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a b s t r a c t

With increasing concerns of estrogenic effects of endocrine disrupting compounds, the development of
simple detection assay for these compounds is an ongoing need. Herein, a simple, rapid, and highly
sensitive assay for estradiol (E2) detection was developed using the ligand binding domain of estrogen
receptor a (LBD-ERa), the receptor interacting domain of steroid receptor co-activator 1 (RID-SRC1), and
gold nanoparticles (AuNPs). The colloidal AuNPs could be stabilized against a salt-induced aggregation by
adding LBD-ERa protein. However, with the presence of E2, the specific binding of LBD-ERa protein and
E2 led to a salt-induced aggregation of AuNPs as seeing from a color change from red to blue. This
developed assay exhibited a high sensitivity for E2 detection with the limit of detection (LOD) of
2.62 � 10�14 M. When the RID-SRC1 protein was included, the detection sensitivity was increased, which
the LOD for E2 was at 1.20 � 10�15 M. This assay was specific for a detection of E2 but not progesterone,
the negative control ligand. Results of this work clearly showed the efficiency of developed assay for E2
detection, which possibly further developed for an onsite monitoring of E2.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Estrogens are sex hormones that play important roles in both
males and females. Four types of estrogens are naturally produced
in human: estrone (E1), estradiol (E2), estriol (E3), and estetrol (E4)
[1]. In a male, estradiol that is converted from testosterone in the
brain and can regulate brain structure, neuronal arrangement, and
behavioral sex differences. In addition, estrogens control the
secretion of pituitary hormones and immune responses in the
thymus [2]. In a female, estrogens mainly regulate the reproductive
system, including a development of the secondary sexual charac-
teristics, control of menstrual cycle, andmaturation of reproductive
organs [3]. In addition, they are also involved in regulation of other
non-reproductive tissues including growth and development of
bone, maintenance and enhancement of skeletal muscle, and
development and repair of the brain [4]. Since humans may expose
to or consume the natural and synthetic estrogens in the environ-
ment, there are increasing concerns on these environmental es-
trogens to human health. Estrogens in the environment can be
divided into two major groups: xenoestrogens and phytoestrogens.
Xenoestrogens are compounds usually derived from industries that
can alter normal functions of estrogens in living organisms [5].
Phytoestrogens are plant-derived compounds that can exert es-
trogenic and/or antiestrogenic effects in living organisms [6]. Both
xenoestrogens and phytoestrogens are considered as endocrine-
disrupting compounds (EDCs) since they can bind to estrogen re-
ceptors (ERs) and interferewith biosynthesis, metabolism, or action
of the natural estrogens in living organisms. Xenoestrogens and
phytoestrogens can be detected in many products used daily
including cosmetics, detergents, flame retardants, food additives,
metal food cans, plastic bottles, pesticides, and toys [7]. They were
reported to alter production, excretion, transport, activity, or
destruction of natural hormones that mainly cause the reproduc-
tive disruption in human [7,8], wildlife species [9], and aquatic
species [10]. Many of EDCs negatively influence an estrogenic
signaling by interacting with the ligand binding domain (LBD) of
ERs: ERa and ERb [11]. Effects of EDCs through specific binding of
hormonal receptors and regulation of gene expression cause raising
questions and concerns of EDCs that cause certain diseases relating
to a reproductive system of male and female [12,13].

