
Research Article
Target-Induced Aggregation of Gold Nanoparticles for
Colorimetric Detection of Bisphenol A

Sung Hyun Hwang,1 Sehan Jeong,1 Hyung Joo Choi,1 Hyunmin Eun,1 Min Geun Jo,1

Woo Young Kwon,1 Seokjoon Kim,1 Yonghwan Kim,2 Miran Lee,2 and Ki Soo Park 1

1Department of Biological Engineering, College of Engineering, Konkuk University, Seoul 05029, Republic of Korea
2Daisung Green Tech, Seongnam, Gyeonggi-do 13216, Republic of Korea

Correspondence should be addressed to Ki Soo Park; kskonkuk@gmail.com

Received 20 February 2019; Revised 10 July 2019; Accepted 1 August 2019; Published 8 September 2019

Academic Editor: Ilaria Fratoddi

Copyright © 2019 Sung Hyun Hwang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Bisphenol A (BPA) is used in a wide variety of consumer products owing to its beneficial properties of optical clarity, shatter
resistance, and heat resistance. However, leached BPA has been shown to disturb the endocrine system and could cause cancer
even at low concentrations, which has led to public concern. To reduce the toxic effects caused by BPA, it is important to
monitor the BPA levels and its presence in products in a simple, rapid, and on-site manner. Here, we propose a new
colorimetric strategy for the simple and rapid detection of BPA employing a DNA aptamer, a cationic surfactant, and gold
nanoparticles (AuNPs). Using the developed system, the presence of BPA can be successfully determined based simply on a
visually detectable color change from red to blue, triggered by aggregate formation of the AuNPs, which can be monitored even
with the naked eye. Under the optimized conditions, this system could detect BPA with excellent selectivity and sensitivity, and
its high performance was validated in the receipt obtained from local market and BPA-spiked tap water samples, ensuring its
practical applicability. Moreover, the limit of the detection of the system was determined to be 97 nM, which is below the
current tolerable daily intake level, demonstrating its suitability for toxicity assessment and on-site quality control in a more
economical manner when compared with conventional methods.

1. Introduction

Bisphenol A (BPA) is a widely used material for diverse con-
sumer products as the main constituent of polycarbonate
plastics and epoxy resins, including CDs, food storage con-
tainers, paints, and protective coatings, owing to its beneficial
properties of optical clarity, shatter resistance, and heat resis-
tance [1]. BPA was first approved by the Food and Drug
Administration in the 1960s, but concerns have been raised
in recent decades about its possible negative impact on
human health [2]. In particular, BPA leached from the prod-
uct has estrogen-mimicking properties and can thus bind to
estrogen receptors, thereby interfering with the endocrine
system [3, 4]. In addition, BPA has been associated with
carcinogenesis and can interfere with the immune response
and nervous system through various cell signaling pathways
[5–7]. Thus, the European Food Safety Authority estab-

lished the tolerable daily intake (TDI) at 0.05mg BPA/kg
body weight per day [8].

Accordingly, it is essential to develop effective methods
for preventing the toxic effects of BPA. The conventional
methods rely on chromatography-based techniques, such as
high-performance liquid chromatography (HPLC) [9, 10]
and liquid chromatography mass spectrometry [11, 12],
and enzyme-based method such as enzyme-linked immuno-
sorbent assay [13]. However, these methods are limited for
on-site application owing to the bulky instrumentation and
expensive enzymes required; thus, extensive effort has been
paid to developing simpler and more economical alternative
BPA detection methods. Notably, colorimetric strategies that
enable rapid and immediate visual detection of the presence
of BPA have received special attention [14, 15]. Representa-
tive examples of such methods utilize DNA aptamers, which
are in vitro selected single-stranded DNAs that specifically
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bind to BPA and gold nanoparticles (AuNPs) [16, 17]. In
addition, different types of chemicals such as conjugated
polymers and high concentrations of salts are used to regu-
late the assembly of AuNPs [18–21], which leads to the tran-
sition from a dispersed (red color) state to an aggregated
(blue color) state. However, they still have drawbacks such
as the requirement of the expensive conjugated polymers or
vulnerability to the false-positive/negative signals.

