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a b s t r a c t

A piezoelectric biosensor for detection of endocrine disrupting chemicals (EDCs) was developed by
incorporating chemical/biochemical recognition elements on the ceramic resonator surface for compe-
titive binding assays. A facile electrodeposition was employed to modify the sensor surface with Au
nanoparticles, which increased the surface area and enhanced the binding capacity of the immobilized
probes. Thiol-labeled long chain hydrocarbon with bisphenol A (BPA) as head group was synthesized and
self-assembled on the Au nanoparticle surface as the sensing probes, which showed a linear response
upon the binding of estrogen receptor (ER-α) ranging from 1 to 30 nM. Detection of estrone, 17β-
estradiol and BPA was achieved by integrating a competitive binding assay with the piezoelectric sensor.
In this detection scheme, different concentrations of EDCs were incubated with 30 nM of ER-α, and the
un-bounded ER-α in the solution was captured by the probes immobilized on the ceramic resonator,
which resulted in the frequency changes for different EDCs. The biosensor assay exhibited a linear
response to EDCs with a low detection limit of 2.4–2.9 nM (S/N¼3), and required only a small volume of
sample (1.5 ml) with the assay time of 2 h. The performance of the biosensor assay was also evaluated for
rapid and facile determination of EDCs of environmental relevant concentrations in drinking water and
seawater, and the recovery rate was in the range between 94.7% and 109.8%.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decades, increasing scientific and public attention has
been focused on endocrine disrupting chemicals (EDCs) because they
are able to mimic or antagonize the effects of endogenous hormones,
such as estrogens and androgens (Krishnan et al., 1993; Tabb and
Blumberg, 2006), and influence the central nervous system as well as
the reproductive system in human and wildlife (Colborn et al., 1993;
Waring and Harris, 2005). The definition of EDCs has been extended to
include a wide class of chemicals from natural and synthetic estrogens
and androgens to industrial chemicals (Fang et al., 2003; Liu et al.,
2009). Among these, estrogens such as estrone (E1), 17β-estradiol (E2),
estriol (E3) and bisphenol A (2, 2-bis (4-hydroxyphenol) propane, BPA)
are the main EDCs which have been found in rivers, seawaters and
even tap waters (Diamanti-Kandarakis et al., 2009). Many studies

suggested that chronic, low-level exposure to endocrine disruptors
might cause adverse biological effects in animals including
human (Damgaard et al., 2002; Diamanti-Kandarakis et al., 2009;
Tsutsumi, 2005). Therefore, in order to ensure drinking water
safety and protect local ecosystems, there is an urgent need among
research community, government and industries to develop sen-
sitive analytical tools to monitor these hazardous chemicals.

One of the EDCs, BPA, is an essential monomer for the production
of high quality food packing materials, such as epoxy coating and
polycarbonate plastic (Ash and Ash, 2005; Vandenberg et al.,
2007,2010). BPA is found in numerous consumer products, including
baby bottles, reusable water bottles, reusable food containers, as well
as in lacquers coating metal products such as water supply pipes
(Vandenberg et al., 2007,2010). Long-term BPA exposure has been
associated with reproductive disorders including decline in sperm
counts, birth defects because fetal exposure, increased incidence of
infertility, genital tract abnormalities, obesity, attention deficit hyper-
activity, and prostate and breast cancer (Delbes et al., 2006; Hamid
and Eskicioglu, 2012; McLachlan et al., 2006). E1 and E2 are two
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kinds of naturally produced estrogens that are mainly derived from
excreta of humans and livestock, and 16α-hydroxyestrone is the

hepatic metabolite of the natural estrone by 16α-hydroxylation
pathway (Hamid and Eskicioglu, 2012). E1 and E2 are known to be
carcinogenic for human females that may also cause breast pain,
nausea, headache, hypertension, and leg cramps (Ahmed et al., 2002;
Hamid and Eskicioglu, 2012).

