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Abstract: Bisphenol A (BPA) is an endocrine disruptor that may lead to reproductive disorder,
heart disease, and diabetes. Infants and young children are likely to be vulnerable to the effects of
BPA. At present, the detection methods of BPA are complicated to operate and require expensive
instruments. Therefore, it is quite vital to develop a simple, rapid, and highly sensitive method to
detect BPA in different samples. In this study, we have designed a rapid and highly sensitive biosensor
based on an effective self-assembled monolayer (SAM) and alternating current (AC) electrokinetics
capacitive sensing method, which successfully detected BPA at nanomolar levels with only one
minute. The developed biosensor demonstrates a detection of BPA ranging from 0.028 µg/mL to
280 µg/mL with a limit of detection (LOD) down to 0.028 µg/mL in the samples. The developed
biosensor exhibited great potential as a portable BPA biosensor, and further development of this
biosensor may also be useful in the detection of other small biochemical molecules.
Keywords: alternating current (AC) electrokinetics; bisphenol A; self-assembly; biosensor

1. Introduction
Bisphenol A (BPA) is an important organic chemical raw material, which is widely used in the
production of plastic products and fire retardant. BPA is an endocrine disruptor, which can mimic
human hormones and maybe lead to negative health effects [1,2]. Studies have shown that BPA can
contact humans through the skin, respiratory tract, digestive tract, and other channels. After BPA enters
the body, it combines with intracellular estrogen receptors and produces estrogenic or anti-estrogenic
effects through a variety of reaction mechanisms, thereby affecting endocrine, reproductive, and nervous
systems, as well as causing cancer and other adverse effects [3–5]. Therefore, a rapid and sensitive
detection method of BPA is of great significance.
At present, the detection methods of BPA mainly include liquid chromatography with an
electrochemical method [6], chromatography-mass spectrometry [7,8], surface-enhanced Raman
scattering [9], enzyme-linked immunosorbent assay (ELISA) [10], etc. These methods are complicated
and require expensive equipment with professional personnel. The movement of biomolecular
molecules in the detection process relies on natural diffusion, which is time-consuming and cannot
meet the requirements for the rapid detection of BPA. For example, Pasquale et al. [11] have proposed
a method to determine BPA levels in fruit juices by liquid chromatography coupled to tandem mass
spectrometry. However, it cost about 15 min to accomplish the detection of BPA. Sheng et al. [12]
have developed an optical biosensor based on fluorescence, but they required the addition of labels
to generate the sensor response. Xue et al. [13] have reported a novel SPR biosensor that combines
a binding inhibition assay with functionalized gold nanoparticles to allow for the detection of trace
concentrations of BPA. However, the biosensor detected BPA in 60 min, which was too long for
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rapid detection. Recently, various types of electrochemical sensors have attracted more attention.
These electrochemical sensors are always modified via different sensing materials, such as molecularly
imprinted polymers [14], carbon nanotube [15,16], graphene [17,18], nanocomposites [19,20], and metal
composites [21]. For example, Maryam et al. [22] have used an electroactive label-based aptamer to
detect bisphenol A in serum samples with the linear range of 0.2–2 nM. Lee et al. [23] have reported a
simple and label-free colorimetric aptasensor for BPA detection. They have used the spectroscopic
methods, which was time-consuming and could not achieve point-of-care testing. Inroga et al. [24]
have used gold leaf-like microstructures to develop a tyrosinase-based biosensor for bisphenol A
detection with the limit of detect of 0.077 µmol/L. Liu et al. [25] have developed an electrochemical
enzyme biosensor bearing biochar nanoparticles as signal enhancers for bisphenol A detection in
water. Peng et al. [26] have developed a signal-enhanced lateral flow strip biosensor for the visual
and quantitative detection of BPA based on the poly amidoamine (PAMAM) binding with antibody.
The detection would cost 10 min. Liu et al. [27] have developed a solution-gated graphene transistor
(SGGT) modified with DNA molecules in a microfluidic system for a recycling detection of BPA.
Compared with most of the recent publications, which have reported the electrochemical method to
achieve the detection of BPA, the results of this work may not be better than them. However, in this
work, we have demonstrated a novel method to detect BPA based on self-assembly technology and
alternating current (AC) electrokinetics effect. To our knowledge, there has not been any report that