In this study, we expanded the aptamer-based colorimet-
ric strategy for the effective analysis of BPA using the cationic
surfactant, cetrimonium bromide (CTAB). As compared to
previous approaches in which the chemicals such as conju-
gated polymers and salts only serve as the aggregation agents
for AuNPs, the positively charged head and hydrophobic
tails in a single CTAB molecule allow for the direct induction
of the aggregation of AuNPs while also interacting with DNA
aptamers [22]. More importantly, CTAB is a relatively inex-
pensive and widely available reagent, which forms supramo-
lecules with DNA aptamers only in the absence of target
molecules [23], thereby effectively preventing the aggregation
of AuNPs to result in a low background signal and facilitate
sensitive and specific detection [24]. Using this proposed sys-
tem, we successfully determined the presence of BPA in less
than 20min based on the direct color change that could be
detected with the naked eye. In addition, we validated the
practical applicability of the method by detecting BPA spiked
in receipt and tap water.

2. Materials and Methods

2.1. Preparation of AuNPs. AuNPs were synthesized by
reducing chloroauric acid (HAuCl4) with sodium citrate
(Sigma, Korea). In brief, all glassware was first immersed in
aqua regia solution, a mixture of hydrochloric acid (HCl)
and nitric acid (HNO3) (Sigma, Korea) at a molar ratio of
3 : 1, and rinsed with distilled water. Next, the HAuCl4 solu-
tion (1mM) was mixed with sodium citrate (38.8mM)
under vigorous stirring and boiling at 100°C for 13min
until the color changed to wine-red. The resulting AuNPs
whose concentration was 4 42 × 1012 particles/mL (denoted
as “1X”) were stored at 4°C before use. The size of AuNPs
was determined to be 20 nm using dynamic light scattering
(DLS) (DynaPro Plate Reader, Wyatt Technology, USA)
(Figure S1).

2.2. Optimization of CTAB, DNA Aptamer, and AuNP
Concentrations. Different concentrations of CTAB and other
surfactants including dodecyltrimethylammonium bromide
(DTAB), cetylpyridinium chloride (CPC), and sodium dode-
cyl sulfate (SDS) (Sigma, Korea) were tested to find the opti-
mal concentration at which the AuNPs are effectively
aggregated. After mixing the presynthesized AuNPs (0.2X)
with different concentrations of CTAB in a reaction buffer
(70mM HEPES, pH7.4; Sigma, Korea), the absorbance
values were measured at 520nm and 650 nm on a Spectra-
Max iD5 multimode microplate reader (Molecular Devices,
USA). Once the optimal concentration of CTAB (4 μM)
was determined, various concentrations of DNA aptamers
were tested with this fixed concentration. The BPA-specific

DNA aptamer (5′-GGA TAG CGG GTT CC-3′) [25] and
the control DNA (5′-TTT TTT TTT TTA TTT TTT TTT
TTT AAG CTG GGA GAA AGA AAT GGA A-3′) (synthe-
sized by Bioneer, Korea) were incubated with CTAB (4 μM)
for 10min, and AuNPs (0.2X) were applied. The resulting
absorbance values were recorded at 520 nm and 650nm on
a microplate reader. In addition, the optimal concentrations
of AuNPs, CTAB, and DNA aptamer were also found by
evaluating the responses of the developed system in the
absence and presence of BPA (50 μM) (Figure S2).

2.3. Detection Feasibility, Sensitivity, and Selectivity. To deter-
mine the specificity of the system for BPA detection, 100nM
of the DNA aptamer was mixed with different concentrations
of BPA or other chemicals with a similar structure to BPA,
including diclofenac, tyrosine, tryptophan, and phenylala-
nine (all from Samchun Chemical, Korea), in reaction buffer
(70mM HEPES, pH7.4), and incubated for 10min at room
temperature, followed by the addition of 4 μM of CTAB
and incubation for 10min. The presynthesized AuNPs were
then added to the mixtures, and the resulting absorbance
values were immediately recorded at 520 nm and 650nm
on the microplate reader. All absorbance data are presented
as the A650/A520 ratio.

2.4. Tap Water Spiking Test. Mock samples containing BPA
were prepared by spiking different concentrations of BPA
in tap water (10%) and analyzed in the same manner
described above. For recovery determination, the standard
curve in tap water (10%) was constructed and used to detect
unknown concentrations of BPA in a sample.

2.5. Detection of BPA in the Receipt. The receipt (0.86 g,
8 × 16 cm) obtained from the local market was first cut
into some pieces. Next, the receipt was dissolved in
100mL of distilled water, which was heated at 100°C for
10min. Finally, the solution was filtered by a 0.2 μm filter
(Sartorius Stedim, Korea) to remove the large particles,
which was then subjected to the detection procedure.

