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A B S T R A C T

Bisphenol A (BPA) is an endocrine disrupting compound that may have adverse developmental, reproductive,
neurological, and immune system effects. Low-level exposure to BPA is ubiquitous in human populations due to
its widespread use in consumer products. Therefore, highly sensitive methods are needed to quantify BPA in
various matrices including water, serum, and food products. In this study, we developed a simple, rapid, highly
sensitive and specific sensor based on an aptamer probe and AC electrokinetics capacitive sensing method that
successfully detected BPA at femto molar (fM) levels, which is an improvement over prior work by a factor of 10.
We were able to detect BPA spiked in human serum as well as in maternal and cord blood within 30 s. The
sensor is responsive to BPA down to femto molar levels, but not to structurally similar compounds including
bisphenol F (BPF) or bisphenol S (BPS) even at much higher concentration. Further development of this
platform may prove useful in monitoring exposure to BPA and other small molecules in various matrices.

1. Introduction

Bisphenol A (BPA) is a key monomer in the production of the most
common form of clear and shatter-proof polycarbonate plastic. Low-
level exposure to BPA is ubiquitous in human populations due to its
widespread use in consumer products. Evidence from in vitro studies
and in vivo animal models (Chen et al., 2015; Suvorov et al., 2015)
suggests that BPA's underlying endocrine disrupting mechanisms are
diverse, and may adversely impact endogenous hormone biosynthesis,
metabolism, and homeostatic balance (Yoon et al., 2014; Fenichel
et al., 2013).

A simple and affordable method to detect low levels of BPA in
environmental and biological samples would facilitate the evaluation of
environmental contamination and the various health risks associated
with endocrine disruption. Due to wide use of BPA in consumer
products, BPA has been detected in biological fluids of humans who
have had no known occupational exposure (He et al., 2009).
Conventional BPA detection methods include liquid chromatography
coupled with mass spectrometry (LC-MS) (Inoue et al., 2000), liquid
chromatography with electrochemical detection (LC–ED) (D’Antuono
et al., 2001), and gas chromatography coupled with mass spectrometry
(GC/MS) (Meesters et al., 2002). These methods are time-consuming
and require expensive instruments operated by highly skilled person-

nel. Recently, several biosensing approaches have been investigated for
BPA detection based on their high sensitivity and relatively low
operational cost. (Ragavan et al., 2013). These approaches include an
enzyme-linked immunosorbent assay (ELISA), a surface plasmon
resonance sensor, and various types of electrochemical sensors.
Among the latter technologies, electrochemical sensing may be most
applicable for rapid BPA detection due to low cost, ease of use, and high
throughput capacity (Hegnerová et al., 2010; Sajiki et al., 2008; Kim
et al., 2007). Current research with electrochemical sensing focuses on
emerging sensing materials. Materials including molecularly-imprinted
polymers (Avila et al., 2008), carbon-nanotube (Yang et al., 2010b;
Vashist et al., 2011), graphene (Ntsendwana et al., 2012; Ndlovu et al.,
2012), quantum dots (Yin et al., 2010), nanocomposites (Yin et al.,
2009; Cheng et al., 2016) and metal composites (Nambiar et al., 2011))
have been developed to increase the surface area of electrodes to
enhance current signals from redox reactions to achieve small molecule
detection.