Due to concerns of EDCs, in vitro and in vivo screening assays
have been developed to determine an estrogenic activity of ques-
tionable chemicals, which are based on cell lines, primary cells,
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fish/frog embryos, yeast cells, and cell-free systems [14]. In vivo
assays allow the detection of effects arising from multiple mecha-
nisms in the whole body, which are necessary for improving and
facilitating estimation from in vivo animal data to the human sit-
uation [15]. In general, in vivo assays often require animal sacrifice,
spend high cost per experiment, and be labor-intensive, thus
inconvenient for evaluating the estrogenic activity of many samples
tested [16e18]. In contrast, in vitro assays are easy to perform,
highly sensitive, cost-effective, and time-saving, thus suitable for
high-throughput screening [15]. The principles of in vitro assays
rely on using either the established cell-based systems or the cell-
free systems to evaluate the estrogenic activity of the tested sub-
stances via their potential interaction with the ERs. In cell-based
systems, several cell types expressing ERs were used to evaluate
estrogenic substances via their binding to ERs, which lead to the
activation of a reporter gene. Examples of cell-based systems for E2
detection are the estrogen response element-luciferase (ERE-luc)
induction in MCF-7 and yeast cells expressing ERa and ERb
(~10�6 M E2), yeast estrogen screen (YES) assays (~10�5 E2) [19],
and the reporter gene assays (~10�7 M E2) [20]. In cell-free systems,
the interaction between ERs and the tested substance in a test tube
was evaluated using sensitive detecting agents such as luminescent
dyes, fluorescent dyes, and isotope labeling agents. Examples of the
cell-free assays are the ligand-competitive binding assay
(10�9e10�10 M E2) [21e24], the enzyme-linked immunosorbent
assay (ELISA) (1.8 � 10�7 M E2) [25], and radioimmunoassay (RIA)
for E2 determination (3.0 � 10�10 M E2) [26]. Comparing with the
cell-based assays, the cell-free assays are more rapid and possibly
performed in a 96-well plate format, thus suitable for screening of
large numbers of tested samples [27]. Althoughmany in vitro assays
have been developed, an assay with better simplicity, sensitivity,
and time-efficiency is still a challenge.

In recent years, gold nanoparticles (AuNPs) have been exten-
sively used in a wide range of applications such as disease di-
agnostics, therapeutics and chemical detections [28], due to the
unique optical and electrical properties. Their dispersive and
aggregated forms can be used for sensing target molecules via the
changing of color from red to purple-blue, which can be also
determined by surface plasmon resonance band shifts to longer
wavelength [29]. Thus, several AuNP-based sensing methods have
been developed as the simple, fast, and sensitive assays to screen
the estrogenic substances. Takatsuji and colleagues developed the
assay to detect E2 using the AuNPs modified by the short peptide
sequence of co-activator protein. The modified AuNPs were
induced to aggregate by the presence of both E2 and ER. The
sensitivity of this assay for E2 detection is approximately 25e50 nM
[30]. Several research groups reported on the E2 detection assays
based on DNA aptamers [31e33]. In these assays, DNA aptamers
could prevent a salt-induced aggregation of AuNPs, but with the
presence of E2, DNA aptamers specifically bound E2, resulting in an
aggregation of AuNPs. The sensitivity of the DNA aptamer assays for
E2 detection is quite high in a range of 4 nMe200 pM due to their
specific interaction, which is correlated to the low dissociation
constant (Kd) values of these aptamers for E2 (0.13 mMe11 nM)
[31e34]. It is interesting that the Kd values of these DNA aptamers
for E2 are still higher than the Kd values of the whole ERa
(0.1e1 nM) and the ligand binding domain (LBD) of human ERa
(100 pM) for E2 [35]. Since the binding affinity of the LBD-ERa
protein and E2 is greater than that of the DNA aptamer to E2, this
research is interested in developing an E2 detection assay, possibly
with higher sensitivity, based on the LBD-ERa protein. The LBD-ERa
protein can prevent a salt-induced aggregation of AuNPs, but with
E2, the protein specifically binds to E2, resulting in an aggregation
of AuNPs. In addition, the receptor interacting domain of steroid
receptor co-activator 1 (RID-SRC1) that can specifically bind to the
E2-bound LBD-ERa protein, was also included to enhance the
sensitivity and specificity of the developed assay.
2. Materials and methods

2.1. Materials

17b-estradiol and gold (III) chloride trihydrate (HAuCl4$3H2O)
were obtained from Sigma-Aldrich (USA). Other chemicals
including sodium chloride (NaCl) and tri-sodium citrate dihydrate
(Na3C6H5O7$2H2O) were purchased from BDH (England). All of the
chemicals were of at least analytical reagent grade. Progesterone
(PRG) was obtained from Tokyo Chemical Industry (Japan).
2.2. Production of LBD-ERa and RID-SRC1 proteins

The DNA encoding LBD-ERa and RID-SRC1 genes were amplified
by reverse transcription-polymerase chain reaction (RT-PCR)
technique. The complimentary DNA (cDNA) was reverse tran-
scribed from the total RNA of human breast adenocarcinoma cells
(MCF-7). The reaction (20 ml) contained 1 mg total RNA, 2.5 mMoligo
dT, 0.5 mM deoxyribonucleotide triphosphates (dNTPs), 1� buffer,
5 mM dithiothreitol (DTT) and 200 units SuperScript™ III RT
(Invitrogen, USA). The synthesis was performed at 50 �C for 1.5 h.