3. Results and Discussion

3.1. Colorimetric Detection of BPA. The scheme for the col-
orimetric detection of BPA is illustrated in Figure 1. The
color change is based on the target (BPA)-induced aggrega-
tion of AuNPs. In the absence of BPA, a DNA aptamer that
specifically binds to BPA is retained in its native structure,
exhibiting a negative surface charge. Thus, CTAB, as a cat-
ionic surfactant, interacts with the DNA aptamer by forming
supramolecules, leaving AuNPs in a dispersed state [26, 27].
In contrast, in the presence of BPA, BPA takes up the apta-
mers to form aptamer-BPA complexes, so that CTAB inter-
acts with the negatively charged AuNPs, leading to their
aggregation [28]. Consequently, assay samples that do not
contain BPA display a red color, whereas those containing
BPA change to a blue color, which can be easily distin-
guished by the naked eye.

3.2. Optimization of CTAB, DNA Aptamer, and AuNP
Concentrations. Before determining the feasibility of this
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concept for BPA detection, we first optimized the concentra-
tions of CTAB and DNA aptamers, the key factors required
for successful operation of the developed system. We
assumed that the discrepancy between the concentrations
of CTAB and DNA aptamers could cause false-positive and
negative signals. For the quantitative analysis of the colori-
metric response, the A650 to A520 ratio, corresponding to
wavelengths of the aggregated (blue color) and dispersed
(red color) AuNP states, respectively, was spectrophotomet-
rically determined, in which a higher ratio indicates transi-
tion from a dispersed state to an aggregated state, i.e., the
presence of BPA [29].

As shown in Figure 2(a), with increasing CTAB concen-
tration, the A650/A520 ratio increased; since AuNPs were
completely aggregated with 4 μM CTAB, this concentration
was selected for further experiments. We then optimized
the concentration of the DNA aptamer using 4μM CTAB.
In line with the concept demonstrated in the schematic illus-
tration (Figure 1), the DNA aptamer interacted with CTAB
to form supramolecules, thereby preventing the aggregation
of AuNPs (Figure 2(b)). In addition, the responses of the pro-
posed method in the absence and presence of BPA were eval-
uated by changing the concentration of AuNPs, CTAB, and
DNA aptamer. The results in Figure S2 show that 0.2X of
AuNPs, 4 μM of CTAB, and 100nM of DNA aptamer are
ideal to achieve the highest signal changes in the presence
of BPA, which were used for further experiments. It was
also confirmed that CTAB is the most effective to generate
the colorimetric response in the presence of BPA (Figure S3).

3.3. Feasibility of BPA Detection with the Developed System.
The detection feasibility of the developed system was then
investigated under the optimized conditions. As shown in
the absorbance spectra in Figure 3(a), the sample solution

without BPA exhibited a maximum absorbance peak at
520 nm, the characteristic wavelength of dispersed AuNPs
(red color). By contrast, the sample solution containing
BPA showed the maximum absorbance peak at 650 nm, the
characteristic wavelength of aggregated AuNPs (blue color).
In addition, control DNA that does not bind to BPA was
tested to confirm the specificity of the interaction of the
DNA aptamer with BPA. As expected, the sample solutions
did not show a change from red to blue using the control
aptamer, as further evidenced by the maximum absorbance
at 520 nm with no significant change in absorbance regard-
less of the presence of BPA (Figure S4). Overall, these
results confirmed our hypothesis that the target (BPA) binds
to the DNA aptamer and, thus, CTAB cannot interact with
the DNA aptamer, which induces the aggregation of AuNPs
accompanied by a color change from red to blue, ensuring
the detection feasibility of this strategy.

3.4. Detection Sensitivity and Selectivity of the Developed
System. Next, we determined the sensitivity of the system
by measuring the A650/A520 ratio of samples containing dif-
ferent known concentrations of BPA. As shown in
Figure 4(a), the A650/A520 ratio increased linearly with
increasing concentrations of BPA (R2 = 0 9807) in the range
of 0–50 μM, demonstrating the linear equation A650/A520 =
0 013 × CBPA + 0 4703, where CBPA is the BPA concentration.
Based on the definition of the limit of detection (LOD),
3σ/S, where σ and S are the standard deviation of the
blank sample and the slope of the linear relationship,
respectively, the LOD was calculated to be 97 nM. This
value is comparable or slightly inferior to those obtained
for BPA detection with conventional methods (Table S1)
but is sufficiently low to detect BPA levels below the
current TDI (1500 μg/L = 6 57μM, calculated on the basis
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Figure 1: Schematic illustration (not drawn to scale) of colorimetric detection of BPA based on the target-induced aggregation of AuNPs.
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of the normally assumed 60 kg body weight) [14, 30].
However, the particular advantage of the newly developed
system is that it produces the visual colorimetric response
in less than 20min and does not require expensive
instrumentation as in HPLC-based detection.