detects BPA with self-assembly technology and an AC electrokinetics effect. So, it has the tremendous
potential to detect BPA more sensitively with a lower limit of detection in the near future.
In this work, a rapid, highly sensitive BPA biosensor based on self-assembly technology and
AC electrokinetics (ACEK) method was developed, which could accomplish the rapid and sensitive
detection of BPA. The surface of the interdigital electrode was functionalized with the antibody
of BPA via self-assembly and used for the specific capture of antigen of BPA. ACEK is used to
realize the enrichment of biomolecules through the manipulation of microfluidic and nanoparticles
by an AC electric field [28,29]. Compared with traditional detection methods, the ACEK method
has the advantages of less sample consumption, faster detection, and a simpler procedure with an
appropriate AC signal applied to microelectrode sensors in sample fluids. Then, ACEK microflows
accelerate molecules of BPA binding [30,31]. With the enrichment of the target molecules, the interfacial
capacitance of the interdigital electrode will change. Therefore, the change of the interfacial capacitance
can be used to characterize the concentration of sample solution. Compared with the previous work [32],
there are some differences in this work. Firstly, in this work, we used the BPA antibody to achieve the
detection of BPA, while an aptamer probe was used to detect BPA in the previous work. Secondly, we
used the self-assembly technology to form a self-assembled monolayer with the mercaptan containing
alkyl chains immobilized on the gold electrodes via Au–S bonds. Then, N-hydroxysuccinimide
(NHS) and 1-(3-dimethylaminopropyl)-3-ethyl carbon diimide hydrochloride (EDC) were used as
the crosslinking agent to assist in the formation of amide bonds between the carboxyl group of the
self-assembled monolayer and the amino group of the BPA antibody. With these processes, the BPA
antibody was immobilized onto the electrodes stably, while a BPA aptamer specific to BPA with the 50
thiol modifier C6 SH (Fisher Scientific, PA) was directly immobilized onto the electrodes in the previous
work. Thirdly, in this work, the interdigital microelectrodes had interdigitated arrays with widths of
10 µm separated by 10-µm gaps. However, the interdigital microelectrodes had interdigitated arrays
with widths of 6 µm separated by 6-µm gaps in the previous work. Lastly, in this work, a 10 kHz AC
signal was applied to the microelectrodes, but a 20 kHz AC signal was applied to the microelectrodes
in the previous work.
With the improved biosensor design and use of an antigen and antibody, we successfully detected
BPA at the nanomolar level within only one minute. Moreover, the developed BPA biosensor is
expected to be used in the detection of biological fluids. It is of great significance to promote the
detection of other small biochemical molecules.
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2. Materials and Methods
2.1. Materials and Reagents
The buffer solution 10 × PBS was purchased from Solarbio (Beijing, China). The 10 × PBS
was diluted in deionized water to make the working solution at 0.05 × PBS, 0.01 × PBS for
diluting other substances. At the same time, the 0.01 × PBS was used as the background solution.
11-mercaptoundecanoic acid (MUA) was purchased from Yuanye Bio-Technology Co., Ltd., (Shanghai,
China) The MUA was dissolved in anhydrous ethanol to prepare 5 mmol/L of MUA solution for
forming the gold–sulfur bond. 1-(3-dimethylaminopropyl)-3-ethyl carbon diimide hydrochloride
(EDC) was obained from Sigma (St. Louis, MI, USA); EDC was dissolved in 0.05 × PBS to make
0.4 mol/L EDC solution. N-hydroxysuccinimide (NHS) was acquired from biotopped (Beijing, China),
and NHS was dissolved in 0.05 × PBS to prepare 0.1 mol/L NHS solution. Then, we mixed the two
solution 1 to 4. Ethanolamine was purchased from MACKLIN (Shanghai Macklin Biochemical, Ltd.,
Shanghai, China). Ethanolamine was diluted with 0.05 × PBS to make 1 mol/L solution for closing.
The BPA antibody and antigen were purchased from QF Biosciences Co., Ltd., (Shanghai, China).
The antibody was diluted with 0.05 × PBS to make two concentrations of 5.3 µg/L and 5.3 µg/mL,
and the antigen was diluted in 0.01 × PBS to make the solution that included 0.028 µg/mL, 0.28 µg/mL,
2.8 µg/mL, 28 µg/mL, and 280 µg/mL for testing. Antigen and antibody ware stored at −20 ◦ C. In order
to guarantee the accuracy of detection, preparation of the solution was carried out on a clean bench.
2.2. Preparation of Interdigital Microelectrodes
In this work, the interdigital microelectrodes were fabricated on silicon wafers, which had
interdigitated arrays with widths of 10 µm separated by 10-µm gaps [32]. Before the detection,
the interdigital microelectrodes should be modified with the following steps, as shown in Figure 1.
Firstly, they are immersed in acetone for 4 min with ultrasonic cleaning, rinsed in absolute ethyl
