrophenol), and some ions (Fe’*, Fe*',
Cu®", cu®, Hg*", Ca*’, Ba’", $?7, NO;~, Pb*", Hg*"
and Ag"). As clearly shown in Fig. 6, these competitors
did not interfere with the results of the proposed
method.

Application to real samples

To evaluate this method in real samples, the assay is
used to determine BPA in tap water. The fluorescence
results demonstrate that all samples do not contain
any detectable amount of BPA. Then, different con-
centrations of BPA standard solutions are added in
the samples to perform the recovery experiments.
The spiked samples are directly analyzed according
to the fluorescence assay procedures described above
without any further pretreatments. As summarized in
Table 2, the recovery varies from 95% to 101% with
relative standard deviation values of <1.2%, indicat-
ing that this method is highly reproducible and accu-
rate for routine analysis of BPA in tap water samples.
In addition, the acquired results were verified with a
HPLC method.
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Fig. 6 The specificity of our method against some potential interferences
hydroquinone (HQ), phenol, 4,4'-dihydroxybiphenyl (BP), bisphenol S
(BPS), bisphenol F (BPS), o-nitrophenol (0-NP), Paranitrophenol (4-NP),
Fe**, Fe*', Cu®*, Cu’, Ca®", Ba*", S, NO;, Pb>", Hg*>" and Ag". The
concentration of BPA is 250 nM and the others are the same concentra-
tion. Each data point represents the average value of three independent
experiments with error bars

Conclusions

To summarize, a novel method for detecting BPA is
proposed based on the specific recognition of aptamer
and the IFE of AuNPs on the fluorescence of NCDots.
This strategy possesses several advantages: Firstly, the
method is environmental-friendly and cost efficiency
since NCDots is low toxic and inexpensive. Secondly,
it is a quick and convenient detection because both sig-
nal probe and aptamer do not need labeling or modify-
ing. Thirdly, the assay can greatly shorten the time re-
quired for analysis by avoiding the separation and wash-
ing steps. The whole detection process can be complet-
ed in 35 min. In addition, through merely replacing the
corresponding aptamer, this method can be further uti-
lized to analyze a wide range of small molecules. The
main limitation for the application of this method in
analysis may be the interference from fluorescence spe-
cies emitting on the ultraviolet-visible range. Further
attention may be focused on the development of near
infrared (NIR) emitting CDots-based aptasensor.

Table 1 Comparison of linear

range and LOD of different Method System LOD Linear range References

fluorescence methods for

detection of BPA. (MIP: Fluorescence MIP-coated CDots 30 nM 1004200 nM [12]

molecularly imprinted polymers; Fluorescence CdTe QDs/AuNPs/NaCl/aptamer 1.86 ng/mL 10-80 ng/mL [13]

MG(}?: m;a gnetic oxidation Fluorescence labeled BPA aptamer/MGO 0.071 ng/mL 0.2-10 ng/mL [31]

raphene

grap Fluorescence MIP-coated AgNCs 0.02 pg/mL 0.2 pg/mL-2 mg/L [32]

Fluorescence NCDots/AuNPs/NaCl/aptamer 33 nM 10-900 nM This work
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Table 2 Application of this

method for the determination of Samples  Found Spiked (nM)  Determinded (nM) Recovery (%) RSD (%)
BPA in tap water and urine (nM) *
samples spiked with different This HPLC®  This HPLC  This HPLC
amounts of BPA (n =3) work work work
Tap - 80 78 82 97.5 1025 121 1.11
Water 100 99 104 99.0 1040 198 1.68
250 252 256 100.8 1024 191 1.28
Urine - 80 76 84 95.0 1050 156 1.23
100 101 106 101.0 1060 195 1.24
250 249 254 99.6 101.6  1.67 1.18

a the final concentration in sample

b method are described in detail in Electronic Supporting Material
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