Since EDCs are present in extremely low concentration level (e.g.,
o0.1–56 ng L�1 E1; 0.2–141 ng L�1 E2) in the environment (Gomes
and Lester, 2002), one of the main challenges for research is to develop
sensitive and accurate methods for determination of these chemicals.
Laboratory-based techniques, such as gas chromatography–mass
spectrometry (GC–MS) (Lu et al., 2013; Meesters and Schroder,
2002; Patil et al., 2011), liquid chromatography coupled with mass
spectrometry (LC–MS) (Di Carro et al., 2010; Magi et al., 2010), liquid
chromatography with electrochemical detection (LC–ED) (D’Antuono
et al., 2001), and high performance liquid chromatography (HPLC) (Lin
et al., 2011) are commonly used for detection of EDCs, in particular
BPA. These methods are highly sensitive and specific but also
expensive, time-consuming, and require skilled operators and labor-
ious pre-treatment such as pre-concentration and extraction stages,
and thus do not allow for point-of-care detection and rapid processing
of samples.

Immunoassays have been widely used as an alternative to
traditional chromatographic methods for environmental analysis,
which are highly sensitive and specific to the target chemical or
group of chemicals. To date, different kinds of immunosensors for
detection of EDCs have been reported, such as enzyme-linked
immunosorbent assays based on surface plasmon resonance
(Gutierrez-Gallego et al., 2009; Marchesini et al., 2005; Matsumoto
et al., 2005) and total internal reflection fluorescence (Rodriguez-
Mozaz et al., 2005; Tschmelak et al., 2004). Impedimetric (Rahman
et al., 2007) and potentiometric (Piao et al., 2008) immunosensors
were developed by using polyclonal antibodies coupled with con-
ducting polymers. Monoclonal antibody conjugated magnetic parti-
cles were used as pre-concentration and signal generating elements
in immunoassay systems (Matsunaga et al., 2003; Piao et al., 2008;
Tanaka et al., 2004; Xu et al., 2012). Although the above immuno-
sensors can selectively and sensitively detect EDCs, most of the
methods are relatively expensive due to large amount of enzyme or
antibody needed during testing. Therefore, it is important to develop
a simple, efficient, cost-effective, and sensitive analytical tool for the
determination of trace amounts of EDCs in the environment.

We have previously developed a novel piezoelectric biosensor
using lead zirconium titanate (PZT) ceramic resonator as the transdu-
cer for label-free, cost-effective, and direct detection of cancer bio-
markers (Su et al., 2013). The biosensor device showed high sensitivity
and fast detectionwith small amount of sample (1 μl). Since the signal
of the sensor platform depends on surface mass changes of the
transducer, it is difficult to detect the small molecular weight EDCs
directly using the immunosensor format. In this study, we developed a
label-free biosensor for model EDCs including E1, E2 and BPA by
integrating a competitive binding assay with the piezoelectric ceramic
sensor modified with specific probes. Our study demonstrated that the
piezoelectric ceramic biosensor assay may be used for rapid and
sensitive detection of EDCs in environmental samples.

2. Experimental

2.1. Chemicals

The standards of BPA, E1, E2, chloroauric acid (HAuCl4 �H2O), K3[Fe
(CN)6], K4[Fe(CN)6], KCl, NaH2PO4 and Na2HPO4, H3PO4, NaOH, hydro-
quinone (HDQ), o-bromophenol (2-BRP), 2,2′,4,4′-tetrabromodiphenyl

ether (PBDE-47), bovine serum albumin (BSA), 6-mercaptohexanol
(MCH), 11-mercapto-1-undecanol (MUD), 11-mercaptoundecanoic
acid, tert-butyl(chloro)diphenylsilane, acetonitrile, bromine-dichloro-
methane, dichloromethane, tetra-butylammonium fluoride were pur-
chased from Sigma Chemical Co. (St Louis, MO). Recombinant human
estrogen related receptor alpha (ER-α) ligand binding domain was
obtained from Life technologies Co. The phosphate buffer solution
(PBS, 0.1 M) was prepared by dissolving NaH2PO4 and Na2HPO4 in
doubly distilled water (DDW, resistivity418MΩ cm), and the pH
value was adjusted to 7.4 by adding H3PO4 and NaOH. All chemicals
used were of analytical grade unless otherwise stated.