alcohol for 3 min with ultrasonic cleaning, rinsed in deionized water for 3 min with ultrasonic cleaning,
and dried with a drying oven. Secondly, MUA was added to the surface of the gold electrodes for
forming the Au–S bonds and realizing the self-assembled monolayer [33,34]. Then, sensors were placed
in the incubator overnight with the temperature at 25 ◦ C. Thirdly, before the EDC and NHS solution
were added to the electrodes, the electrodes surface should be cleaned with absolute ethyl alcohol and
blow dried with nitrogen; then, the sensors should be placed in an incubator for 2 h. After activation of
the carboxyl group, the electrodes’ surface should be cleaned with deionized water and blow dried
with nitrogen; then, the chambers were pasted on the sensors. After that, 10 µL of antibody should be
added to the surface of the sensors, which are then placed in an incubator for 3 h with the temperature
at 37 ◦ C. EDC and NHS were used as the crosslinking agent to assist in the formation of amide bonds
between the carboxyl group of the self-assembled monolayer and the amino group of the BPA antibody.
With these processes, the BPA antibody was immobilized onto the electrodes stably. Finally, in order to
enhance the specificity of detection, ethanolamine was utilized to close the unbound active sites of the
electrodes’ surface. Then, the sensors were placed in an incubator for 1 h with the temperature at 25 ◦ C.
After the above steps, the modification of the electrodes surface was accomplished. The sensor needs
to be cleaned after each sensing procedure; it is possible to wash off the antigen only and reuse the
sensor, which indicates that the sensor has an expected reusability of five times before the performance
of the sensor is believed to be dissatisfactory.
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Figure 1. Representation of surface modification techniques on the interdigital electrodes’ surface for
Figure 1. Representation of surface modification techniques on the interdigital electrodes’ surface for
the detection of bisphenol A (BPA).
the detection of bisphenol A (BPA).
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model to attempt to explore this question [35]. He called it model H as the left half of the dotted line
in Figure 3. As is shown in Figure 3, this model can be equivalent to a flat plate capacitor, and the
in Figure 3. As is shown in Figure 3, this model can be equivalent to a flat plate capacitor, and the
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two layers is described by the following equations [35,36], where d is the distance of center of the
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Figure 3. The double layers show the opposite charges equally distribute on both sides of the interface.
Figure 3. The double layers show the opposite charges equally distribute on both sides of the
interface.
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Consequently, the value of ∆𝑪/𝑪𝒊𝒏𝒕,𝒂𝒃 can be used to detect the biomolecular interactions.
Beyond that, measuring the value of ∆𝑪/𝑪𝒊𝒏𝒕,𝒂𝒃 can overcome the experimental difference caused by
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Figure 4. Changes on the electrode surface due to the specific binding of antigens to antibodies.
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In Figure 6b, we calculated the averages and standard deviations (SDs) of the biosensor
response and demonstrated the correlation between the concentration of BPA and change rate of
the capacitance. The range of 1.2 ×10−7 mol/L to 1.2 ×10−4 mol/L BPA samples showed change
rates of −11.62%/min ± 2.08%/min, −18.53%/min ± 3.93%/min, −25.07%/min ± 2.73%/min,
and −30.43%/min ± 2.56%/min, respectively. In the range of 1.2 × 10−7 mol/L to 1.2 × 10−4 mol/L BPA,
dC/dt was logarithmically dependent on the concentration of BPA. A negative linear correlation
between dC/dt and the concentration of BPA was observed. The dependence is expressed as
y(%/min) = −6.912x + 3.045 with a Pearson correlation coefficient R2 = 0.985.
In the experiments, we used the impedance analyzer IM3536 to detect the change of the capacitance
of the sensor when antigen–antibody binding. However, the mechanism of measurement of the
impedance analyzer IM3536 is to measure the impedance and the phase angle of the device, and the
capacitance is calculated from the impedance and phase angle. Considering that the developed sensor
is not a pure resistor or pure capacitor, the impedance and phase angle of the sensor will change at
any moment when the sensor is immersed into solution, so the capacitance has oscillation. However,
the oscillation is in the range of error measurement of the impedance analyzer IM3536. In order to
mitigate these oscillations in the capacitance used in the sensor transduction, it’s an effective way to
slow down the speed of measurement or take the average of multiple measurements.
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Method