For amplifying of LBD-ERa DNA, the reaction (50 ml), contained
1 ml cDNA, 250 mM of dNTPs, 1� PCR buffer, 2.5 units of Taq DNA
polymerase (RBC, Taiwan) and 1 mM each primer. The PCR reaction
was carried out for 1 cycle at 94 �C for 2 min, and 30 cycles at 94 �C
for 30 s, 60 �C for 30 s, and 72 �C for 3 min. The primers specific for
LBD-ERa were designed according to the Genbank accession
number of NM_000125.3 (amino acids, 252e595): 50-AAAGGTGG-
GATACGAAAA GAC-30 and 50-TCAGACTGTGGCAGGGAAAC-30. The
amplified DNA was ligated into the protein expression vector, pPP-
30UA (5 Prime, UK) and subsequently transformed into Escherichia
coli strain M15 [pREP4] (Qiagen, USA). The positive clones on the
Luria-Bertani (LB) agar plate containing 50 mg/ml kanamycin and
50 mg/ml ampicillin were selected. The insert DNA of the recom-
binant plasmid was sequenced using the BigDye® Terminator v3.1
cycle sequencing kit by 1st BASE DNA Sequencing Services (1st
BASE Laboratories Sdn Bhd, Malaysia) to confirm the correct
nucleotide sequence and the correct open reading frame.

For amplify RID-SRC1 DNA, the PCR reaction (50 ml) was per-
formed, which contained 1 ml cDNA, 250 mM dNTPs, 1� PCR buffer,
2.5 units Taq DNA polymerase (RBC, Taiwan) and 1 mM each primer.
The primers specific to RID-SRC1 was designed according to the
Genbank accession number NM_003743.4 (amino acids,
316e1180): 50-TCAATTCAAGAGGATGG-30 and 50-CATGCCTGATC
TCATATTG-30. The PCR condition was to use 1 cycle at 94 �C for
2 min, and 30 cycles at 94 �C for 30 s, 60 �C for 30 s, and 72 �C for
3 min. The PCR product was used as the template for the second
PCR reaction, which used the specific primers containing NdeI and
BamHI restriction sites (underlined): 50-CCAATTCCA-
TATGTCAATTCAAGAGGATGG-30 and 50-CGGGATCCTTCATGCCT-
GATCT CATATTG-30. The amplified DNA was ligated into the TA
cloning vector, pTG-19T (Vivantis, Malaysia) and subsequently
transformed into E. coli strain DH5a. Later, the RID-SRC1 fragment
was excised from pTG-19T using NdeI and BamHI enzymes, ligated
to the expression vector, pET-15b (Novagen, USA) using T4 DNA
ligase (Vivantis, Malaysia), and subsequently transformed into
E. coli strain BL21 (DE3) pLysS (Novagen, USA). The positive clones
were selected on LB agar plates containing 50 mg/ml chloram-
phenicol and 50 mg/ml ampicillin. The correct nucleotide sequence
and open reading frame were confirmed before the positive clones
were used for protein induction.
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The recombinant proteins (LBD-ERa and RID-SRC1) were
induced in E. coli cells by 1 mM isopropyl-b-D-thiogalactopyrano-
side (IPTG) at 37 �C for 6 h. Bacterial cells were harvested by
centrifugation at 6000�g for 10 min and subsequently suspended
in binding buffer (20 mM sodium phosphate, 500 mMNaCl, 20 mM
imidazole pH 7.4, and 0.2 mg/ml lysozyme). After incubating at
37 �C for 10 min, bacterial cells were lysed by sonication (40%
amplitude, 0.6 s/cycle, 5 repeats, and 2 min/repeat). The cell sus-
pension was centrifuged at 10,000�g for 10 min at 4 �C and the
supernatant was collected. The recombinant proteins were purified
by a His-GraviTrap column (GE Healthcare, USA). The eluted pro-
teins were dialyzed at 25 �C for 12 h against 1� phosphate buffered
saline (PBS), propH 7.4 using a dialysis tube with the 3.5-kDa mo-
lecular weight cut-off. The protein concentration was determined
using Quick Start™ Bradford Protein solution (Biorad, USA). The
proteins were visualized on a 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel stained with
Coomassie brilliant blue G-250.

