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a b s t r a c t

A capacitive biosensor was developed by using a vertically paired ring-electrode for the non-labeled

immunoassay. The vertically paired ring-electrode was prepared by sequential deposition and etching

processes. Two electrodes were layered on glass substrate by sputtering of gold layers with thicknesses

of 50 nm and 100 nm, and a parylene-C film with a thickness of 550 nm was positioned between the

electrode layers as a dielectric material by thermal deposition. The top layer was made by spin coating

of SU-8. And then, the ring-electrodes were exposed at the wall of the layered structure by sequential

etching processes. The fabricated electrodes were characterized by cyclic voltammetry of a well-known

redox couple of 3,3’,5,5’-tetramethylbenzidine. The non-labeled detection of antigen–antibody inter-

action was demonstrated by using anti-horseradish peroxidase (HRP) antibodies and C-reactive protein

(CRP) as model analytes. When the model analytes were bound to the vertically paired ring-electrode,

the impedance change was measured during the immunoassay steps, and the measured impedance was

analyzed by using a model circuit of the ring-electrode, and the capacitance was estimated to be

dependent on the adsorption of analytes between the ring-electrodes.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Immunoaffinity biosensors have been developed by using the
highly sensitive antigen–antibody interaction for the detection of
a target analyte in complex mixtures. Usually, the non-labeled
detection of immunoaffinity biosensors could be achieved by
using various kinds of transducers, such as electrochemical
(Mirsky et al., 1997), surface plasmon resosnance (Horan et al.,
1999; Lahiri et al., 1999; Ostuni et al., 1999; Shin et al., 2010),
mass sensitive (Pyun et al., 1998), and so on. Among the transducers,
capacitive biosensors have been interested for non-labeled detection
of antigen–antibody interactions because of the high sensitivity and
the relatively simple instrumentation and so on (Berggren et al.,
1998, 1999, 2001; Dijksma et al., 2001; Bard and Faulkner, 2001; Bart
et al., 2005; Carrara et al., 2009a,b; Kang et al., 2010). The capacitance
is determined by the equation: C¼e . A/d, where C, e, A, d represent
capacitance, permittivity constant, area of electrode, distance
between electrodes, respectively. The idea of this work is to
fabricate the capacitive biosensor by using vertically positioned
electrodes. In order to increase the sensitivity the distance between
electrodes was minimized by using a thin parylene film as a
dielectric layer. For the capacitive biosensors, many approaches
ll rights reserved.

þ02 365 5882.
have been taken in the design of interdigitated electrodes (IDEs).
The IDE-type electrodes consist of comb-shaped electrodes facing
each other, which are electrically separated with a micro- or
nano-gap structure. Nano-gap IDEs enable to measure label-free
biomolecular interactions such as DNA hybridization and
antigen–antibody reactions (Yi et al., 2005; Kim et al., 2009;
Zou et al., 2007). Usually, such IDE-type electrodes with the
distance between electrodes of less than 1 mm have been fabri-
cated by using costly and time-consuming processes such as E-
beam lithography (Zou et al., 2007), focused ion-beam fabrication
(Santschi et al., 2006), and a mass-producible submicron-gap IDE
via a stepper photolithography (Ahn et al., 2011). In this work, a
new type of vertically paired ring-electrode was fabricateded for
the non-labeled immunoassay by using the parylene-C film with a
thickness of less than 1 mm as a dielectric layer. In order to
demonstrate the non-labeled immunoassay, two kinds of model
analytes of anti-horseradish peroxidase (HRP) antibodies and C-
reactive protein (CRP) were used with the vertically paired ring-
electrodes. When the model analytes were bound to the vertically
paired ring-electrode, the impedance change was measured dur-
ing the immunoassay steps, and the measured impedance was
analyzed by using a model circuit of the ring-electrode. From the
model circuit analysis, the impedance between the ring-
electrodes was calculated to be largely dependent on the capaci-
tance change of the protein layer positioned at the current
pathway. Therefore, the non-labeled detection of the target
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analyte bound to the antibodies immobilized on the wall of the
ring-electrode could be achieved.

