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Abstract: This study integrates the techniques of nanoelectroforming, hot-embossing, and
electrochemical deposition to develop a disposable, low-cost, and high sensitivity nanostructure
biosensor. A modified anodic aluminum oxide barrier-layer surface was used as the template
for thin nickel film deposition. After etching the anodic aluminum oxide template off, a
three-dimensional mold of the concave nanostructure array was created. The fabricated three-
dimensional nickel mold was further used for replica molding of a nanostructure polycarbonate
substrate by hot-embossing. A thin gold film was then sputtered onto the polycarbonate substrate
to form the electrode, followed by deposition of an orderly and uniform gold nanoparticle
layer on the three-dimensional gold electrode using electrochemical deposition. Finally, silver
nanoparticles were deposited on the uniformly deposited gold nanoparticles to enhance the
conductivity of the sensor. Electrochemical impedance spectroscopy analysis was then used to
detect the concentration of the target element. The sensitivity of the proposed scheme on the
detection of the dust mite antigen, Der p2, reached 0.1 pg/mL.

Keywords: nanoelectroforming, nanostructure polycarbonate substrate, gold nanoparticles,
silver nanoparticles, electrochemical impedance spectroscopy

Introduction

The current trend for point-of-care device development requires that a device be
low-cost, sensitive, specific, easy to use, rapid and robust, and disposable, as well as
having a small sample requirement. This is especially the case for people who live in
developing countries, where even common tests are not affordable and fundamental
infrastructure is often not available.'* A variety of microfluidic devices such as the
micro total analysis system (LTAS) have been developed which partially meet these
demands.*’7 However, the requirement of lithographic equipment and the relatively
high cost of such devices can place limitations on mass production and general
applications.

Microfluidic paper-based analytical devices (LPADs) as initially proposed
by Martinez et al can be good alternatives to satisfy the low cost and ease of use
requirements of modern point-of-care diagnostic devices.*'® A WPAD generally
consists of a paper-based microfluidic testing platform based on patterned channels
upon hydrophilic paper delimited by partitions of hydrophobic material and a light
reflectance detector for quantitative colorimetric detection of target analytes at the
test zone. Methods for paper patterning include photolithography,®!! plotter printing
of polydimethylsiloxane patterns in paper,'? inkjet printing,'*!'* and wax printing.!>'¢
A simple reflectance detection device such as a desktop scanner or a digital camera
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is quite adequate for use with a UPAD. Other detection
methods, such as quantitative fluorescence and absorbance
measurements obtained using a microplate reader,!”
electrochemistry,'®2° or electrochemiluminescence,*' can
also be implemented for the quantitative detection of the
target analytes. The UPADs, although still in their infancy,
have proven to be a promising solution for simple and
low-cost quantitative detection of biological and inorganic
species in aqueous solutions. However, their relatively low
sensitivity may limit their applications for the detection
of rare molecules. It is of substantial interest to develop a
highly sensitive and low-cost biosensor for precise detection
of low levels of species in biological samples, including
bodily fluids.

Electrochemical impedance spectroscopy detection
involving a label-free process has enabled simplification
of the detection and enhancement of the sensitivity of
measurement.”>% Gold nanoparticles, which can provide
substantial biocompatibility with biomolecules and a stable
immobilization of biomolecules that retain their bioactivity,
have made them a very attractive material as electrodes of
impedimetric biosensors.?*?’

This study demonstrates the integration of nanoelectro-
forming, hot-embossing, and electrochemical deposition
techniques for the fabrication of a low-cost polycarbonate-
based biosensor platform. The key component in this
polycarbonate-based platform is a gold nanoparticle-deposited
nanostructured polycarbonate substrate which serves as the
transducer for detection of target analytes by binding to it.
The nanostructure polycarbonate substrates can be replicated
using a nickel mold by means of nano hot-embossing or nano
injection molding. This makes the platform disposable and
low-cost. In addition, the high surface to volume ratio of
the nanostructured polycarbonate substrate and uniformly
deposited gold nanoparticles allow the attachment of many
more analytes to the transducer which, in turn, means
considerable enhancement of sensitivity. In this study,
detection of the dust mite antigen, Der p2, is carried out
using electrochemical impedance spectroscopy analysis to
demonstrate the performance of the proposed polycarbonate-
based biosensor scheme.