Method

Carbon nanohorns/Nafion
Carbon
nanohorns/Nafion
SDS-(bupy)PF
6 /CPE
Graphene modified SPCE
SDS-(bupy)P𝐹 /CPE
Strata® C18-E cartridge cleanup with detection by
Graphene
modifiedcoupled
SPCE
liquid
chromatography
Nanoparticles-based
fluorescence
immunoassay
Strata® C18-E cartridge cleanup with detection by
Surface plasmon resonance (SPR) biosensor
Gold nanoparticle-based
colorimetric
aptasensor
liquid chromatography
coupled
Electroactive label-based aptamer
Nanoparticles-based fluorescence immunoassay
A tyrosinase-based biosensor

LOD

Reference

LOD

Reference

Yilin Li (2014)
1.8 × 10−6 mol/L
−710
1.8
Yilin Li(2012)
(2014)
3.02 ×
10×
mol/Lmol/L Zhang Yanmei
Ling Zhou (2014)
4.99 × 10−7 mol/L

3.02 × 10

5.21 × 10−9 mol/L

4.99 × 10

mol/L

mol/L

Zhang Yanmei (2012)

Pasquale Gallo (2019)

Ling Zhou (2014)

Wei Sheng (2018)
8.7 × 10−11 mol/L
Pasquale Gallo
−11 mol/L
Xue C S (2019)
2.28 ×
10
5.21 × 10 mol/L
−12
Eun-Hee Lee
(2019)
4.38 × 10
mol/L
(2019)
Maryam Nazari (2019)
3.8 × 10−10 mol/L
8.7 × 10
mol/L
Wei Sheng (2018)
Filomeno A.D. Inroga (2019)
7.7 × 10−8 mol/L

Surface plasmon resonance (SPR) biosensor

2.28 × 10

mol/L

Xue C S (2019)

Gold nanoparticle-based colorimetric aptasensor

4.38 × 10

mol/L

Eun-Hee Lee (2019)

Electroactive label-based aptamer

3.8 × 10

mol/L

Maryam Nazari
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Table 1. Cont.
Method

LOD

Reference

Electrochemical enzyme biosensor
A signal-enhanced lateral flow strip biosensor
DNA-functionalized graphene field effect transistors
integrated in microfluidic systems.
Self-assembly technology and AC electrokinetics effect

10−9

3.18 ×
mol/L
4.38 × 10−8 mol/L

Yang Liu (2019)
Xiayu Peng (2017)

4.38 × 10−9 mol/L

Liu S (2018)