Here, the fabrication of ring-electrode was presented by
controlling the thickness of parylene-C film with quartz crystal
microbalance (QCM), and the fabricated electrode was character-
ized by using a well-known redox couple of 3,3’,5,5’-tetramethyl-
benzidine. The non-labeled detection of antigen–antibody
interaction was demonstrated by using horseradish peroxidase
(HRP) and C-reactive protein (CRP) as model analytes. The
impedance was analyzed by using a model circuit of the ring-
electrode, and the non-labeled detection of antigen–antibody
interaction was demonstrated by estimation of capacitance
change during the immunoassay steps.
2. Materials and methods

2.1. Materials

C-reactive protein (CRP), anti-CRP antibodies were purchased
from AbCam (Cambridge, UK). Horseradish peroxidase (HRP),
anti-HRP antibody, 3,3’,5,5’-tetramethylbenzidine (TMB) and
other chemicals of analytical grade were purchased from Sigma-
Aldrich Korea (Seoul, Korea).

2.2. Fabrication of nano-gap-ring electrode

The vertically paired ring-electrode was prepared on a glass
substrate by a sequential deposition of gold electrode (100 nm),
parylene-C film (550 nm), gold electrode (50 nm), SU-8 layer
(1.7 mm). Two gold layers were sputtered with a thickness of
100 nm by using a metal mask with a square-shaped opening
(10�10 mm2), and the square-shaped superimposed area was
designed to be 5�5 mm2 as shown in Fig. 1. Between the gold
layers, parylene-C (Femto Science Co., Korea) film with a thick-
ness of 550 nm was thermally deposited by the following poly-
merization steps: (1) evaporation of parylene dimers at the
temperature of 160 1C, (2) pyrolysis for the production of
highly reactive p-xylene radical at the temperature of 650 1C, and
(3) deposition on the gold layer at room temperature (Jeon et al.,
2010, 2011). The whole coating procedure was reproducibly carried
out by using a microprocessor-controlled parylene coater from Femto
Science Co (Korea). After the parylene-C dimer was completely
evaporated, the deposition was carried out by supplying the evapo-
rated parylene-C monomer gas into the deposition chamber under
vacuum condition of less than 5 Pa at room temperature. For the
monitoring of parylene-C deposition, the QCM response was mea-
sured from the beginning of evaporation step, and the mass chan-
gings on the QCM sensor from the deposition of a parylene film were
Fig. 1. Fabrication process of vertically paired ring-electrode. The electrode was pre
converted into the frequency shift based on the Sauerbrey equation:
Df¼–2Dmf0

2X[A(mqrq)1/2], where rq is the quartz density, mq is the
crystal shear module, f0 is the crystal fundamental frequency, A is the
piezoelectrically active area of crystal (defined by the area of the
deposited metallic film on the crystal), and Dm and Df correspond to
mass and system frequency changes, respectively (Ansorena et al.,
2011; Harbecka et al., 2011). For the thickness control of parylene-C
film, the QCM response was measured from the beginning of
evaporation step, and the thermal deposition was finished when
the QCM frequency shift reached to the value corresponding to the
targeted thickness of the parylene film-C. As a top layer, the SU-8
coating (1.7 mm) was made on the gold layer as a protective layer by
the spin-coating. The hole-shaped area with a diameter of 2 mm was
exposed to UV light for the etching process, and then the SU-8 layer
was baked at 110 1C.

The ring-electrodes were exposed by the sequential etching
processes as shown in Fig. 1. The hole-shaped opening with a
diameter of 2 mm was made at the superposed area of gold layers.
The ring-electrodes were exposed by a series of etching process.
As the first step, the SU-8 layer was etched by dipping in a
commercial developer (Micro Chem, USA). The gold layer was
etched by dipping in 1% ferricyanide solution with 1% NaCN for
30 s at room temperature (Utaka et al., 2007). The parylene film
was etched by LF-plasma treatment with a power of 10 W for 1 h
(Jeon et al., 2010, 2011). The second gold layer on the glass
substrate was also etched by dipping in 1% ferricyanide solution
with 1% NaCN for 1 min at room temperature.
2.3. Electrochemical measurements

