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A capacitive biosensor based on an interdigitated electrode (IDE) with nanoislands was developed for
label-free detection of antigen-antibody interactions. To enable sensitive capacitive detection of protein
adsorption, the nanoislands were fabricated between finger electrodes of the IDE. The effect of the
nanoislands on the sensitive capacitive measurement was estimated using horseradish peroxidase (HRP)
as a model protein. Additionally, a parylene-A film was coated on the IDE with nanoislands to improve the
efficiency of protein immobilization. By using HRP and hepatitis B virus surface antigen (HBsAg) as model
analytes, the effect of the parylene-A film on the capacitive detection of protein adsorption was

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Capacitive biosensors based on interdigitated electrodes (IDE)
have been of interest for non-labeled detection of interactions

* Corresponding author. Tel.: +82 2 2123 5851; fax: +82 2 365 5882.
E-mail address: jcpyun@yonsei.ac.kr (J.-C. Pyun).
! These two authors contributed equally to this work.

http://dx.doi.org/10.1016/j.aca.2014.07.006
0003-2670/© 2014 Elsevier B.V. All rights reserved.

between biomolecules because of their high sensitivity and their
relative simplicity [1-8]. Recently, capacitive biosensors based on
IDE have been reported for the detection of C-reactive protein
(CRP) [9], IL-6 [10], CEA [11], Johne's disease specific antigen [12],
Hev b1 [13], and Nampt [14], as summarized in Table 1. The
capacitive detection of IDE is based on the following equation of
capacitance: C=¢&g x & x A x d~!, where &y and ¢, represent vacuum
permittivity and the relative permittivity of a dielectric material
between electrodes, respectively, and where d and A represent
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Table 1
Comparison of sensing parameters of capacitive biosensors based on IDEs.

Authors Target analyte Linear range (ngmL™") Limit of detection
Kallempudi and Gurbuz 2011 [9] CRP 1~250 1ngmL™!
Qureshi et al., 2010 [10] IL-6 0.025 ~25 25pgmL~!
Altintas et al.,, 2014 [11] CEA, hEGR 0.02~1 20pgmL~!

Li et al., 2014 [12] Anti-bovin IgG - 1ngmL™!
Sontimuang et al., 2011 [13] Hev b1 10~900 10ngmL!

Park et al., 2012 [14] Nampt 1~50 1ngmL’

(This work) HBsAg 0.1~1000 <100 pgmL~!

electrode distance and area, respectively. As the relative permit-
tivity of a protein (&,=20) is significantly different from that of
water (&,=80), a change in capacitance can occur due to the
adsorption of proteins on the electrodes. The equation above
shows that the change in capacitance is enhanced if the distance
between the electrodes is shortened. Therefore, IDE have been
developed to minimize the distance between the finger electrodes
for sensitive capacitive detection. In previous studies [9-14], most
IDE have been fabricated with UV-photolithography with a line-
width limit of 1-5 wm [15]. The IDE-type electrodes witha <1 wm
distance between the finger electrodes are known to require costly
and time-consuming processes such as E-beam lithography [16],
focused ion-beam fabrication [17], and a mass-producible submi-
cron-gap IDE via step photolithography [18]. In addition to the IDE,
nanoislands have also been applied to the capacitive detection of
proteins by fabrication with field effect transistor (FET) devices and
Pt-carbon nanotube electrodes [19-22]. Such nanoislands have
been fabricated with various methods such as thermal annealing,
intense pulsed light, nanoporous alumina blocks, and e-beam
evaporation [19-21,23]. In this work, IDE with nanoislands were
fabricated between the finger electrodes of an IDE in order to
shorten the distance between the finger electrodes of the IDE, as
shown in Fig. 1(a). From the simulation results, analysis of the
nanoislands determined that they concentrated the electric fields
on IDE far higher than the conventional IDE, which had widely
distributed electric fields into the electrolytes. The improvement in
sensitivity of the IDE with nanoislands in detecting the changes in
capacitance and impedance was demonstrated using model
analytes in comparison with the conventional IDE.