2.3. Synthesis of citrate-protected AuNPs

AuNPs were synthesized using the classical citrate reduction
method [36]. Colloidal AuNPs were prepared by rapidly injecting
2 ml of 58 mM sodium citrate solution into a boiling aqueous so-
lution (97 �C) of 1 mM HAuCl4 (20 ml) with vigorous stirring. An
obvious color change of the reaction mixture was observed from
transparent to dark blue and finally wine red. After being boiled for
4 min, the reaction flask was removed from the heat to allow the
reaction solution to cool at room temperature.

2.4. Characterization of AuNPs

The formation of AuNPs was monitored using a UVevisible
spectrometer (Analytikjena Specord® 250 Plus, Germany) in a range
of 300e900 nm with a resolution of 1 nm. The morphology, size,
and shape of AuNPs were analyzed by transmission electron mi-
croscope (TEM; Tecnai G2 S-Twin, FEI, USA). The TEM images and
selected area electron diffraction (SEAD) pattern were performed
using a conventional transmission mode using an accelerating
voltage of 200 kV. A drop of solution was placed onto a carbon-
coated Cu grid and air-dried. The diameter of AuNPs at random
locations (n ¼ 100 particles) was determined from TEM images
using the ImageJ program (NIH, USA). The histogram plot of the size
distribution of AuNPswas prepared by the Origin Pro 2015 software
program (OriginLab Corp., USA). The crystallographic character-
ization of AuNPs was carried out using a single crystal and wide-
angle powder X-ray diffraction (XRD) methods by means of a
Bruker D8 Advance/Discover diffractometer (Bruker, Germany)
with Cu Ka radiation (l¼ 1.5406Å). The XRD patternwasmeasured
in the range of diffraction angles 2q between 30� and 80� with a
step-width D2q of 0.02� and a sampling time of 10 s/step. A drop of
AuNP suspension was placed on a glass slide that is fitted into a
Perspex holder. The sample was dried before applying to the XRD
instrument.

2.5. Determination of the optimal LBD-ERa concentration to
stabilize AuNPs

The optimum concentration of LBD-ERa protein required to
inhibit the salt-mediated aggregation of AuNPs was determined by
taking 80 ml of 9 nM (1.8 ng/ml) AuNPs in thewell of a 96-well plate,
followed by addition of 20 ml of 0e5 mM of LBD-ERa solution in 1�
PBS. After 5min incubation at room temperature, NaCl solutionwas
added to obtain a final concentration of 125 mM. The resulting
changes in the color of AuNPs due to their aggregation were
determined by a Bio Tek® microplate reader and analyzed by a
Gen5™ 2.0 Data Analysis Software (BioTek Instruments, Inc.,
Winooski, VT, USA). The resulting change in the color (the disper-
sive and aggregated stages) of AuNPs was measured by the absor-
bance at 525 nm (A525). The optimal concentration of LBD-ERa
protein that maintained a dispersive stage of AuNPs was selected
and used in subsequent assays.
2.6. Specificity and sensitivity of the estrogenic detection assay
based on LBD-ERa and AuNPs

The specificity of the developed colorimetric assay for detecting
E2 was evaluated. Progesterone (PRG) was used as the negative
control ligand and bovine serum albumin protein (BSA) was used as
the negative control protein. In each well of a 96-well plate, 20 ml of
1.0 mM LBD-ERa or 1.0 mM BSA in 1� PBS was added, followed by
adding 15 ml of the standard E2 (10�4 M) or PRG (10�4 M) in 1� PBS
containing 2% DMSO. After incubating at room temperature for
5 min, AuNP suspension (80 ml) was added with a further incuba-
tion for 5 min. Then, NaCl was added to obtain a final concentration
of 125 mM and gently mixed before incubating for another 5 min.
The dispersive and aggregated AuNPs were analyzed by UVevis
spectra in a range of 300e900 nm.