The cyclic voltammetry (CV) was performed by using a potentio-
stat from IVIUM Technologies (Compactstat, Netherlands). For the
characterization of the ring-electrodes, three-electrode system was
prepared by using the ring-electrode as a working electrode. An
external reference electrode of Ag/AgCl and a counter electrode
made of Pt-wire were used for the analysis of a well-known redox
couple of 3,3’,5,5’-tetramethylbenzidien (TMB). The cyclic voltam-
mogram (CV) of TMB sample was obtained at the potential range
from �400 mV to þ600 mV (versus Ag/AgCl) at the scanning rate of
30 mV/s. The TMB solution was prepared to be 0.02 mg/ml in
100 mM sodium citrate buffer at pH 5.0 with 0.2% hydrogen
peroxide.

The impedance measurement was also performed by using the
potentiostat from IVIUM Technologies (Compactstat, Netherlands),
and two ring-electrodes were used for the impedance measurement
at the frequency range from 100 Hz to 100 kHz with an applied
potential of 10 mV. The measured impedance of the electrode sensor
was analyzed by using an equivalent circuit model which consists of
the interfacial electrode impedance consisted of the constant phase
pared by a sequence of deposition processes and a series of etching processes.



G.-Y. Lee et al. / Biosensors and Bioelectronics 40 (2013) 227–232 229
element (CPEel), and a series medium resistance (Rs) with a parallel
stray capacitance (CParylene) (Cho and Thielecke, 2007).
Fig. 3. Correlation curve of parylene-C film deposition between the QCM response

and the thickness of parylene-C film from AFM analysis (n¼11).
3. Results and discussion

3.1. Characterization of vertically paired ring-electrode

The vertically paired ring-electrode was prepared by a sequen-
tial deposition process and a series of etching process as shown in
Fig. 1. From the sequential deposition process, the following
layers were made on a glass substrate: gold electrode (100 nm,
counter electrode), parylene film (550 nm, dielectric layer), gold
electrode (50 nm, working electrode), Su-8 layer (1.7 mm, protec-
tive layer). The electrodes were exposed by a series of etching
process such as SU-8 etching by a commercial developer, gold
etching by ferricyanide solution, parylene film etching by plasma
treatment.

The morphological change during the etching process was
monitored by using AFM analysis. As shown in Fig. 2, the
thickness of etched layer was estimated to be SU-8 layer
(500 nm, protective layer), the first etched gold electrode
(50 nm), parylene-C film (550 nm, dielectric layer), the second
gold electrode (100 nm) from the AFM images. The etched edge of
electrode was observed to be nearly a vertically walled structure
with a slope with an angle of 801. From the AFM image, the
protective layer of SU-8 was considered to be also etched during
etching process of the parylene-C film by plasma treatment, and
the final thickness was estimated to be approximately 550 nm. On
the top layer, the cylindrical tubing for immunoassays was
attached to the SU-8 surface.

The parylene-C film was thermally deposited as a dielectric
layer between the gold layers (Kang et al., 2010; Kim et al., 2009).
As the parylene-C film was made by the thermal decomposition of
parylene dimer (p-xylylene) at 650 1C, the thickness control was
required at the thickness range of a few hundred nanometers. In
this work, the thickness control was carried out by using a quartz
crystal microbalance (QCM) at the deposition chamber. As shown
in Fig. 3, the resonance frequency shift of QCM was correlated to
the thickness of parylene-C film from the AFM analysis. By using
the QCM monitoring method, the parylene-C film at the thickness
range of less than 100 nm could be controlled with a linearity
factor of 0.96 (n¼11) as shown in Fig. 3. In this work, the parylene
Fig. 2. AFM images of ring-electrode in a series of etching processes. (a) SU-8 etching

etching by using the ferricyanide based gold etcher, (c) parylene-C film (550 nm) etch
film deposition was fixed to be 500 nm thick for the immunoas-
says, and the thickness was analyzed to be 550750 nm (n¼5).