The creation of such an IDE with nanoislands aimed to improve
the sensitivity in the measurement of impedance and capacitance
during immunoassays. For highly sensitive immunoassays, the
receptor proteins (antibodies or antigens) should be immobilized
on the sensor surface with a high surface density. Recently,
parylene films with functional groups such as amines and formyl
groups were reportedly used for the covalent immobilization of
proteins and peptides for highly sensitive immunoassays. Among
such parylene films with functional groups, parylene-A is a
polymer of p-xylene with primary amine groups, which can be
used for the covalent binding of proteins or peptides with linker
molecules such as glutaraldehyde or succinimide derivatives [24].
In particular, parylene-A was used for the immobilization of small
proteins and peptides and achieved a far higher efficiency than
using physical adsorption and self-assembled monolayers [25]. In
this work, parylene-A was applied to the IDE with nanoislands to
enhance the sensitivity of immunoassays. For application to the
IDE with nanoislands, the parylene-A film should be coated as thin
as possible (<50 nm) to achieve the sensitive capacitive detection
by on-line thickness monitoring [26-29].

Here, the fabrication of the IDE with nanoislands is presented,
and the morphological analysis of nanoislands was carried out by
scanning electron microscopy (SEM) and atomic force microscopy
(AFM). The effect of nanoislands on the sensitive capacitive
measurement was characterized by immunoassays with

horseradish peroxidase (HRP) as a model protein. Then, a
parylene-A film was coated on the IDE with nanoislands to
enhance the sensitivity of capacitive detection, and immuno-
assays with the parylene-A coated electrode were conducted
using HRP and hepatitis B virus surface antigen (HBsAg) as model
analytes.

2. Materials and methods
2.1. Materials

Horseradish peroxidase (HRP), an anti-HRP antibody, ferricya-
nide, and other chemicals of analytical grade were purchased from
Sigma-Aldrich Korea (Seoul, South Korea). Hepatitis B virus surface
antigen (HBsAg) and anti-HBsAg antibodies were purchased from
AbCam Co (Cambridge, UK).

2.2. Fabrication of an IDE with nanoislands

The IDE was fabricated on a glass substrate using a UV-
photolithographic process, shown in Fig. 1(b). For the fabrication of
the IDE, a SU-8 layer of 1 wum thickness was spin-coated on a 4-inch
glass wafer. After soft-baking at 110°C for 2min, the UV-
photolithography process was carried out using a mask for the
IDE. The IDE was designed to have 100 pairs of finger electrodes
with a width of 5 wm, and the space between electrodes was set to
be 5 m. After developing the IDE pattern, a Ti layer was sputtered
as an adhesive layer with a thickness of 5 nm, and then a gold layer
was sputtered with a thickness of 100 nm. The IDE pattern was
obtained after a lift-off process. Nanoislands were prepared on the
IDE by thermal evaporation and heat treatment. First, the gold
layer was thermally evaporated with a thickness of 1 nm, and then
nanoislands were produced by heat treatment under argon gas
(150 sccm) at a temperature of 500°C for 1h. Additionally, the
surface density of nanoislands was controlled by thermal
annealing of the gold layers with different thicknesses of 2, 5,
8 nm which resulted in the surface density of 1.1 x10°, 6.6 x 108
and 7.8 x 107 nanoislands cm~2, respectively.

2.3. Thermal deposition of the parylene-A film

As previously reported, parylene-A (Femto Science Co., South
Korea) was thermally deposited by the following polymerization
steps: (1) evaporation of parylene dimers at a temperature of
160°C, (2) pyrolysis for the production of highly reactive p-xylene
radicals at a temperature of 650°C, and (3) deposition of the
parylene-A film to the substrate at room temperature [26-29]. The
whole coating procedure was reproducibly carried out using a
microprocessor-controlled parylene coater from Femto Science Co.
(South Korea). To control the thickness of the parylene-A film, the
QCM response was measured from the beginning of the evapora-
tion step, and the thermal deposition was finished when the QCM
frequency shift reached a value corresponding to the targeted
thickness of the parylene-A film [29,30].
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2.4. Protein immobilization