The sensitivity of the developed assay was determined by
incubating 20 ml of 1.0 mM LBD-ERa with 15 ml of various concen-
trations of E2 (10�15e10�4 M) or PRG (10�15e10�4 M) for 5 min at
room temperature. To enhance the sensitivity of the assay, 1.0 mM
RID-SRC1 protein in 1� PBS (25 ml) was added and the mixture was
incubated for 5min before 80 ml AuNP suspensionwas addedwith a
further incubation for 5 min. NaCl was then added to obtain a final
concentration of 125 mM and incubated for another 5 min.
Changing colors of AuNPs were observed and the A630 and A525
were measured to determine the dispersive and aggregated stages
of AuNPs. The concentrations of E2 at the limit of detection (CLOD)
and limit of quantification (CLOQ) were calculated from Equations
(1) and (2), where a represents the y-intercept and b represents the
slope of the E2 calibration curve that was plotted between A630/A525
values and E2 concentrations (10�14e10�8 M) with the linear
regression fit (y¼ aþ bx) [37]. The YLOD and YLOQwere calculated by
Equations (3) and (4), where Yblank and SDblank were the average
A630/A525 value and the standard deviation determined from a
measurement of 10 blank samples in the condition without E2,
respectively.

CLOD ¼ ðYLOD � aÞ=b (1)

CLOQ ¼ �
YLOQ � a

��
b (2)

YLOD ¼ Yblank þ 3SDblank (3)

YLOQ ¼ Yblank þ 10SDblank (4)
2.7. Statistical analysis

All experiments were performed at least three replicates. The
results were given as mean ± standard deviation (SD). Statistical
analysis was calculated by one-way ANOVA with significantly re-
ported when p < 0.05. The treatment means were compared using
the least significant difference (LSD) at the 5% level and were used
to examine multiple comparisons between means according to
Tukey's using SPSS software, version 18.0 (SPSS, USA).
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3. Results and discussion

3.1. Production of LBD-ERa and RID-SRC1 proteins

In this study, the recombinant LBD-ERa and RID-SRC1 proteins
were produced in E. coli system. The amplified DNA fragments
encoding LBD-ERa and RID-SRC1 proteins were obtained by RT-PCR
with the sizes of 1035 and 2592 bp, respectively (data not shown).
They were ligated with the protein expression vectors, before
transforming into E. coli host strain which constitutively expresses
lac repressor protein at a high level. The expressed His-tagged re-
combinant proteins were purified by an affinity column chroma-
tography. The purified recombinant LBD-ERa and RID-SRC1
proteins of approximately 40 and 105 kDawere observed on a 12.5%
SDS-PAGE gel, respectively (Fig. 1). For the LBD-ERa protein, it
contains 12 a-helices arranged as a so-called a-helical sandwich
that forms the ligand binding pocket [38]. This polar pocket formed
by Glu353, Arg394 and a water molecule is well fitted with the
phenolic hydroxyl group (A ring) of E2 via hydrogen interaction. In
addition, in the distal part of the pocket, the 17b hydroxyl group of
E2 can form a hydrogen bond with His524 of Helix-11 [39]. Upon
ligand binding, the C-terminal Helix-12 is repositioned, thus
generating an active activation function 2 (AF2) for interacting with
coactivators. Coactivators typically bind on a hydrophobic surface
of the LBD-ERa generated by H-3, H-4 and H-12, via LXXLL
sequence motifs (L ¼ Leucine and X ¼ any amino acid) forming
amphipathic a-helices [40]. In this work, the partial sequence of
SRC1 coactivator, the RID-SRC1, was used, which contains three
consensus LXXLL sequence motifs that involve the binding to the
AF2 region of the LBD-ERa protein [41].
3.2. Characterization of the synthesized AuNPs