The ring-electrodes exposed by the series of etching processes
was tested by cyclic voltammetry of 3,3’,5,5’-tetramethylbenzidine
(TMB) as a model redox couple (Pyun et al., 2005). TMB has been
used as a chromogenic substrate of horseradish peroxidase (HRP)
which is usually labeled to the reporting antibodies of immu-
noassays. The TMB molecule is oxidized by HRP, and the color of
TMB turns to blue (1st oxidation, lmax¼650) and yellow (2nd
oxidation, lmax¼450) by two oxidation steps. For the cyclic
voltammetry, 3-electrode system was used with an external
reference electrode of Ag/AgCl and a counter electrode made of
Pt-wire. As shown in Fig. 4, two oxidation steps were separately
observed in the cyclic voltammogram. As the 1st oxidation
product of TMB turns into the 2nd oxidation product of TMB at
an acidic condition, the cyclic voltammogram after treatment of
1 M sulfuric acid (equivalent volume) usually shows only a single
peak of 2nd oxidation product of TMB. Such a step-shaped graph
as shown in Fig. 4 is well-known for the microelectrodes, and LOD
(limit of detection) could be improved by clear determination of
electrochemical oxidative and reductive peaks. Usually, micro-
electrodes induce hemispherical diffusion profiles and they show
improved mass transfer compared to that of macro-sized
(1.7 mm, protective layer) by developer treatment, (b) the first gold layer (50 nm)

ing by plasma treatment and (d) the second gold layer (100 nm) etching.
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electrodes. Such a diffusion profile brings much higher current
density which translates into a high signal to noise ratio (Kim
et al., 2009). These results show that the fabricated ring-
electrodes could be used as a working electrode which can
perform redox-reaction of TMB molecule.
Fig. 4. Cyclic voltammetric analysis of 3,3’,5,5’-tetramethylbenzidine (TMB) by

using a ring-electrode as a working electrode. The cyclic voltammogram (CV) of

TMB sample was obtained at the potential range from �400 mV to þ600 mV

(versus Ag/AgCl) at the scanning rate of 30 m.

Fig. 5. Impedance analysis during the immunoassay of anti-HRP antibodies. (a) Me

(b) capacitance part of imaginary part of total impedance calculated from the model circ

to the applied frequency during the immunoassay steps.
3.2. Immunoassay with vertically paired ring-electrode

For the demonstration of immunoassays with the vertically
paired ring-electrode, anti-HRP antibodies and C-reactive protein
were used as model analytes. For the analysis of anti-HRP
antibodies as a target analyte, the HRP was immobilized on the
electrode by physical adsorption. And then, a series of standard
samples with known concentrations of anti-HRP antibodies were
injected to the ring-electrode. Between the sample injections, the
electrode was rinsed by using the washing solution. After washing
step, the impedance was measured at the frequency range
between 100 Hz and 1 MHz at the applied potential of 10 mV as
shown in Fig. 5(a). The measured impedance of the electrode
sensor was analyzed by using an equivalent circuit model which
consists of the constant phase element (CPEel), and a series
medium resistance (Rs) with a parallel stray capacitance (CParylene)
(Cho and Thielecke, 2007).

The values of the parameters were extrapolated to minimize
the sum of the squared deviations between the equivalent model
and the measured impedance spectra by nonlinear-curve-fitting
(Cho and Thielecke, 2007). As the parylene is a high insulating
material, the current flows through the exposed electrodes at low
frequency. As the surface area (6.3�10–4 mm2) of the ring-
electrode is quite small, the impedance at the electrode interface
with solution is considered to be quite high. Thus total impedance
is mostly contributed by the interfacial electrode impedance and
closely related to the capacitance factor in the imaginary part of
the total impedance. As shown in Fig. 5(b), the capacitance
according to the frequency was estimated during each step of
asured impedance according to the applied frequency from the ring-electrode,

uit, (c) phase change during the immunoassay and (d) capacitance value according
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the immunoassay, and the change of capacitance was observed at
low frequency range of the impedance spectrum as in the case of
the double layer capacitance of IDE electrode (Yang et al., 2004).
The phase of the vertically paired ring-electrode in air was close
to –901 in the frequency range of 100 Hz–100 kHz, meaning that
the impedance spectra were contributed by the capacitive reac-
tance. With the application of Anti-HRP into the HRP treated-
electrode system, the phase was increased and the relative
magnitude of reactance was decreased as shown in Fig. 5(c). This
result indicated that the increase of the capacitance was depen-
dent on the applied concentration of anti-HRP antibodies. When
the capacitance was plotted according to the frequency, the
capacitance increased according to the amount of adsorbed
proteins as shown in Fig. 5(d). These results show that the
vertically paired ring-electrode can be used for the quantitative
analysis of adsorbed proteins without additional labeling process.