For the immobilization of proteins (HRP and HBsAg), 5%
glutaraldehyde in phosphate buffered saline (pH 7.0) was applied
to the parylene-A film for 1 h at 37 °C. After washing with PBS, the
protein solution at concentrations between 100ngmL~' and
1 wgmL~! was applied for 1h at 37°C. After the incubation step,
the sensor surface was washed with 1% Tween 20 [29,30]. In the
case of protein immobilization to the bare gold electrodes, the
proteins (HRP and HBsAg) and glutaraldehyde in phosphate

buffered saline (pH 7.0) were immobilized through physical
adsorption by incubation for 1h at 37°C.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) was performed using a potentiostat
from IVIUM Technologies (Compactstat, Netherlands). For charac-
terization of the nanoislands, a three-electrode system was
prepared using the IDE with nanoislands as a working electrode.
An external reference electrode of Ag/AgCl and a counter electrode
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Fig. 1. Interdigitated electrode (IDE) with nanoislands. (a) Schematic view of the IDE with nanoislands. (b) Fabrication method of the IDE with nanoislands. After IDE
fabrication by a standard UV-photolithography process, nanoislands were produced by thermal evaporation of a gold layer (1 nm) and heat treatment (500°C, 1 h). (c) SEM
images of the gold surface before (left) and after (center and right) thermal treatment. (d) AFM images of the IDE with and without nanoislands.
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made of Pt-wire were used for the analysis of a well-known redox
couple of 10 mM ferricyanide (Fe(CN)é‘/“‘). The cyclic voltammo-
gram (CV) of the ferricyanide sample was obtained in a potential
range from —300 to +500 mV (versus Ag/AgCl) at a scanning rate of
30mV s~ . Impedance measurements were also performed using a
potentiostat from IVIUM Technologies (Compactstat, Netherlands).
The impedance was measured in a frequency range from 20 Hz to
1 kHz with an applied potential of 100 mV [29].

3. Results and discussion
3.1. Properties of the electrodes with nanoislands

Nanoislands were fabricated on the IDE by (1) deposition of a
gold layer with a thickness of 1 nm and (2) thermal treatment for
1h at 500°C. The size and distribution of the nanoislands were
determined by the thermal treatment conditions. As shown in
Fig. 1(c), circular-type nanoislands with an average diameter of
13nm (n=15) were obtained by the thermal treatment under
argon gas (150sccm) for 1h at 500°C. From the analysis of SEM
images, the distribution of nanoislands was estimated to be
homogeneous on the electrode surface with a surface density of
6 x 10" nanoislands cm~2. The three-dimensional structure of the
nanoislands was analyzed using AFM (Bio-AFM from JPK Co., USA).
As shownin Fig. 1(d), the roughness (Rq) of the gold electrode of the
IDE was estimated to be 0.237 nm, and the roughness (Rq) was
changed to 1.519 nm after fabrication of the nanoislands. From the
topological analysis of AFM images, the nanoislands seem to have a
half-spherical shape, and the distribution was observed to be on
the IDE surface. Similar to the SEM analysis, AFM analysis
determined the distribution of nanoislands to be homogeneous
on the electrode surface with a surface density of 2 x 10! nano-
islandscm™2. Additionally, the influence of the nanoisland
fabrication conditions on the capacitance of the electrode was
estimated by preparing nanoislands with gold layers of two
different thicknesses (0.5 nm and 1 nm) and testing three different
thermal treatment conditions (300, 500, 700°C). As shown in
Supplement 1, the maximum capacitance was observed at the gold
layer with a thickness of 1nm and the thermal treatment at a
temperature of 500 °C. From these results, the nanoislands on the
IDE were prepared using a gold layer with a thickness of 100 nm
and a thermal treatment at a temperature of 500°C. When the
surface density of nanoislands was controlled to be 1.1 x10°,
6.6 x 10® and 7.8 x 107 nanoislands cm~2 from the gold layers with
thicknesses of 2, 5, 8 nm, respectively (Supplement 2(a)). As
thickness of the gold layer before thermal annealing was
increasing, the difference in the size of nanoislands was observed
to be increased. The impedance measurement with the IDEs of
controlled surface densities of nanoislands showed the decrease of
impedance value at the low frequency range of less than 10 kHz
under PBS (Supplement 2(b)). These results clearly represented the
influence of surface densities of nanoislands on the impedance
between electrodes.