2.2. Apparatus

A sensing scheme with two (dual) ceramic resonators connected
in parallel was applied based on our previous study (Su et al., 2013).
Two 40MHz ceramic resonators (separated by at least 100 KHz) were
connected in parallel and placed in a shieldingmetal box for frequency
measurement at the same time, in which one resonator was used as
the sensing unit and the other as the control unit. The ceramic
resonators had gold plated electrodes (0.39 mm2) on both sides. The
integrity of the electrode surface was inspected by scanning electron
microscope (XL30 ESEM FEG, Philips Electron Optics, Netherlands).

2.3. Electrochemical measurements

The electrochemical experiments were carried out on a CHI660c
potentiostat (CH Instruments Inc., Shanghai, China) in a conven-
tional three-electrode system. The sensor chip served as a working
electrode, an Ag/AgCl electrode was used as the reference elec-
trode, and a platinum wire was the counter electrode. The
electrodeposition was performed by cyclic voltammetric scanning
in a 0.1 M PBS (pH 7.4) containing 2 mM HAuCl4 from �1.25 V to
�0.7 V for different cycles (1, 2, 5 and 10 cycles, designed as 1-, 2-,
5- and 10-cycle) at a scan rate of 50 mV/s, and the surface area
evaluation of electrodes was conducted by cyclic voltammetric
scanning in a solution of K3[Fe(CN)6] (1 mM) dissolved in 1 M KCl.
Electrochemical impedance spectroscopy (EIS) measurements
were performed in 1 M KCl containing 5 mM K4[Fe(CN)6], and
5 mM K3[Fe(CN)6. The electrochemical impedance spectra were
recorded within the frequency range of 100 kHz and 100 mHz. The
amplitude of the applied sine wave potential was 5 mV.

2.4. Synthesis of thiolated-BPA and formation of self-assembled
monolayer

The synthesis of the thiolated-BPA (SH-BPA) involved multi-step
preparation under simple reaction conditions using the commercially
available starting materials (Fig. 1a). 11-Mercaptoundecanoic acid
(5 mM) was converted to a dimmer by the formation of a disulfide
bond in a bromine-dichloromethane solution (6 mM in 10 ml CH2Cl2)
at room temperature. After reaction for 10 min, the precipitate was
collected and washed with cold dichloromethane (5 ml) for three
times. The dimmer (4 mM) was further reacted with a tert-butyl
(chloro)diphenylsilane protected bisphenol-A (9 mM) using the
standard DCC (carbodiimide) coupling method (Hassner and
Alexanian, 1978) in a dichloromethane solution at room temperature.
The compound was then purified and isolated by flash column
chromatography. The protecting group on the BPAwas then removed
by tetra-butylammonium fluoride (10 equivalents) in an acetonitrile
solution. The desired compound was obtained and characterized
with high resolution mass spectrometer: Experimental (MþNa)
m/z¼877.4538; calc. m/z¼877.4512. The compound could dissolve
in an ethanol-water solution. By applying 1.5 μl of different ratios of
probe vs. spacer (MCH) solution to a gold electrode surface for 2 h,
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a self-assembled monolayer (SAM) with immobilized SH-BPA was
prepared. MUD was employed to replace the SH-BPA for non-specific
adsorption assay (control channel).

2.5. Binding of ER-α on SAM and detecting of EDCs using competitive
binding assay

After a SAM with immobilized SH-BPA was prepared, different
concentrations of ER-α at 0–35 nM were incubated with SAM/SH-
BPA for 2 h. After washing away the unbounded protein, the
frequency was measured and a linear ER-α binding curve was
obtained. For competitive detection of EDCs (E1, E2 and BPA),
different concentrations of E1, E2 and BPA were incubated with a
fixed concentration of ER-α for 2 h. Then 1.5 μl of pre-incubated

solution was added on the SAM for 2 h, where the un-reacted ER-α
would bind to the SAM/SH-BPA. After complete rinsing the
unbounded ER-α/EDCs, the frequency change upon different EDCs
for the competitive assay were examined.

The specificity of the biosensor was studied using three kinds
of environmental pollutants, including HDQ, 2-BRP and PBDE-47.
20 nM of these compounds (HDQ, 2-BRP and PBDE-47) or 10 nM
EDCs (E1, E2 and BPA) were incubated with 30 nM ER-α for 2 h,

respectively. Then 1.5 μl of incubated solution was added on the
SAM for 2 h, and the frequency changes were measured after
complete rinsing of the unbounded mixtures.