In this study, we developed a simple, rapid, highly sensitive and
specific BPA sensor based on an aptamer probe and an AC electro-
kinetics (ACEK) capacitive sensing method (Cui et al., 2013; Li et al.,
2014; Rocha et al., 2016; Liu et al., 2016). Aptamers are synthetic
nucleic acid molecules that can bind to non-nucleic acid targets (e.g.,
small molecules, proteins, and cells) with high specificity and affinity.
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They are obtained through an in vitro selection process known as
systematic evolution of ligands by exponential enrichment (SELEX).
Aptamer, as a probe for affinity assay, has several advantages. It is
small in size, which is essential for a capacitive biosensor. It is highly
stable and flexible under different chemical testing environments,
making it adaptable to sample solutions with varying pH, temperatures
and ionic strengths, which may be stringent for methods such as
antibody based assays (Walter et al., 2012). This characteristic of
aptamers is important because detection was done with water as the
background solution, as opposed to commonly used phosphate-buf-
fered saline (PBS). When using the ACEK capacitive sensing method,
an AC signal at a fixed frequency is applied over an array of planar
microelectrode sensors in sample fluids. The AC signal induces ACEK
microflows to promote probe-analyte binding and at the same time
directly reads the interfacial capacitance change caused by molecular
binding at the interface of sensor electrode and sample fluid. Our prior
work using ACEK capacitive sensing demonstrated a BPA-specific
aptasensor modified from a commercially available microelectrode
array (Cui et al., 2015) or printed circuit board (Mirzajani et al.,
2017). In the present work, we used in-house microfabricated inter-
digitated electrodes as the sensor, with a characteristic length of 6 µm
versus the 1.4 µm used in previous work. The change in sensor design
is based on the finding that larger microelectrodes yield stronger ACEK
microflows for in-site enrichment of analyte molecules (Yuan et al.,
2014; Cui et al., 2016); BPA enrichment is predominated achieved
through ACEK microflows.

With the improved sensor design and use of an aptamer probe, we
successfully detected BPA at femto molar level in biological fluids. This
sensor also demonstrated good specificity, such that it was not
responsive to 4,4’-Methylenediphenol (bisphenol F, BPF) or 4,4’-
Sulfonyldiphenol (bisphenol S, BPS), which are common BPA sub-
stitutes. The further development of this sensing method may offer
valuable opportunities for the detection of other small environmental
molecules.

2. Sensing and enrichment mechanisms

2.1. Interfacial capacitance sensing mechanisms

When a pair of interdigitated microelectrodes is immersed in
electrolyte, the electrode impedance can be approximated as a network
of capacitors and resistors, including interfacial capacitors, charge
transfer resistance, and electrolyte resistance, as conceptually shown in
Fig. 1. Electrical double layer (EDL) is a structure that appears on the
surface of a microelectrode when it is exposed to a fluid. Electrically,
EDL can be modeled as a capacitor. The layers of counter ions and
surface charges are equivalent to the two plates in a capacitor, and the
plate separation distance is the EDL thickness. When aptamer mole-
cules are adsorbed onto the electrode surface, the interfacial capaci-
tance Cint will change due to the change in the thickness and surface
area of Cint, which can then be used to indicate the deposition of
aptamer molecules on the electrode.

Before the affinity assay, the electrode surface is immobilized with a
layer of aptamer molecules to achieve specificity for the targeted
particles. The interfacial capacitance can be approximated as
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where εs and εp are the permittivities of the EDL and the aptamer. Aint
is the electrode area and Dap is the aptamer thickness. DEDL is the
electrical double layer (EDL) thickness.

During sensing experiments, sample solution containing the target
molecules are applied over the functionalized electrodes. When the
aptamer begins to capture the molecular targets, the molecular

deposition on the sensor surface becomes thicker, and the interfacial
capacitance Cint is expected to change to
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where εt is the permittivity of the target particles, Dab is the bounded
molecular targets thickness, and Aint, binding is the effective area of
the interfacial capacitor (Assuming the electrode area remains the
same before and after the binding Aint= Aint, binding). From formula
(2), it follows that the change in the thickness of the dielectric layer will
cause a decrease in the interfacial capacitance. In this work, the
capacitive biosensing utilizes the change in Cint. Furthermore, the
normalized capacitance change rate is used to indicate aptamer binding
events. The normalized change in capacitance is
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Consequently, ΔC/Cint can be directly correlated with the amount
of bounded macromolecules on the electrode surface; this is a
quantitative detection method. Also, using the normalized capacitance
change rate, i.e. ΔC/Cint, helps to improve the test repeatability
because it is independent of the sensor area.