3.2. Immunoassays with the IDE with nanoislands

A capacitive change is known to occur when proteins are
adsorbed between the finger electrodes of the IDE. Usually, the
protein adsorption does not make a completely homogeneous
dielectric layer, and the resistance component (R) should always be
connected in parallel with a capacitor (C). The immunoassay was
carried out using the IDE with nanoislands as shown in Fig. 2(a),
and the analytes (antigens or antibodies) were sequentially layered
on the receptor molecule (antibodies or antigens) at each step of
the immunoassay. As such, an adsorption of proteins on the
electrode could be regarded as a parallel connection of capacitors.

The change in capacitance was obtained as the sum of the
capacitive components including the parasitic capacitance of the
electrode, and the capacitance increased with the adsorption of
proteins.

The nanoislands were fabricated to improve the sensitivity of
the IDE. To estimate the effect of the nanoislands, the capacitive
change of IDE with and without nanoislands was measured with
standard salt solutions at different concentrations. As shown in
Fig. 2(b), the capacitance of the standard salt solutions at a
concentration range of 0.5-3.0% was 19.3-24.7nF for the IDE
without nanoislands. In the case of the IDE with nanoislands, the
capacitance ranged from 43.6 to 68.5 nF at the same concentration
range. The linear correlation between the standard salt concentra-
tion at a range of 0.5-3.0% and the capacitive change was estimated
to be 2.0nF/% of salt concentration using the IDE without
nanoislands and 10.1 nF/% of salt concentration using the IDE
with nanoislands. Therefore, the capacitance change was far more
sensitive when using the IDE with nanoislands compared with the
IDE without nanoislands, and the change in capacitance measured
was far larger than the impedance change using the IDE with
nanoislands.

The immunoassay was carried out using the IDE with nano-
islands and HRP as a model analyte. The effect of the nanoislands
for IDE was estimated by comparing immunoassay results from IDE
with and without nanoislands. As a first step, HRP was
immobilized on both IDE by physical adsorption, and the sites
of non-specific binding on the electrodes were blocked by
treatment with BSA at a concentration of 10 mg mL~". Then, both
IDE were treated with standard anti-HRP antibodies. As shown in
Fig. 2(c), the capacitive change was 0.4-0.8 nF (Acapacitance=0.4
nF) for the IDE without nanoislands. In the case of the IDE with
nanoislands, the capacitive change was measured to be from 29.7
to 44.6 nF (Acapacitance = 14.9 nF). These results showed that the
capacitive measurement associated with the immunoassay had a
far higher sensitivity using the IDE with nanoislands than the IDE
without nanoislands. The reproducibility of capacitance measure-
ments was estimated for IDE electrodes with nanoislands after the
protein adsorption using three different electrodes. The capaci-
tance change from PBS was compared after the immobilization of
HRP at the concentration of 100 wg mL~" in PBS, and the results of
capacitance measurement at the frequency of 100Hz was
estimated to be 122 +11 (9%)nF (n=3). At the frequency of 1kH,
the reproducibility of capacitance measurement after the immo-
bilization of HRP was estimated to be 87 10 (11%) nF (n=3). These
results showed that the device-to-device reproducibility of
capacitive measurements for each IDE with nanoislands was
estimated to be around 10% at the frequency of 100 Hz and 1 kHz,
respectively.