10−7

This work

1.22 ×

mol/L

4. Conclusions
In this work, a rapid, highly sensitive BPA biosensor based on self-assembly technology and the
AC electrokinetics (ACEK) effect has been proposed. A higher concentration of BPA solution was
dropped on the self-assembly interdigital electrode sensor, a larger number of antibody–antigen binding
occurred, and a larger normalized capacitance change rate was detected for the sensor. In this work,
we used antigen–antibody-specific binding to detect BPA. At the same time, the limit of the biosensor
is 1.2 × 10−7 mol/L, which is better than some existing detection methods. For example, Sun et al. [39]
have used the oscillopolarogaphic method to detect BPA in food packaging materials with a limit
of detection of 4.4 × 10−6 mol/L. Yan et al. [40] have developed a simple and renewable nanoporous
gold-based electrochemical sensor for BPA detection with a limit of detection of 4.3 × 10−7 mol/L.
The present work could successfully detect BPA at nanomolar (nM) levels, which was higher than
the results in the previous work [32], which could successfully detect BPA at femto molar (fM) levels.
Although the results of the present work were not better than the results in the previous work, we have
used a novel method (self-assembly technology) to achieve the detection of BPA. At the same time,
in order to acquire better results, we are improving the conditions, processes, and materials of the
experiments. The novel method has the tremendous potential to detect BPA more sensitively with a
lower limit of detection. Further development of the method may provide a more convenient, highly
sensitive, and effective detection for BPA in complex samples.
Author Contributions: Methodology, formal analysis, investigation, data curation, writing—original draft, H.L.,
Z.P.; conceptualization, validation, writing—review and editing, supervision, project administration, funding
acquisition, X.L.; resources, writing—original draft, M.S., L.J. All authors have read and agreed to the published
version of the manuscript.
Funding: This work was supported by the Fundamental Research Funds for the Central Universities (Project
No.2019CDYGZD006), National Natural Science Foundation of China (Project no. 6137 7001), the Postgraduate
education and teaching reform research project of Chongqing University (Project No. cquyjg18323), Venture &
Innovation Support Program for Chongqing Overseas Returnees and Fundamental Research Funds for the Central
Universities (No. 10611CDJXZ238826).
Acknowledgments: The authors thank Xiaodong Zheng for his support in validation and writing—review
and editing.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References
1.

2.

Chevalier, N.; Brucker-Davis, F.; Lahlou, N.; Coquillard, P.; Pugeat, M.; Pacini, P.; Panaïa-Ferrari, P.;
Wagner-Mahler, K.; Fénichel, P. A negative correlation between insulin-like peptide 3 and bisphenol A in
human cord blood suggests an effect of endocrine disruptors on testicular descent during fetal development.
Hum. Reprod. 2014, 30, 447–453. [CrossRef] [PubMed]
Lang, I.A.; Galloway, T.S.; Scarlett, A.; Henley, W.E.; Depledge, M.; Wallace, R.B.; Melzer, D. Association of
Urinary Bisphenol A Concentration With Medical Disorders and Laboratory Abnormalities in Adults. JAMA
2008, 300, 1303–1310. [CrossRef] [PubMed]

Micromachines 2020, 11, 41

3.

4.
5.
6.

7.

8.

9.

10.
11.

12.

13.
14.
15.

16.
17.
18.

19.

20.

21.
22.