2.2. ACEK enrichment mechanism

ACEK is an effective method for in-situ analyte enrichment (Wu,
2008). An AC electric field can generate microflows through AC
electroosmosis (ACEO) (Wu et al., 2005; Hart et al., 2010) and/or an
AC electrothermal (ACET) effect (Lian et al., 2007; Yang et al., 2010a)
to carry bioparticles to the sensor, or directly exert force on an
uncharged particle through a mechanism known as dielectrophoresis
(DEP). Each of the three mechanisms (DEP, ACEO and ACET effects)
has been used for accelerated binding and detection.

DEP was utilized for enrichment and rapid detection of antibody
and bacteria in prior work (Li et al., 2015; Rocha et al., 2016). The DEP
velocity of a spherical particle is expressed as (Castellanos et al., 2003):

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥u a ε

η
R

ε ε
ε ε

E=
6

* − *
* +2 * ∇DEP

m

e

p m

p m

2
2

(4)

where εm and εp is the relative permittivity of the medium and

Fig. 1. Changes at the electrode surface due to the binding of specific target to
immobilized aptamer.
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particles, given as ε*=ε-jσ/ω (ε, σ, and ω being permittivity, conduc-
tivity, and angular frequency). a is the particle radius, and η is fluid

viscosity.
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is the real part of the Clausius-Mossotti factor

(Castellanos et al., 2003). Based on Eq. (4), DEP velocity is size
dependent; therefore it is not effective when enriching small molecules
such as BPA. Enrichment of macromolecules would be more effective
with fluid movements that carry molecules to the electrodes for
binding.

For small molecule detection, enrichment by ACEO or ACET
convection was found to be more effective than DEP (Cui et al.,
2016; Cheng et al., 2016). ACEO (Islam et al., 2007; Mirzajani et al.,
2016) and the ACET effect (Wu et al., 2007) both generate circulating
vortices at microelectrode surfaces to aid probe-analyte binding,
whereas ACEO typically dominates at low ionic strengths and the
ACET effect is more pronounced in fluids with higher ionic strength.
Under the influence of an inhomogeneous AC electrical field, ACEO
flow is caused by the movement of induced free ions in the double layer
under the electrical field tangential to the electrode surface. Due to the
viscosity between the free ions and fluid, the suspend fluid will be
dragged by the motion of free ions to form microflows. A generic
equation for ACEO fluid velocity is given as
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where η and εm are the viscosity and permittivity of the medium, E is
the tangential electric field and Δξ is the voltage drop over the charged
double layer. Usually ACEO is effective for fluid manipulation in
electrolytes with low electric conductivities ( < 10-2 S/m) in the low
frequency range ( < 100 kHz).

ACET velocity can be expressed as (Green et al., 2001):
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where E is the electric field strength, and T is the absolute temperature
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eous media. l is the characteristic length of the device, typically on the
order of electrode spacing. The ACET effect force could generate body
force on fluid, which will in turn induce microflows.

To evaluate the effectiveness of three ACEK mechanisms on
enrichment of BPA molecules, theoretical calculations based on Eqs.
(4)–(6) were conducted. Table 1 shows the calculated velocities of DEP,
ACEO and ACET effects on BPA molecules. (The detailed calculation
process can be found in the supplementary material.) Different fluid
conductivities were used for ACEO and ACET enrichment, correspond-
ing to optimal experimental conditions. It can be seen that the ACEO
velocity is much larger than the DEP and ACET velocities. Hence, the
ACEO effect was used in the present work for rapid and sensitive BPA
detection.

Molecular weight of BPA is 228.29 Da, which is equal to 3.79e-
25 kg; particle diameter is assumed to be 1 nm (a =0.5 nm). Relative
permittivity of fluid is 80, thermal conductivity of fluid is 0.6 W/(m∙K)
and viscosity of fluid: 1e-4 kg/(m∙s). Signal frequency is 20 kHz.

3. Material and methods

3.1. Chemical reagents

Buffers and sample dilutions were prepared based on purified
water. 4,4’-Isopropylidenediphenol (bisphenol A, BPA), 4,4’-
Sulfonyldiphenol (bisphenol S, BPS), 4,4’-Methylenediphenol (bisphe-
nol F, BPF) and 6-Mercaptohexanol were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dimethyl Sulfoxide (DMSO) was
purchased from Fisher Scientific (Pittsburgh, PA).