The sensitivity of the impedance measurement to the protein on
the IDE is involved with the distribution of the electric fields over the
proteins, which can be determined by the electrode area and
configuration. In the case of the normal IDE, the electrical properties
of the protein adsorbed on the electrode affect the current flow
between the IDE more and change the measured impedance as the
spacing between the fingers of IDE decreases [31,32]. The fabricated
IDE with nanoislands induces the increase in the current density and
the electrical field on the protein adsorbed on the nanoislands. When
aninput potential of 10 mV with a frequency of 1 kHz was applied, the
electrical fields and current density around a finger of the IDE with or
without nanoislands with protein adsorbed onto them were
simulated using the finite element method and shown in Fig. 2(d).
The IDE finger model was designed to have a thickness of 100 nm and
a protein layer homogeneously coated on the surface of both the
electrode and the nanoislands with a thickness of 5nm. The
nanoislands had a radius of 7nm and a center to center distance
of44 nm. For the simulation, it was assumed that the conductivity (o)
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Fig. 2. Immunoassay using the IDE with nanoislands. (a) The principle of the immunoassay based on the IDE with nanoislands. (b) Capacitance change with treatment of
standard salt solutions on the IDE without nanoislands (left) and the IDE with nanoislands (right). (c) Capacitive change during the anti-HRP antibody immunoassay using the
IDE without nanoislands (left) and the IDE with nanoislands (center). The capacitance change at 100Hz was of both electrodes was compared (right). (d) Simulated
distribution of the electrical fields (color-scaled) and current density (white lines) around a finger of an IDE with a thickness of 100nm (6=10°Sm~, &.=1) covered by a
protein layer with a thickness of 5nm (6=10">Sm™, &= 20) immersed in DI water (6 =10">Sm™, &.=80) (upper) and a finger of the IDE with the protein coated nanoisland
array (radius: 7 nm, center to center distance: 44 nm) (lower). The input potential was 10 mV with a frequency of 1kHz (used Software: COMSOL Multiphysics).

and the relative permittivity (¢,) of the electrode (o=10°Sm™,
&-=1), protein (6=10">Sm™}, &=20) [33], and medium (o =10"°
Sm, &= 80) were isotropic. Furthermore, the whole domain for the
electrical fields and the current density was governed by the Laplace
equation when neglecting the magnetic field [34]. The simulation
results showed the electrical fields distributed on the protein coated
nanoislands and the hopping current. Thus, the current response to
the input potential reflects the electrical properties of the protein
coated on the nanoislands. More research on the hopping current
with respect to the distribution and configuration of the nanois-
lands should be investigated to understand how the nanoislands
determine the impedance measurement with the IDE and to
improve the label-free IDE sensors.

The electrical characteristic of the typical IDE electrode in the
electrolyte can be regarded as interfacial electrode impedance and a
serial medium resistance. When the nanoislands were between the
IDE fingers, the short-circuiting effect occurred because the flow of
current from the adjacent nanoislands with high conductivity was
affected. This short-circuiting effect caused not only the change in
the impedance but also the sensitivity field of the electrode sensor. It
is not yet clear how the equivalent circuit model can be derived
considering the short-circuiting effect, which is dependent on the
volume and distribution of conductive materials under the electric
fields. However, the impedance measured at frequencies below

1 kHz was mostly governed by the interfacial electrode impedance
rather than the medium resistance, and therefore could be
characterized using a constant phase element or a capacitance
model calculated from the imaginary part of the impedance.
According to the results illustrated in Fig. 3, an increase in the
concentration of electrolyte ions caused an increase in capacitance,
which was dependent on the charge density. In the case of the IDE
with nanoislands, the capacitance value and also the dependency of
the value on the ion concentrationwas higher than in the normal IDE.
This might be caused by an accumulation of the charged ions or an
increase in the electrical fields over the nanoislands. The protein was
an amphoteric polyelectrolyte which was eager to adsorb onto the
surface. The adsorption of the protein caused an increase in the
charge density and in the capacitance (see Fig. 2(a)). Although the
electrical characteristics of the proteins on the nanoislands can be
explained by a complex network of RCs or a transmission line model
[35],asimple capacitance model was employed in this study because
of the above observation with a limited frequency range.