The unique physicochemical properties of AuNPs, which depend
on their shape, size, and surface chemistry, are achieved by the
Fig. 1. The purified LBD-ERa (A) and RID-SRC1 (B) proteins on a 12.5% SDS-PAGE gel. Lane 1
purified recombinant proteins. Arrows indicate the purified protein bands.
synthesis of uniform-sized nanoparticles. The strong absorbance
peak in a range of 520e540 nm as well as the color of the reaction
turning to red color can indicate the formation of AuNPs [42]. In this
work, the formation of AuNPs could be observed from the color of
reaction turning from yellow to red within 4 min. Fig. 2A shows the
synthesized AuNPs appearing in red suspension and the charac-
teristic peak of AuNPs at 525 nm, indicating a formation of AuNPs.
The size and shape of the synthesized AuNPs were further char-
acterized by TEM. Fig. 2B shows the TEM image of AuNPs with the
uniform size and spherical shape. By randomly measuring 100
particles, their size distribution was narrow in a range of
12.3e22.4 nm and the average diameter was 16.5 ± 2.4 nm.

To confirm the morphology of AuNPs, TEM-SAED and XRD an-
alyses were performed. Fig. 3A shows the SAED pattern corre-
sponding to the Bragg's planes to confirm the crystalline nature of
the AuNPs. The spots of diffraction were distributed on concentric
circles and the ring circles with d values of 0.468, 0.418, 0.292, and
0.251 Å, which were consistent with the plane families (111), (200),
(220), and (311) planes of the Au0 [43]. In addition, the result of XRD
analysis confirmed the crystalline nature of AuNPs. The XRD
pattern of the synthesized AuNPs is illustrated in Fig. 3B, which four
diffraction peaks at 2-theta values at 38.185�, 44.393�, 64.578�, and
77.549� were discerned to (111), (200), (220), and (311) of the face-
centered cubic (fcc) lattice of gold in agreement with the standard
data (Joint committee on powder diffraction standards (JCPDS) file
No. 04-0784) [43].
3.3. The optimal LBD-ERa concentration to stabilize the dispersive
AuNPs

In this work, the optimal concentration of LBD-ERa to inhibit an
aggregation of AuNPs in the presence of NaCl (to stabilize the
dispersive AuNPs) was determined, in order to develop the color-
imetric assay for detecting E2. As shown in Fig. 4, the optimal
concentration of LBD-ERa to completely prevent the NaCl-induced
is the whole bacterial cell lysate, lane 2 is the IPTG-induced cell lysate, and lane 3 is the



Fig. 2. The UVevis spectrum (A) and TEM image (B) of the synthesized AuNPs.

Fig. 3. The XRD and TEM-SEAD analyses of the synthesized AuNPs.
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aggregation of AuNPs was at 1 mM. At this concentration, the sus-
pension of AuNPs remained red and the A525 value reached the
maximal range at 0.82e0.87. At the lower concentrations of the
protein, the concentration ratios of the protein and AuNPs were not
suitable for preventing NaCl-induced aggregation of AuNPs, thus
appearing blue in color. The aggregation of AuNPs could be induced
by NaCl due to the binding between Naþ and carboxylic groups of
citrates surrounding AuNPs, thus neutralizing the surface charge
[44]. As a result, AuNPs were agglomerated into a larger size and
precipitated out as dark clumped particles [45]. In addition to Naþ,
other positive ions such as Kþ, Ca2þ, Cu2þ, and Fe2þ were also re-
ported to induce aggregation of AuNPs [46]. With the presence of
LBD-ERa protein, it was likely that the protein could prevent a NaCl-
induced aggregation of AuNPs via the electrostatic interaction to
the negatively charged AuNPs, thus maintaining the AuNPs in a
dispersive form [47]. The concentration ratio between the protein
and AuNPs could affect the stages of agglomeration and dispersion
of AuNPs under a salt condition [48].