To investigate the utility of this ceramic biosensor for environ-
mental sample analysis, 5 nM of E1, E2 or BPA, the general level of
EDCs concentration found in surface waters, was spiked into tap
water (pH 7.6) and seawater (pH 7.8) to estimate the recovery rate.

3. Results and discussion

3.1. Design of the piezoelectric biosensor for EDCs

The PZT piezoelectric biosensor was integrated with a competitive
binding assay for the detection of EDCs. The sensor surface was first
modified with Au nanoparticles (NPs) to increase the surface area
and enhance binding capacity. To design the sensing interface of the
biosensor, thiol-labeled long chain hydrocarbon conjugated with BPA
as head group (Fig. 1a) was synthesized and self-assembled on the Au

surface as the sensing probes. The sensing mechanism was based on
the binding capacity of ER-α to the thiol-labeled BPA immobilized on
the sensor surface in the presence of E1, E2 and BPA in the format of
a competitive binding assay (Fig. 1b). Different concentrations of
EDCs were incubated with optimized concentration of ER-α, and the

unbounded ER-α was detected by the biosensor. The sensor signal
was generated by monitoring the frequency change before and after
the immune-reaction.

3.2. Modification and characterization of the gold NPs layer

Various types of NPs have been successfully used in analytical
and electrochemical applications. Nanostructure modified electro-
des often exhibit significantly enhanced active area for attaching
probe molecules and improved electrochemical properties (Wang
et al., 2013a, 2013b; Yi et al., 2013; Zhang et al., 2009). For
examples, biosensors modified with Au NPs (Lin et al., 2012;
Zhen et al., 2012), magnetic NPs (Chuah et al., 2012; Wang et al.,
2010; Zhang et al., 2007) or conducting polymer nanomaterials
(Choong and Milne, 2010; Gerard et al., 2002; Wang et al., 2013a)
have shown greatly improved detection sensitivity.

To enlarge the surface area and enhance the binding capacity of
the biosensor, we modified the sensor electrodes with different-
sized Au NPs by a facile electrodeposition (Ma et al., 2009) with
different cyclic voltammetric scan cycles. Fig. 2 depicts the
typically scanning electron microscopy (SEM) images of the
original (bare) electrode (Fig. 2a) and the Au NPs modified
electrodes (Fig. 2b–e), respectively. As shown in the images,
a remarkable feature is that the surface of the original electrode was
scraggly and smooth (Fig. 2a), while the surface of the modified
electrode was coated with a layer of uniform NPs (Fig. 2b–e). The
sizes of the NPs on the modified electrode increased from �15 nm
(1-cycle), to �25 nm (2-cycle), �50 nm (5-cycle), and �65 nm
(10-cycle) as shown in the enlarged SEM images (insets of Fig. 2b–e).

3.3. Electrochemical characterization of the modified electrodes

The surface areas of the electrodes were evaluated by an
electrochemical method. Fig. 3a shows the cyclic voltammetry
response of the bare and modified electrodes in 1 M KCl solution

Fig. 1. The procedure of thiolated bisphenol A synthesis (a), and competitive binding assay for EDCs detection (b).
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containing 1 mM K3[Fe(CN)6] at a scan rate of 100 mV s�1. The
actual areas of the electrodes can be estimated according to the
Randles–Sevcik equation (Bard and Faulker, 2001):