A BPA aptamer specific to BPA with 5’ thiol modifier C6 SH (Fisher
Scientific, PA) was immobilized onto the electrodes at a concentration
of 2.0 μM. The aptamer was incubated in a humidor at room
temperature for 16 h. The sequence of the aptamer (5’ to 3’) is 5’
-CCG GTG GGT GGT CAG GTG GGA TAG CGT TCC GCG TAT GGC
CCA GCG CAT CAC GGG TTC GCA CCA-3’ (Jo et al., 2011). After
aptamer immobilization, the electrode surface was blocked with 6-
mercaptohexanol at 1.0 mM in purified water.

BPA, BPS and BPF were initially dissolved in DMSO to make
10 mM stock solution followed by dilutions with DMSO to make a
series of concentrations at 1.0 μM, 100 nM, 10 nM, 1.0 nM and
0.1 nM. The above concentrations were further diluted in purified
water to make the working solution at 10pM, 1.0 pM, 100 fM, 10 fM
and 1.0 fM for testing. The concentrations of DMSO were kept constant
in all the standards including in the background control buffer and
serum samples.

Blood samples were collected from pregnant women who entered
labor and delivery at the University of Tennessee Medical Center,
Knoxville. All samples and clinical information were collected under
Health Insurance Portability and Accountability Act (HIPAA) compli-
ance from study participants after obtaining written informed consent
under clinical research protocols approved by the University of
Tennessee Institutional Review Boards (IRBs). Maternal and cord
blood were collected at the time at delivery. Serum samples were
prepared after blood samples were clotted, followed by centrifugation
for 15 min at 2000 rpm under 4 degrees. In addition, a pooled sample
from maternal and cord serum was created to use as a matrix for
spiking tests. To test the matrix effect of serum, various concentrations
of BPA at 1.0 μM, 100 nM, 10 nM, 1 nM and 0.1 nM in DMSO were
spiked in human serum. The spiked serum samples were further
diluted 1:1000 (v/v) in purified water. The final concentrations of
BPA in spiked serum samples were 10 pM, 1.0 pM, 100 fM, 10 fM and
1.0 fM.

3.2. Preparation of microelectrode sensor chips

In this work, interdigitated microelectrodes were designed for
ACEK binding-acceleration and impedance measurement of serum
samples. The platinum planar microelectrodes were fabricated on
silicon wafers (A microscopic image of electrodes is shown in the
supplementary material). The microelectrode arrays had interdigitated
configuration with a characteristic length of 6 μm (with widths of 6 μm
separated by 6 μm gaps).

The interdigitated microelectrodes were cleaned thoroughly before
probe immobilization. The chips were cleaned with the following steps
sequentially: soaked in acetone for 20 min; rinsed in isopropyl alcohol
(IPA) for 30 s; rinsed in deionized water for 30 s; and dried with an air
gun. Cleaned chips were transferred into a UV Ozone cleaner and
treated for 15 min. A silicone microchamber (2 mm in diameter and
0.9 mm in depth, JTR24R, GraceTM Bio-labs) was sealed onto the chip
with the electrodes inside for sample loading; then the chamber was
cleaned with an air gun.

After pretreatment, a specific aptamer against BPA (2 μM, diluted
in purified water) was immobilized onto the electrode surface in a
humidor for 16 h. After immobilization, the electrodes were blocked
with 1 mM 6-mercaptohexanol in purified water for 2 h to inhibit non-

Table1
Estimated DEP, ACET and ACEO forces.

Velocity DEP velocity ACET velocity (0.18 S/
m)

ACEO velocity (0.06 S/
m)

E=43 mV/
μm

5.15×10 m/s−11 4.11×10 m/s−6 1.21×10 m/s−4
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specific binding.