11 of 12

Mei, Z.; Qu, W.; Deng, Y.; Chu, H.; Cao, J.; Xue, F.; Zheng, L.; El-Nezamic, H.S.; Wu, Y.; Chen, W. One-step
signal amplified lateral flow strip biosensor for ultrasensitive and on-site detection of bisphenol A (BPA) in
aqueous samples. Biosens. Bioelectron. 2013, 49, 457–461. [CrossRef] [PubMed]
Apodaca, D.C.; Pernites, R.B.; Ponnapati, R.; Del Mundo, F.R.; Advincula, R.C. Electropolymerized
Molecularly Imprinted Polymer Film: EIS Sensing of Bisphenol A. Macromol. 2011, 44, 6669–6682. [CrossRef]
Soto, A.M.; Sonnenschein, C. Environmental causes of cancer: Endocrine disruptors as carcinogens.
Nat. Rev. Endocrinol. 2010, 6, 363–370. [CrossRef]
D’Antuono, A.; Dall’Orto, V.C.; Balbo, A.L.; Sobral, S.; Rezzano, I. Determination of bisphenol A in
food-simulating liquids using LCED with a chemically modified electrode. J. Agric. Food Chem. 2001, 49,
1098–1101. [CrossRef]
Nakazawa, H.; Yamaguchi, A.; Inoue, K.; Yamazaki, T.; Kato, K.; Yoshimura, Y.; Makino, T. In vitro
assay of hydrolysis and chlorohydroxy derivatives of bisphenol A diglycidyl ether for estrogenic activity.
Food Chem. Toxicol. 2002, 40, 1827–1832. [CrossRef]
Fontana, A.R.; De Toro, M.M.; Altamirano, J.C. One-Step Derivatization and Preconcentration Microextraction
Technique for Determination of Bisphenol A in Beverage Samples by Gas Chromatography−Mass
Spectrometry. J. Agric. Food Chem. 2011, 59, 3559–3565. [CrossRef]
Yin, W.; Wu, L.; Ding, F.; Li, Q.; Wang, P.; Li, J.; Lu, Z.; Han, H. Surface-imprinted SiO2@Ag nanoparticles for
the selective detection of BPA using surface enhanced Raman scattering. Sensors Actuators B Chem. 2018, 258,
566–573. [CrossRef]
Kubo, I.; Kanamatsu, T.; Furutani, S. Microfluidic device for enzyme-linked immunosorbent assay (ELISA)
and its application to bisphenol a sensing Sens. Mater 2014, 26, 615–621.
Gallo, P.; Pisciottano, I.D.M.; Fattore, M.; Rimoli, M.G.; Seccia, S.; Albrizio, S. A method to determine
BPA, BPB, and BPF levels in fruit juices by liquid chromatography coupled to tandem mass spectrometry.
Food Addit. Contam. Part A 2019, 36, 1871–1881. [CrossRef] [PubMed]
Sheng, W.; Duan, W.; Shi, Y.; Chang, Q.; Zhang, Y.; Lu, Y.; Wang, S. Sensitive detection of bisphenol A in
drinking water and river water using an upconversion nanoparticles-based fluorescence immunoassay in
combination with magnetic separation. Anal. Methods 2018, 10, 5313–5320. [CrossRef]
Xue, C.S.; Erika, G.; Jiří, H. Surface plasmon resonance biosensor for the ultrasensitive detection of bisphenol
A. Anal. Bioanal. Chem. 2019, 411, 5655–5658. [CrossRef] [PubMed]
Avila, M.; Zougagh, M.; Ríos, Á.; Escarpa, A. Molecularly imprinted polymers for selective piezoelectric
sensing of small molecules. TrAC Trends Anal. Chem. 2008, 27, 54–65. [CrossRef]
Brusnitsyn, D.V.; Medyantseva, E.P.; Varlamova, R.M.; Sitdikova, R.R.; Fattakhova, A.N.; Konovalova, O.A.;
Budnikov, G.K. Carbon nanomaterials as electrode surface modifiers in development of amperometric
monoamino oxidase biosensors. Inorg. Mater. 2016, 52, 1413–1419. [CrossRef]
Vashist, S.K.; Zheng, D.; Al-Rubeaan, K.; Luong, J.H.; Sheu, F.-S. Advances in carbon nanotube based
electrochemical sensors for bioanalytical applications. Biotechnol. Adv. 2011, 29, 169–188. [CrossRef]
Ntsendwana, B.; Sampath, S.; Mamba, B.; Arotiba, O. Photoelectrochemical oxidation of p-nitrophenol on an
expanded graphite–TiO2 electrode. Photochem. Photobiol. Sci. 2013, 12, 1091. [CrossRef]
Ndlovu, T.; Arotiba, O.; Sampath, S.; Krause, R.; Mamba, B. Electroanalysis of copper as a heavy metal
pollutant in water using cobalt oxide modified exfoliated graphite electrode. Phys. Chem. Earth Parts A/B/C
2012, 50, 127–131. [CrossRef]
Liu, X.; Peng, Y.; Qu, X.; Ai, S.; Han, R.; Zhu, X. Multi-walled carbon nanotube-chitosan/poly
(amidoamine)/DNA nanocomposite modified gold electrode for determination of dopamine and uric
acid under coexistence of ascorbic acid. J. Electroanal. Chem. 2011, 654, 72–78. [CrossRef]
Manivel, P.; Dhakshnamoorthy, M.; Balamurugan, A.; Ponpandian, N.; Mangalaraj, D.; Viswanathan, C.;
N, P. Conducting polyaniline-graphene oxide fibrous nanocomposites: Preparation, characterization and
simultaneous electrochemical detection of ascorbic acid, dopamine and uric acid. RSC Adv. 2013, 3, 14428.
[CrossRef]
Li, Z.; Nambiar, S.; Zheng, W.; Yeow, J. PDMS/single-walled carbon nanotube composite for proton radiation
shielding in space applications. Mater. Lett. 2013, 108, 79–83. [CrossRef]
Nazari, M.; Kashanian, S.; Rafipour, R.; Omidfar, K. Biosensor design using an electroactive label-based
aptamer to detect bisphenol A in serum samples. J. Biosci. 2019, 44, 105. [CrossRef] [PubMed]

Micromachines 2020, 11, 41

23.
24.

25.
26.
27.