Ip ¼ 2:69� 105n3=2AD1=2
0 c0v1=2

in which Ip, n, A, D0, C0, and v represent the redox peak current (A),
the number of electrons per molecule oxidized or reduced (n¼1),
the electrode surface area (cm2), the diffusion coefficient of K3[Fe
(CN)6] in 1 M KCl (7.6�10�6 cm2 s�1) (Tang et al., 2009), the
concentration of redox species (mol cm�3), and the scan rate
(V s�1), respectively. The peak current increased gradually from
6.1�10�7 A at the bare electrode (Fig. 3a, 0-cycle) to 6.7�10�7 A
(1-cycle), 7.4�10�7 A (2-cycle) and 8.3�10�7 A (5-cycle) at Au
NPs modified electrodes, respectively, and rose slightly at the
modified electrode with 10 scanning cycles. The real surface areas

of the bare and Au NPs coated electrodes (5-cycle) calculated
according to the equation were 0.52 and 0.71 mm2, respectively,
which means the surface area of the modified electrode was
enlarged by 1.4 times. Besides, the actual surface area
(0.52 mm2) of the bare electrode is larger than the geometric area
(0.39 mm2) because of surface roughness of the gold plated
electrode (Fig. 2a). As the surface area of Au NPs modified
electrode do not increase after 5 cycles scanning deposition, the
5-cycle electrodes were used to study further.

Electrochemical impedance spectroscopy (EIS) has been used
as an effective laboratory-based research tool for probing the
features and performance of chemically-modified electrodes. In
EIS, the semicircle portion observed at high frequencies corre-
sponds to the charge transfer resistance (Rct). The parameter Rct
was obtained by fitting the impedance spectra to the Randles
equivalent circuit as illustrated in Fig. 3b (inset). In the presence of

Fig. 2. SEM images of bare electrode (a) and Au NPs modified electrodes (b–e). The insets in (b–e) are the enlarged image of modified electrodes.
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redox probe ([Fe(CN)6]3�/[Fe(CN)6]4�), the resistance of surface Rct
was affected by the electrodeposition Au NPs, the modification with
SAMs (MCH/MUD, MCH/SH-BPA), and also the binding with ER-α
(Fig. 3b). Before modification, Rct of the bare electrode was about
715Ω (Fig. 3b, curve 1). The addition of Au NPs on the electrode gave

a lower resistance of around 618Ω (Fig. 3b, curve 2), because the
excellent electrochemical properties of Au NPs facilitated the electron
transfer process. After SAMs of MCH/MUD and MCH/SH-BPA were
assembled on the Au NPs modified electrodes, the resistance
increased to 1283Ω and 1475Ω, respectively. Finally, after incubat-

ing 1.5 ml of 25 nM ER-α with the SAM, the Rct obtained from both

SAMs increased, but the value on MCH/SH-BPA (9565Ω, Fig. 3b,

curve 6) was much greater than that on MCH/MUD (1817Ω, Fig. 3b,

curve 5), suggesting that ER-α molecules were bound to the specific
probes (SH-BPA) and blocked the electron exchange between the
redox probe and the electrode (Fig. 3b, curve 6).

3.4. Optimizing the mixed SAM layer and binding of ER-α
to SH-BPA on SAM

For specific sample detection, a dual sensor chip was used. One
was modified with SH-BPA conjugated SAM as specific probes and
the other was coated with SAM of MUD (with the same length of
hydrocarbon chain as the probe) as control channel to measure
non-specific adsorption. To investigate the ER-α binding capacity
of the mixed SAMs, different ratios of probe (0.5, 1.0, 2.0, 5.0 and
10.0%) over spacer (MCH) were self-assembled on sensor surface
for 2 h. After washing, ER-α at 25 nM was incubated with the SAM
layer for 2 h, and the frequency was measured after washing away
the unbound ER-α. As shown in Fig. 4a, the frequency change (Δf)
increased with the percentages of probe from 0.5% to 2.0% before
decreased with higher ratios of the probe. 2.0% molar ratio of the
probe showed the highest ER-α binding capacity. This is probably
due to steric hindrance (Jung et al., 2000; Deng et al., 2006) on the
SAM with high ratios of probe, which is unfavorable to the binding
of ER-α to the SAM. The frequency changes at Au NPs modified
sensor were much larger than the bare electrode (without Au NPs
modification), since the Au NPs increased the surface area and
enhanced the binding capacity of the immobilizing probes (Saha
et al., 2012). To optimize the incubation time, 25 nM ER-α was
incubated with SAM/SH-BPA from 0.5 to 5 h, and the frequency

was tested after washing the unbound ER-α. The results suggested
that an incubating time of 2 h could lead to the binding saturation
(Supplemental, Fig. S1).