3.3. Immunoassays with a parylene-A coated electrode
For sensitive immunoassays, receptor molecules (antibodies or

antigens) should be immobilized on the sensor surface with a high
surface density [26]. For the immobilization of receptor molecules,
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SAMs have been used for the functionalization of gold surfaces
[1,2,6] and organic silanes have been used for functionalizing oxide
surfaces [36]. Such films must be as thin as possible for the highly
sensitive capacitive measurement [29]. In this study, a parylene-A
film with amine groups was used to immobilize the receptor on the
IDE. As previously published [25-27], a parylene-A film can be
coated with a thickness less than 100 nm, and it can be used to
enhance the sensitivity of immunoassays with a high immobiliza-
tion efficiency of receptor molecules. As shown in Fig. 3(a), a
parylene-A film with amine groups was coated on IDE, and proteins
were covalently immobilized to the parylene-A film using
glutaraldehyde as a linker molecule.

First, the electrical properties of the parylene-A film were
measured using cyclic voltammetry (CV) with ferricyanide as a
redox molecule. As shown in Fig. 3(b), the redox peaks of
ferricyanide were observed to disappear when the film thickness
was more than 45 nm. From the integration of the area of the cyclic
voltammogram, the amount of charge transfer was estimated to be
550, 538, 244, 25, and 1.7 mC for a parylene-A film with a thickness
of 0, 20, 35, 45, and 110 nm, respectively. These results also showed
that the electric isolation steeply increased when the parylene-A
film thickness was more than 30 nm. Thus, a parylene-A film less
than 30nm thick was used for the IDE with nanoislands for
immunoassay analysis. The immobilization efficiency of the
parylene-A film was estimated using fluorescence (Cy3)-labeled
streptavidin as a test protein. A fluorescence image was taken after
the immobilization of the Cy3-labeled streptavidin to the gold
surface and the parylene-A film. As shown in Fig. 3(c), the
fluorescence signal of the gold surface was detected at a
concentration of more than 5 ugmL~!. However, in the case of
the parylene-A film, the fluorescence signal was detected at a
concentration of less than 0.2 g mL~". These results show that the
parylene-A film could improve the limit of detection up to 30-fold
by enhancing the efficiency of immobilization.

The parylene-A coated IDE with nanoislands was analyzed with
the immunoassay using HRP as a model analyte. First, the
capacitive change was measured during the immunoassay using
(1) the IDE without nanoislands, (2) the IDE with nanoislands, and