3.3. Measurement procedure

An impedance analyzer (Agilent 4294 A) was used to acquire the
capacitance data that were recorded by software (Data Transfer V3.0,
SEKONICR). A 20 kHz AC signal of no higher than 600 mVrms was
applied to the electrode cell by the Agilent 4294 A as the measuring
signal. 10 μL of testing standards or spiked serum samples were added
to the testing chamber. Then the sensor capacitance was continuously
measured at the AC signal for 30 s; detection was finished when the
capacitance measurement was done. The change rate of normalized
capacitance was then calculated to indicate the binding level of BPA,
which is shown as the slope of normalized capacitance versus time
(‰/min), found by a least square linear fitting method. The normal-
ized capacitance was calculated as Ct/C0, where Ct and C0 are the
capacitance values at time t and time zero, respectively.

4. Results and discussions

4.1. Detection of BPA from analytical samples

A series of BPA standards (1.0 fM to 10 pM) in purified water was
tested to evaluate the performance of the method. An AC signal of 600
mVrms at 20 kHz was used to measure the sensor capacitance for 30 s.

Fig. 2a shows representative curves of normalized capacitances for
different BPA concentrations, demonstrating how d|C|/dt curve would
change with time. During the tests, the capacitances changed linearly
with time, and the capacitance change increased commensurate with
increasing concentrations of BPA, corresponding to increasing levels of
BPA binding. The slope of these capacitance curves, i.e., the normalized
capacitance change rate, was found by least square linear fitting, which
provides a quantitative indication of macro-molecules bound to the
electrode surface. The change rates were found to be −65.9‰/min,
−115.6‰/min, −130.2‰/min, −229.4‰/min and −269.7‰/min for
BPA levels at 1.0 fM, 10 fM, 100 fM, 1.0 pM and 10 pM, respectively.

The tests shown in Fig. 2a were done in triplicate. Fig. 2b gives the
averages and standard deviations (SDs) of the sensor responses, which
also shows a correlation between BPA concentrations and capacitance
change rates. The BPA samples showed change rates of −73.86 ±
7.83‰/min, −128.45 ± 20.13‰/min, −175.01 ± 38.98‰/min,
−210.76 ± 16.68‰/min and −285.78 ± 40.99‰/min, for 1.0 fM to
10 pM BPA, respectively (Fig. 2b). Within the range of 1.0 fM to 10 pM

BPA, dC/dt exhibited a logarithm dependence on BPA concentration. A
linear, inverse association between dC/dt and BPA concentration was
observed. The dependence is expressed as

y(‰/ min) = −47.702 log (BPA concentration in fM) − 74.323

with Pearson correlation coefficient R2 =0.991. With the limit of
detection (LOD) defined as the concentration with a change rate more
than three standard deviations from that of the control tests (1.43 ±
1.42‰/min), the sensor had a limit of detection lower than 1.0 fM
(−73.86 ± 7.83‰/min).

To demonstrate that the ACEO-based capacitive sensing is more
sensitive than ACET-based sensing, comparison experiments on BPA in
phosphate buffered saline (PBS) were also conducted using 6 µm
electrode chips. In agreement with data shown in Table 1, ACET-based
capacitive sensing yielded less sensitive results than ACEO-based
sensing. The LOD for samples in PBS were between 10 fM and 100
fM (See supplementary material for details of the comparison).

4.2. Detection of BPA from clinical serum samples

To evaluate the performance of the sensor in a complex matrix, a
series of BPA concentrations (1.0 fM to 1.0 pM) were spiked in 1:1,000
diluted human serum. Unspiked serum aliquot diluted with water
containing the same amount of DMSO was used as the background
control. For BPA-spiked serum samples, the capacitance decreased
monotonically with time due to the binding reaction. As the spiked BPA
level increased, the capacitance change rate became more negative,
which is expected. The tests were repeated six times, and the averaged
responses with error bars were plotted against BPA concentrations in
Fig. 3. The change rate was −26.91 ± 9.42‰/min at 1.0 fM of BPA, and
reached almost −207.09 ± 9.79‰/min at 1.0 pM of BPA. The dose
response for BPA in diluted serum was found to be.
y(‰/ min) = −62.876 log (BPA concentration in fM) −21.237with Pearson
correlation coefficient R2 =0.985. The capacitances of the unspiked
serum sample stayed roughly constant during the test, with a capaci-
tance change rate of −0.75 ± 2.84‰/min. Based on the background
response, a cut-off value of −21.2‰/min was established for dC /dt
values. A serum sample is considered to be BPA-negative if its dC /dt
value is more positive than −21.2‰/min. The limit of detection is
approximately 1.0 fM for serum based sample.