As described above, the mixtures with the ratio of 2.0% probe or
MUD over spacer were self-assembled on sensor electrodes. Then,
different concentrations of ER-α from 0 to 35 nM were incubated
with SAM/SH-BPA or control SAM/MUD for 2 h, and the frequency
was measured after removing the unbound protein (Fig. 4b).
The frequency changes increased linearly with the concentration of
ER-α from 1 nM to 30 nM on the SAM/SH-BPA and with a correlation
coefficient of 0.9703. Although non-specific adsorption on the
SAM/MUD surface was also observed to be proportional to the
concentration of ER-α, the changes were nonetheless much lower
than the specific binding on the SAM/SH-BPA sensor, indicating
that the SH-BPA probe enhanced the binding capacity of the
sensor surface for ER-α. In addition, to test the specific/non-
specific adsorption of the SAM/SH-BPA, the same concentrations
(0–35 nM) of BSA (BSA has similar molecular weight to ER-α) were
used to incubate on the SAM/SH-BPA sensor surface. The data
showed that the BSA adsorption on the sensor layer is similar to
the non-specific adsorption of ER-α on the SAM/MUD surface
(Supplemental, Fig. S2), which confirmed the specificity of the
developed sensor probe for ER-α binding.

Adsorption of proteins at surfaces of self-assembled organic
monolayers (SAM) is a complex process; different SAMs may
induce different extents of protein adsorption (Prime and
Whitesides, 1991; Abramov et al., 2004; Jin et al., 2009). The basic
mechanism of protein adsorption is dependent on the nature of
the protein itself, the medium in which it is positioned, and the
nature of the SAM surface (Andrade, 1985; Masson et al., 2006).
Proteins have hydrophobic, ionic, and polar domains, and protein
adsorption to SAM surfaces is common, since the surface of SAM
also exhibits hydrophobic, ionic, or polar properties. The non-
specific adsorption of ER-α protein on the sensor surface observed
in this study is relatively high, which is probably due to the much
longer length of the probes than the spacers, because the hetero-
geneous lengths increased accessibility of protein to the sensor
surface as previously reported (Mittler-Neher et al., 1995; Patel
et al., 1998; Choi et al., 2005).

There are a number of methods that may be used to
reduce non-specific protein adsorption, which will be the
subject of subsequent study. For example, poly(ethylene

Fig. 3. (a) Cyclic voltammetric profiles acquired from the bare electrode and modified electrodes (1-, 2-, 5- and 10-cycle) in 1 M KCl solution containing 1 mM K3[Fe(CN)6] at
a scan rate of 100 mV/s. (b) Nyquist diagram of EIS recorded from 100 kHz and 100 mHz for [Fe(CN)6]3�/[Fe(CN)6]4� (5 mM, 1:1) in 1.0 M KCl at bare electrode (curve 1),
Au NPs modified electrode (curve 2), SAM (MCH/MUD, curve 3; MCH/SH-BPA, curve 4) coated electrodes, ER-α bound electrodes (bound to the MCH/MUD, curve 5; bound to
the MCH/SH-BPA, curve 6). The inset represents the Randles equivalent circuit model.
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glycol)-terminated thiols (such as carboxyl-PEG12-thiol) may be
employed to replace the spacer alkanethiols to resist proteins
adsorption on the SAM (Prime and Whitesides, 1991; Wang and
Kreuzer, 1997). In addition, N-hydroxysuccinimide ester alka-
nethiols have been reported to have the ability to reduce
proteins adsorption on the SAM (Frederix et al., 2004). Further-
more, by attaching amino acids to alkanethiols for the formation

of SAM, non-specific adsorption of proteins from solution may
be limited (Chapman et al., 2000).

3.5. Detection of EDCs by competitive binding assay

Most of the EDCs are small molecules and difficult to be detected
directly by a piezoelectric sensor. Therefore, a competitive binding

Fig. 4. (a) Optimization of probe and spacer molar ratio for ER-α binding at 25 nM and (b) binding assay of different concentrations (from 0 to 35 nM) of ER-α to MCH/SH-BPA.