28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

12 of 12

Lee, E.-H.; Lee, S.K.; Kim, M.J.; Lee, S.-W. Simple and rapid detection of bisphenol A using a gold
nanoparticle-based colorimetric aptasensor. Food Chem. 2019, 287, 205–213. [CrossRef]
Inroga, F.A.D.; Rocha, M.O.; Lavayen, V.; Arguello, J. Development of a tyrosinase-based biosensor for
bisphenol A detection using gold leaf–like microstructures. J. Solid State Electrochem. 2019, 23, 1659–1666.
[CrossRef]
Liu, Y.; Yao, L.; He, L.; Liu, N.; Piao, Y. Electrochemical Enzyme Biosensor Bearing Biochar Nanoparticle as
Signal Enhancer for Bisphenol A Detection in Water. Sensors 2019, 19, 1619. [CrossRef] [PubMed]
Peng, X.; Kang, L.; Pang, F.; Li, H.; Luo, R.; Luo, X.; Sun, F. A signal-enhanced lateral flow strip biosensor for
ultrasensitive and on-site detection of bisphenol A. Food Agric. Immunol. 2018, 29, 216–227. [CrossRef]
Liu, S.; Fu, Y.; Xiong, C.; Liu, Z.; Zheng, L.; Yan, F. Detection of Bisphenol A Using DNA-Functionalized
Graphene Field Effect Transistors Integrated in Microfluidic Systems. ACS Appl. Mater. Interfaces 2018, 10,
23522–23528. [CrossRef]
Li, S.; Cui, H.; Yuan, Q.; Wu, J.; Wadhwa, A.; Eda, S.; Jiang, H. AC electrokinetics-enhanced capacitive
immunosensor for point-of-care serodiagnosis of infectious diseases. Biosens. Bioelectron. 2014, 51, 437–443.
[CrossRef]
Liu, X.; Yang, K.; Wadhwa, A.; Eda, S.; Li, S.; Wu, J. Development of an AC electrokinetics-based immunoassay
system for on-site serodiagnosis of infectious diseases. Sens. Actuators A Phys. 2011, 171, 406–413. [CrossRef]
Lian, M.; Islam, N.; Wu, J. AC electrothermal manipulation of conductive fluids and particles for lab-chip
applications. IET Nanobiotechnology 2007, 1, 36–43. [CrossRef]
Cheng, C.; Cui, H.; Wu, J.; Eda, S. A PCR-free point-of-care capacitive immunoassay for influenza A virus.
Microchim. Acta 2017, 55, 53–1657. [CrossRef]
Lin, X.; Cheng, C.; Terry, P.; Chen, J.; Cui, H.; Wu, J. Rapid and sensitive detection of bisphenol a from serum
matrix. Biosens. Bioelectron. 2017, 91, 104–109. [CrossRef] [PubMed]
Bertilsson, L.; Potje-Kamloth, K. Molecular interaction of DMMP and water vapor with mixed self-assembled
mon01ayers studied by IR spectroscopy and SAW devices. 7rhin Solid Film. 1996, 284, 882–887. [CrossRef]
Yang, X.; Shi, J.; Johnson, S.; Swanson, B. Molecular host siloxane thin films for surface acoustic wave
chemical sensors. Sens. Actuators B Chem. 1997, 45, 79–84. [CrossRef]
Helmholtz. On the modern development of Faraday’s conception of electricity. J. Franklin Inst. 1881, 44,
182–185.
Grahame, D.C. The electrical double layer and the theory of electrocapillarity. Chem. Rev. 1947, 41, 441–501.
[CrossRef]
Berggren, C.; Bjarnason, B.; Johansson, G. Capacitive biosensors. Electroanalysis 2001, 13, 173–180. [CrossRef]
Wu, J. Interactions of electrical fields with fluids: Laboratory-on-a-chip applications. IET Nanobiotechnology
2008, 2, 14. [CrossRef]
Shi-Ping, S.; Zhi-Dong, M.A.; Wen-De, Z. Determination of Bisphenol A in Food Packaging Materials by
Oscillopolarogaphic Method. J. Anal. Sci. 2002, 18, 490–492.
Yan, X.; Zhou, C.; Yan, Y.; Zhu, Y. A Simple and Renewable Nanoporous Gold-based Electrochemical Sensor
for Bisphenol A Detection. Electroanal. 2015, 27, 2718–2724. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