The vertically paired ring-electrode was applied for the detec-
tion of C-reactive protein (CRP) which was known to be a
biomarker of inflammatory diseases such as rheumatoid arthritis
(Ko et al., 2011). For this work, the anti-CRP antibodies were
immobilized at the well of the ring-electrode, and then the
standard curve was prepared by analyzing a series of standard
samples with known concentrations of CRP. As shown in Fig. 6(a),
the impedance plot was obtained according to the applied
frequency at the range from 100 Hz to 100 kHz. By using the
same model circuit, the capacitance factor was calculated from
the imaginary part of the measured impedance as shown in
Fig. 6(b). In this case, the change in capacitance by the binding
Fig. 6. Impedance analysis during the immunoassay of C-reactive protein (CRP). (a) Imp

(b) capacitance part of imaginary part of total impedance calculated from the model circ

to the applied frequency during the immunoassay steps.
of CRP to the anti-CRP antibodies was observed to be increased at
the low frequency range. Compared to the phase in air, the value
measured when CRP was applied to the anti-CRP modified-
electrode system was increased as shown in Fig. 6(c). It was also
observed that the capacitive reactance was decreased or the
capacitance was increased in dependency on the concentration
of CRP. As shown in Fig. 6(d), the change in capacitance was
plotted at each step of the immunoassay for CRP. In this plot, the
change in capacitance was clearly observed to be increased as the
applied frequency was lowered from 100 KHz to 100 Hz. These
results shows that the vertically paired ring-electrode can be also
applied for the detection of proteins at the size of 120–140 kDa by
immunoassays.
4. Conclusions

A vertically paired ring-electrode was developed for the non-
labeled immunoassay. The vertically paired ring-electrode was
prepared by sequential deposition and etching processes. Two
electrodes were layered on glass substrate by sputtering of gold
layers with a thickness of 50 nm, and a parylene-C film with a
thickness of 550 nm was positioned between the electrode layers
as a dielectric material by thermal deposition. The top layer was
made by spin coating of SU-8. And then, the ring-electrodes were
exposed at the wall of the layered structure by sequential etching
processes. From the sequential deposition process, the following
layers were made on a glass substrate: gold electrode (100 nm,
edance measurements according to the applied frequency from the ring-electrode,

uit, (c) phase change during the immunoassay and (d) capacitance value according
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counter electrode), parylene film (550 nm, dielectric layer), gold
electrode (50 nm, working electrode), Su-8 layer (1.7 mm, protec-
tive layer). The fabricated electrodes were characterized by cyclic
voltammetry of a well-known redox couple of 3,3’,5,5’-tetra-
methylbenzidine. The cyclic voltammogram showed a typical
result from the microelectrode and two oxidation steps could be
separately observed. These results show that the fabricated ring-
electrodes could be used as a working electrode which can
perform redox-reaction of TMB molecule. The non-labeled detec-
tion of antigen–antibody interaction was demonstrated by using
anti-horseradish peroxidase (HRP) antibodies and C-reactive
protein (CRP) as model analytes. When the model analytes were
bound to the vertically paired ring-electrode, the impedance
change was measured during the immunoassay steps at the
frequency range between 100 Hz and 100 kHz at the applied
potential of 10 mV. The measured impedance of the electrode
sensor was analyzed by using an equivalent circuit model which
consists of the constant phase element (CPEel), and a series medium
resistance (Rs) with a parallel stray capacitance (CParylene). From the
analysis by using a model circuit of the ring-electrode, and the
capacitance was estimated to be dependent on the adsorption of
analytes between the ring-electrodes. From these results, the
vertically paired ring-electrode was tested to be feasible for the
non-labeled detection of proteins.
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