Fig. 5. Competitive binding assay for E1 (a), E2 (b) and BPA (c) detection. (d) The specificity of the biosensor was verified by the response to three non-specific environmental
pollutants (HDQ, 2-BRP and PBDE-47).
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assay was integrated to indirectly determine these compounds. Firstly,
the optimum amount of ER-α (30 nM) was used to incubate with
various concentrations of E1, E2 or BPA (0–40 nM) for 2 h. Then, by
assaying the free ER-α of the incubated solution, the concentra-
tions of E1, E2 and BPA could be calculated. The frequency changes
upon different E1, E2 and BPA concentrations for the competitive
biosensor assay could be used to construct the standard curves.
Fig. 5 depicts the frequency changes upon the binding of free ER-α
to the sensor surface modified with SAM/SH-BPA in the presence
of EDCs. The result showed that frequency shifts were minimal at
control channel (SAM/MUD), while specific probe binding resulted
in significant frequency changes with only small amount of
samples required (1.5 ml). As shown in Fig. 5a–c, the higher
concentration of EDCs in the solution the less free ER-α remained
in the incubated solution. The frequency changes decreased with
increasing concentration of E1 (Fig. 5a), E2 (Fig. 5b) and BPA
(Fig. 5c), respectively. The linear detection ranges of E1, E2 and BPA
were 1–32 nM (with a correlation coefficient of 0.9930), 1–32 nM
(with a correlation coefficient of 0.9807), and 1–35 nM (with a
correlation coefficient of 0.9973), respectively. The detection limits
of (S/N¼3) E1, E2 and BPA were calculated to be 2.4 nM (0.65 ng/
ml), 2.6 nM (0.71 ng/ml) and 2.9 nM (0.66 ng/ml), respectively,
which are lower than or comparable to values from the literature
(Mei et al., 2013; Piao et al., 2008; Rahman et al., 2007; Wu et al.,
2012; Xu et al., 2012).

3.6. Biosensor specificity and application to environmental water
samples

The specificity of the biosensor was tested by incubating with
20 nM of three types of environmental pollutants (including HDQ,
2-BRP and PBDE-47) or 10 nM EDCs (E1, E2 and BPA) with 30 nM
ER-α for 2 h, respectively, followed by measuring the amount of

the free ER-α in the incubated solution. As illustrated in Fig. 5d,
obvious decrease of frequency changes observed in the presence of
EDCs, while there were no decreases in the presence of other types
of environmental pollutants, indicating the biosensor has a good
specificity for EDCs detection.

To further validate the accuracy and application of the devel-
oped method, we spiked 5 nM of E1, E2 and BPA, the general
concentration level of EDCs found in surface waters, into tap water
(pH 7.6) and seawater (pH 7.8) and conducted the recovery
experiments. Both the tap water and seawater samples were
filtered through a 0.22 mm membrane filter. Table 1 tabulated the
performance of the analytical method on the various sample
matrices. The recoveries of E1, E2 and BPA from tap water were
in the range from 94.7% to 102.6%, and the values from seawater
were 106.4–109.8%. The results confirmed that this biosensor
assay would be a useful screening test for EDCs residues in
environmental samples. The relative standard deviations (RSD)
are o6.8% for 3 successive assays. This result is comparable to
other methods (Meesters and Schroder, 2002; Mei et al., 2013;
Piao et al., 2008; Tschmelak et al., 2004; Xu et al., 2012), where the

recoveries of EDCs were found in the range between 92.0% and
110.0%.

4. Conclusion

A novel piezoelectric ceramic biosensor for label-free, low cost,
and direct detection of EDCs was developed. A thiolated-BPA was
synthesized and self-assembled on Au NPs modified ceramic
sensor surface as a specific probe for detecting E1, E2 and BPA
through a competitive binding assay. The piezoelectric ceramic
biosensor exhibited excellent sensitivity, good reproducibility and
specificity towards the quantification of EDCs using a small volume
of sample (1.5 ml), with wide linear range and fast assay time. The
piezoelectric ceramic biosensor platform may be used for rapid
and sensitive detection of EDCs in environmental samples, and
further research will focus on reducing non-specific adsorption
and utilizing the miniaturized size of the ceramic resonators to
develop sensor arrays for multiplex detection.
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