(3) the parylene-A coated IDE with nanoislands. In the case of the
IDE without nanoislands, the relative capacitive change was
estimated at 0.4-0.8 nF (increase ratio=100%, Acapacitance=0.4
nF). Then, the capacitive change was measured to determine the
effect of the parylene-A coating. As shown in Fig. 4(a), the relative
capacitive change was estimated at 5.6-25.3 nF (increase ratio=
351%, Acapacitance = 19.7 nF) for the parylene-A coated IDE with
nanoislands and at 29.7-44.6nF (increase ratio=50%,
Acapacitance = 14.9 nF) for the IDE without a parylene-A coating.
These results show (1) that the nanoislands enhanced the
sensitivity of the immunoassay more than 30-fold, as evidenced
from the comparison of the delta-capacitance values and (2) that a
larger capacitance change was observed with the parylene-A film
coated on the IDE with nanoislands. The parylene-A coated IDE
with nanoislands was analyzed with the capacitive detection of the
human hepatitis B virus surface antigen (HBsAg). As with the
previous immunoassay with HRP, the capacitance change was
measured using the parylene-A coated IDE with nanoislands
(n=3). As shown in Fig. 4(b), the limit of detection for the HBsAg
was estimated to be 100 pg mL~! using the parylene-A coated IDE
with nanoislands, and the signal reached a saturation plateau
when the sample was treated at a concentration of 1 ugmL™".
When the capacitive change was compared at a frequency of
100Hz, the relative capacitive change was estimated to be 7.1-
19.0 nF (increase ratio = 168%, Acapacitance = 11.9 nF). At the same
time, the impedance change was observed to decrease 66% in the
parylene-A coated IDE with nanoislands. As shown in Fig. 4(c), the
selectivity of the capacitive biosensor for HBsAg detection was
estimated using the antibodies against CRP and hIgG as sample
analytes. The sensor responses for these sample analytes (anti-
bodies against CRP and higG) were estimated to be insignificant
compared with the sensor responses from the samples of anti-
HBsAg antibodies. For the applicability test of the capacitive
biosensor to real samples, spiked samples of anti-HBsAg antibodies
were prepared in human serum (n=3). As shown in Fig. 4(d), the
limit of detection for HBsAg was estimated to be 100 pg mL™! using
the parylene-A coated IDE with nanoislands, and the signal
reached a saturation plateau when the samples were treated at a
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Fig.4. Immunoassay with the parylene-A coated IDE with nanoislands. (a) Immunoassay with HRP as a model analyte. The capacitive measurement was carried out using the
IDE with nanoislands before (left) and after (center) parylene-A coating. The capacitive measurements with different electrodes were compared using relative capacitance
(right).(b) Capacitive measurement during the HBsAg immunoassay using the parylene-A coated IDE with nanoislands (left). The capacitive and impedance measurements were
compared (right). (c) Selectivity test of the capacitive biosensor for HBsAg detection using antibodies against CRP and higG as sample analytes. (d) Applicability test of the
capacitive biosensor toreal samples with spiked samples of anti-HBsAg antibodies in human serum. The error bars represent the standard deviation from the mean value (n = 3).

concentration of 100 ng mL~!. Compared with the samples in PBS
(LOD: 100 pg mL~!, saturation concentration: 1 wg mL™!), the LOD
was estimated to be at a similar level and the saturation was
observed at a 10-fold lower concentration. These results also show
that the capacitive biosensor based on the parylene-A coated IDE
with nanoislands can be analyzed with the HBsAg immunoassay.

4. Conclusions

A capacitive biosensor based on an interdigitated electrode (IDE)
with nanoislands was developed for label-free detection of antigen-
antibody interactions. The nanoislands were produced on the IDE to
enhance the sensitivity of capacitive detection of protein adsorption.
The nanoislands were fabricated on the IDE electrode by (1)
deposition of a gold layer with a thickness of 1 nm and (2) thermal
treatment. The distribution of nanoislands was estimated to be
homogeneous on the electrode surface, with a surface density of
6 x 10" and 2 x 10" nanoislands cm~2 from AFM and SEM images,
respectively. The effect of the nanoislands on the sensitive capacitive

measurement was characterized by immunoassay with horseradish
peroxidase (HRP) as a model protein. With treatment of standard
anti-HRP antibodies, the capacitive change was determined to be
from 0.4 to 0.8nF (Acapacitance=0.4nF) with the IDE without
nanoislands and from 29.7 to 44.6 nF (Acapacitance = 14.9 nF) with
the IDE with nanoislands. These results show that the immunoassay
using the IDE with nanoislands had a far greater sensitivity than with
the IDE without nanoislands. Additionally, a parylene-A film was
coated on the IDE with nanoislands to improve the efficiency of
protein immobilization. Using fluorescence image analysis, the
parylene-A film was determined to improve the limit of detection up
to 30-fold by enhancing the efficiency of immobilization. The
parylene-A coated IDE with nanoislands was analyzed with
immunoassay using HRP as a model analyte. These results showed
that (1) the nanoislands enhanced the sensitivity of the immunoas-
say more than 30-fold, as evidenced by the comparison of the delta-
capacitance values and (2) that a larger capacitance change,
determined by comparison of the increase ratios, was observed
with the parylene-A-coated IDE with nanoislands. Using hepatitis B
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virus surface antigen (HBsAg) as a model analyte, the feasibility of
use of the parylene-A-coated IDE with nanoislands for medical
diagnosis of HBsAg was confirmed.
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