3.4. Specificity of the developed assay for detecting E2

The specificity of the developed assay was determined by
comparing the uses of LBD-ERa and the negative control protein,
BSA, which does not specifically bind to E2. In addition to the
specific ligand, the negative control ligand (PRG)was also used. PRG
has a similar molecular structure to E2 but does not specifically
bind to the LBD-ERa protein. Fig. 5 shows the color changes and the
maximal absorbance of AuNPs under a fixed NaCl condition and
various combinations of proteins (LBD-ERa and BSA) and ligands
(E2 and PRG). Suspension of dispersed AuNPs appeared red in color
but with the presence of 125 mM NaCl, the AuNPs were aggregated
and seen in blue (Fig. 5A). However, with the presence of LBD-ERa
protein, AuNPs remained in a dispersed stage as determined from
red color and the maximal absorption at 525 nm (Fig. 5B (1)),
indicating that LBD-ERa protein inhibited the NaCl-induced ag-
gregation of AuNPs by recruiting Naþ from AuNPs, thus AuNPs
remained dispersed. With E2 at 10�4 M, the color of the mixture
changed from red to purple and became dark blue eventually
(Fig. 5B (2)). The absorbance of plasmon resonance band at 525 nm
decreased, while the absorbance at 600e700 nm increased. With
the presence of E2 (10�4 M), the interaction between E2 and LBD-
ERa protein resulted in a reduction of the binding between Naþ and
the protein, thus most Na ions bind to AuNPs and induce their
aggregation. The LBD-ERa protein contains 13 histidine residues,
which one of these, His524, resides in the ligand binding pocket
and interacts to E2 via hydrogen bond [49]. Therefore, an



Fig. 4. Effect of LBD-ERa concentrations on a stability of colloidal AuNPs in the pres-
ence of 125 mM NaCl as determined by the changes of solution color and the A525/A630

value. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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interaction between E2 and LBD-ERa protein could result in less
available positions of the protein for interacting with Na ions. To
confirm that this change was based on the specific binding to E2,
the negative control ligand, PRG (10�4 M), was used. The result
showed no blue color transformation of the suspension of AuNPs
(Fig. 5B (3)), clearly indicating that this detectionwas specific to E2,
the ligand of LBD-ERa. Moreover, to confirm that this E2 detection
was based on LBD-ERa protein, not any protein, the negative con-
trol protein, BSA, was used. The result showed that the suspension
of AuNPs remained red in color (Fig. 5B (4)), indicating that this
detection system was based on the LBD-ERa protein. In addition,
the mixture of BSA proteinwith PRG was tested and no aggregation
of AuNPs was detected (Fig. 5B (5)).

3.5. Sensitivity of the developed assay for E2 detection

To determine the sensitivity, the developed assay was used to
measure E2 at various concentrations (10�15e10�4 M). In addition,
Fig. 5. Absorption spectra of AuNPs under various combinations of proteins (LBD-ERa and BS
and without NaCl. (B) The absorption spectra of AuNPs under the condition with NaCl and
when E2 binds to LBD-ERa protein, it results in the conformational
change of the LBD-ERa protein that allows the specific binding of
the coactivator, RID-SRC1 protein. Therefore, in addition to LBD-
ERa protein, the RID-SRC1 protein was included to determine
whether it can enhance the sensitivity of the developed assay. Fig. 6
shows the color changes of the suspension of AuNPs (1.8 ng/ml) in
response to NaCl (125 mM) with the presence of different combi-
nations of the LBD-ERa (1.0 mM), RID-SRC1 (1.0 mM), E2 (10�4 M),
and PRG (10�4 M). The suspensions of AuNPs remained in red color
in the condition containing LBD-ERa protein, PRG, and NaCl, and
the condition containing both LBD-ERa and RID-SRC1 proteins,
PRG, and NaCl. These results suggested that both proteins did not
cause the aggregation of AuNPs in the condition without the spe-
cific ligand of LBD-ERa protein. However, in the condition con-
taining the LBD-ERa protein, its ligand (E2), and NaCl, the
suspensions of AuNPs turned to blue color due to the specific
binding between LBD-ERa protein and E2. Interesting, in the con-
dition containing both LBD-ERa and RID-SRC1 proteins, E2, and
NaCl, the suspension of AuNPs changed to a darker blue. It was very
likely that the interaction of the E2-bound LBD-ERa complex and
the RID-SRC1 protein resulted in a strong NaCl-induced aggregation
of AuNPs.