The selectivity of the method was also evaluated by
employing chemicals that have aromatic groups like those
in BPA (tyrosine, tryptophan, and phenylalanine) in addition
to another harmful chemical (diclofenac). Figure 4(b) shows
that only solutions containing BPA caused the aggregation of
AuNPs, as manifested by the high A650/A520 ratio, while no
noticeable increases in the ratio were observed in the pres-
ence of the other chemicals. These results proved that this
system is highly selective to BPA, supporting that the specific

interaction of the DNA aptamer with BPA induces the
CTAB-mediated aggregation of AuNPs.

3.5. Detection of BPA Spiked in TapWater. Finally, we verified
thepractical applicability of theproposed systembydetermin-
ing the BPA content in spiked tap water. Specifically, mock
samples were prepared by spiking different concentrations of
BPA into tap water (10%). As shown in Figure S5, an
excellent linear relationship (R2 = 0 9799) was observed
between A650/A520 and CBPA in the tap water samples. Based
on this calibration curve, we determined the concentrations
of BPA in tap water with high reproducibility and precision,
as evidenced by the coefficients of variations and recovery
rates for samples containing both low (5 μM) and high
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Figure 2: Optimization of the concentrations of CTAB (a) and DNA aptamer (b) for successful operation of the developed system. (a) The
final concentration of AuNPs was 0.2X. (b) The final concentrations of AuNPs and CTAB were 0.2X and 4 μM, respectively.
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Figure 3: Detection feasibility of the developed system. (a) Absorbance spectra of the sample solutions without (0 μM) and with BPA at
different concentrations (5, 10, 25, and 50μM). (b) Photographs of the sample solutions (1: without BPA (0 μM); 2: with BPA (25 μM)).
The final optimized concentrations of AuNPs, DNA aptamer, and CTAB were 0.2X, 100 nM, and 4μM, respectively.
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(15μM) concentrations of BPA (Table S2). These results
confirm that the developed system enables the reliable
detection of BPA in real samples [18, 19].

3.6. Detection of BPA in the Receipt. Even though the results
in the tap water were promising, the tap water is relatively
pure and does not contain many impurities, which is hard
to reflect the real practical situation. Thus, we attempted to
check the amount of BPA in the receipt obtained from
the local market. As shown in Figure S6, the A650/A520
ratio increased linearly with increasing concentration of
BPA additionally spiked in the receipt solution (See
Materials and Methods for details) and the concentration
of BPA present in the receipt was determined to be
2.51 μM by the standard addition method (Table 1) [31].
In addition, varying concentrations of added BPA in the
receipt solution were accurately measured, as evidenced
by the coefficients of variations (13.4% and 0.241%) and
recovery rates (110% and 112%).

4. Conclusions

We developed a colorimetric strategy for the rapid and sim-
ple detection of BPA based on the target-induced aggregation
of AuNPs. For the effective transition from a dispersed state
to an aggregated state of AuNPs in the presence of the target

(BPA), the concentrations of the BPA-specific DNA aptamer
and a cationic surfactant, CTAB, were systematically opti-
mized. The presence of BPA results in complex formation
with the DNA aptamer, which frees CTAB to induce the
aggregation of AuNPs, resulting in the transition from red
to blue-colored solution. Importantly, this is the first report
to propose a colorimetric system for the detection of a small
molecule, BPA, based on the CTAB-mediated aggregation of
AuNPs. With the developed system that produces a colori-
metric signal that can be detected by the naked eye, we suc-
cessfully detected BPA in less than 20min, and its
sensitivity, selectivity, and practical applicability were dem-
onstrated. We expect that the developed system will be
applied to point-of-care settings, enabling the on-site detec-
tion of BPA and consequently reducing the concerns related
to its toxicity.

Data Availability

The data can be made available from the corresponding
author upon reasonable request.
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Figure 4: Detection sensitivity (a) and selectivity (b) of the developed system. The final optimized concentrations of AuNPs, DNA aptamer,
and CTAB used were 0.2X, 100 nM, and 4 μM, respectively. BPA and other chemicals (diclofenac, tyrosine, tryptophan, and phenylalanine)
were used at 25 μM each.

Table 1: Determination of BPA in the receipt.

Determined BPA (μM)a Amount of BPA added (μM) Measured BPAb (μM) SDc CVd (%) Recoverye (%)

2.51 5.00 5.49 0.735 13.4 110

25.0 27.9 0.067 0.241 112
aThis concentration is determined by diluting the receipt solution (100mL; See Materials and Methods) 20 times. bMean of three measurements. cStandard
deviation (SD) of three measurements. dCoefficient of variation CV = SD/mean × 100 % . eRecovery = mean/amount added × 100 % .
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