4.3. Selectivity of biosensor for BPA detection in serum samples

To evaluate the specificity of the aptamer, various concentrations of

Fig. 2. Capacitance change rates in response to different concentrations of BPA (a) Normalized capacitance change as a function of time within 30 s for various levels of BPA spiked in
water. (b) Capacitance change rate as a function of BPA concentrations in water. The AC signal used was 600 mVrms at 20 kHz.
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the structurally similar molecules BPF and BPS were spiked into serum
and tested for their binding against the BPA aptamer. BPF and BPS
samples were prepared in the same way as BPA. The capacitance
change rates for 1.0 fM to 1.0 pM BPF and BPF were compared with
those of the BPA spiked samples (Fig. 4). Based on their dC /dt values,
even at 1.0 pM, BPF and BPS spiked serum samples still produced
negligible responses, which is less than that from 1.0 fM BPA in serum
samples. These results indicate there is little, if any, cross-reactivity of
BPA aptamer with BPF and BPS. All of the BPF and BPS responses fell
within the cut-off values, such that the serum samples were considered
to be BPA-negative.

4.4. Detection of BPA in individual maternal and cord serum samples

Lastly, the levels of BPA in a pair of maternal and cord serum
samples were prepared as described in Section 4.1, again with the
unspiked pooled serum sample as the control. The levels of BPA in
maternal and cord serum samples were tested under two different
dilutions. In the first set of experiments, the sera were diluted at
1:1,000. The sensor produced a change rate of −340.75 ± 36.43‰/min
for the maternal serum sample and −271.23 ± 23.90‰/min for the
cord serum sample (Fig. 5), indicating BPA levels well over 1.0 pM in

both samples, which were at the upper limit of sensor's range.
Therefore, the serum samples were further diluted another 100-fold
in 0.001x PBS and re-tested. The magnitude of the responses decreased
accordingly: −234.50 ± 8.18‰/min for the maternal serum and
−134.39 ± 40.68‰/min for the cord serum, which corresponded to
approximately 302 nM and 2.2 nM of BPA in neat maternal and cord
samples, respectively. These concentrations were within the reported
BPA concentration range in the literature (Jun et al., 2016; Chou et al.,
2010). When applying the sensor to the practical sample, spiked
maternal and cord serum samples were clearly differentiated from
the unspiked serum sample, further demonstrating the specificity and
adaptability of our method.

5. Conclusions

In summary, we developed a capacitive aptasensor for the rapid and
label-free detection of BPA in biological matrices. Planar platinum
electrodes were immobilized with an aptamer bound specifically to
BPA. When samples containing BPA were loaded to the sensor,
interfacial capacitance decreased due to the binding of BPA to the
aptamer. Using ACEK convection, we were able to detect BPA within
30 s after the sample was loaded on the chip. The sensor had a LOD of
1.0 fM, which is several orders of magnitude more sensitive than those
reported by current detection methods such as HPLC (LOD is 10-
6M~10-9M level) (Gallardo et al., 2016; Yang et al., 2016) or ELISA
(LOD is 10-9M~10-10M level) (Moreno et al., 2011; Yang et al., 2016).
Further development of this sensor may yield an effective platform for
BPA detection in biological matrices as well as in environmental
samples.
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Supplementary data associated with this article can be found in the

Fig. 3. Capacitance change rate for serum spiked with various concentrations of BPA
(red solid circle) and background (black solid square).

Fig. 4. Capacitance change rate for unspiked serum (black solid square) and serum
spiked with various concentrations of BPF (blue right-slanting lines), BPS (green left-
slanting lines) and BPA (red grids).

Fig. 5. Capacitance change rate for a pair of maternal and cord serum at two dilutions.
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