To further analyze the sensitivity of the assay, the dynamic range
of E2 detection was measured as the ratio of A630/A525 value and
plotted as a function of log ligand concentration. Fig. 7 shows the
effect of RID-SRC1 protein on a NaCl-induced AuNP aggregation in
the presence of LBD-ERa protein and the specific and non-specific
ligands, E2 and PRG, respectively. In the reaction with PRG, since
this ligand did not specifically bind to LBD-ERa nor RID-SRC1 pro-
teins, both proteins could protect AuNPs from a NaCl-induced ag-
gregation. Therefore, in both conditions, PRG could not influence an
increase in the ratio of A630/A525 at all concentrations. In contrast to,
the presence of increasing concentrations of E2 from 10�15e10�4 M
accelerated the apparent absorbance at A630 but decreased the
absorbance at A525, which could be seen from the color of AuNP
suspension changing from red to blue. The linear relationship of the
ratio of A630/A525 versus the E2 concentration showed that the E2
concentration can be quantitatively derived. The LOD and LOQ of
both conditions with and without the RID-SRC1 protein were
measured in the linear dynamic range of 10�14e10�8 M. For the
conditionwithout RID-SRC1 protein, the LOD is 2.62 � 10�14 M and
the LOQ is 4.80 � 10�14 M with a dynamic range from
10�14e10�8 M (R2 ¼ 0.952) (Fig. 7A and B). For the condition with
RID-SRC1 protein, the LOD is 1.20 � 10�15 M and the LOQ is
A) and ligands (E2 and PRG). (A) The absorption spectra of AuNPs in the condition with
various combinations of proteins and ligands.



Fig. 6. Color transformation of AuNPs under the condition with NaCl and various combinations of proteins (LBD-ERa and BSA) and ligands (E2 and PRG). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Effect of RID-SRC1 protein on NaCl-induced aggregation of AuNPs with the presence of LBD-ERa. (A) The color changes in the presence of various concentrations of specific
and non-specific ligands, E2 and PRG, respectively. (B) The linear response of the E2 detection assay that contained no RID-SRC1 protein. (C) The linear response of the E2 detection
assay that contained the RID-SRC1 protein. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.40 � 10�15 M with a dynamic range from
10�15e10�8 M (R2 ¼ 0.982) (Fig. 7A and C). The sensitivity of the
developed assay increased when the RID-SRC1 protein was
included. It could be explained that upon binding to E2, the
conformation of LBD-ERa protein was changed, thus recruiting the
RID-SRC1 protein [50e52]. The binding between the LXXLL motifs
of RID-SRC1 and the AF2 region of LBD-ERa depends on clusters of
charged residues flanking the AF2 interface and oppositely charged
residues flanking the a-helical motifs [53]. Thus, the binding be-
tween the E2/LBD-ERa complex and RID-SRC1 protein conceal their
negatively charged regions for interacting to Naþ ions, resulting in
the increased sensitivity of the system to detect E2. Results of this
work demonstrated that the constructed assay could detect E2 as
low as approximately 4.00 fM, which well corresponded to the low
Kd value of LBD-ERa for E2 (100 pM) [35]. This sensitivity was
higher than the DNA aptamer assays (4 nMe200 pM), which the Kd
values of the DNA aptamers for E2 were higher in a range of
0.1e1.0 nM [31e34]. It is important to point out that this developed
assay still required a microgram range of the recombinant proteins
and the production yields of the recombinant proteins in this work
were still low, making this assay still costly and inconvenient. On
this point, a use of synthetic DNA in the aptamer assay gains more
advantages.
4. Conclusion

The colorimetric assay based on the partial estrogen receptor
(LBD-ERa), the partial coactivator (RID-SRC1), and free AuNPs for E2
detectionwas developed as a rapid, specific and sensitive assay. The
detection could be completed within 20 min and possibly applied
for many tested samples. The specific interaction of the LBD-ERa
protein and E2 led to the specific interaction with the RID-SRC1
protein, resulting in a protein-ligand complex and an aggregation
of AuNPs under a salt-induction. The developed colorimetric assay
showed the specific detection for E2, but not for PRG, the negative
control ligand with a similar structure. The developed assay
demonstrated the linear range of E2 detection with a dynamic
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range from 10�15e10�8 M and the sensitivity for E2 detection as
high as 1.20 � 10�15 M.
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