Materials and methods
Fabrication of a polycarbonate-based

transducer

Figure 1 is a schematic illustration of the proposed
polycarbonate-based biosensor design. It consists of a
polycarbonate substrate with a nanohemisphere array,
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Figure | Schematic illustration of the proposed polycarbonate-based biosensor.

a gold thin film sputtered on the polycarbonate substrate to
form the electrode, gold nanoparticles uniformly deposited
on the film, and smaller silver nanoparticles deposited on
the gold nanoparticles. The sequential fabrication processes
included fabrication of a nanostructured polycarbonate
substrate, deposition of a thin gold film, annealing,
electrochemical deposition of gold nanoparticles, and
electrochemical deposition of silver nanoparticles.

Fabrication of a nanostructured polycarbonate
substrate

The nanostructured polycarbonate substrate was hot-
embossed using a nickel replica mold. The fabrication
procedures of the nano replica mold are briefly described in
Figure 2. A modified anodic aluminum oxide barrier-layer
surface was used as the master mold for nickel thin film
deposition. After etching off the anodic aluminum oxide
template, a three-dimensional replica of the concave nano-
structure array could be obtained.

The nanostructured polycarbonate substrates were pro-
duced by Leadoptical Co, Ltd, (Taichung, Taiwan), a com-
pany specializing in microlens array fabrication. Because the
glass transition temperature (Tg) of the polycarbonate used
was 120°C, the embossing temperature was set at 150°C.
After holding for 50 seconds, a cooling process at 100°C
for 180 seconds was carried out.

Deposition of a thin gold film

A thin gold film electrode was deposited on the hemispheric
array of the polycarbonate substrate using radiofrequency
magnetron sputtering. The deposition was conducted under a

Etching AAO

Nickel 3D mold of concave

nanostructure array

Modified AAO
barrier-layer surface

Figure 2 Fabrication procedures for the nano replica mold.
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4.0 x 107 Torr pressure at room temperature with a 20 sccm
(0.254 Torr x 1/second) argon injection and 80 W power last-
ing for 1.5 minutes. This created a 30 nm thin gold film.

Annealing

An annealing process was employed to refine further the
surface structure of the thin gold film electrode and make
it homogeneous. Sequential annealing procedures included
heating the sample to 120°C at a rate of 5°C/minute,
maintaining that temperature for 60 minutes, followed by
cooling the sample in open air to room temperature.

Packaging

To ensure the uniformity of the sensing area and prevent
other solutions from coming into contact with the sample,
precise packaging before electrochemical depositing of gold
nanoparticles was needed. The packaging procedures are
described as follows: prepare a 2.5 x 2.5 cm? square parafilm;
make a ¢ = 6 mm hole in the center of the parafilm; daub
a thin layer of epoxy on the bottom surface of the parafilm
square, followed by bonding of the parafilm to the gold film
deposited polycarbonate substrate to enclose the sensing
area of the device; and package the device using silica gel
to ensure air tightness.

Deposition of gold nanoparticles

The electrochemical deposition was processed by an SP-150
electrochemical analyzer (EC-Lab, Knoxville, TX). The
packaged sample was placed at the working electrode, with
the thin gold film serving as the electrode. The counter
electrode and the reference electrode were a platinum film
and an Ag/AgCl electrode, respectively. The deposition
processes are described below.

The electrolyte was prepared by dissolving 1 mL of
0.02 M HAuCl, (Sigma Aldrich, St Louis, MO) solution in
39 mL of deionized water. The cyclic voltammetric method
was performed using the SP-150 to examine the reduction
potential of the HAuCl, solution. The scanning range was
set to be between —0.8 V and +0.8 V. Three reducing peaks,
at 0.8 V, —0.2 V, and —0.8 V, respectively, were detected,
where —0.8 V denoted the reducing peak of a monovalent
gold ion. Several experiments with reducing potentials
set around —0.8 V were conducted. The results indicated
that —0.7 V was a more suitable reducing potential for the
HAuCI, solution used in this study.

The electrochemical deposition was processed under a
DC -0.7V electric potential at room temperature, lasting for
180 seconds. Several experiments with different deposition

durations were carried out. It was found that 180 seconds
could achieve better deposition of gold nanoparticles.

Deposition of silver nanoparticles

Due to its high electric and thermal conductivity, silver has
been widely used in micro/nano systems to enhance con-
ductivity. In this study, silver nanoparticle gel was prepared
using the Lee and Meisel method.?® Silver nanoparticles were
then electrochemically deposited on the gold nanoparticles to
increase further the conductivity of the device. The deposition
processes are described below.

A 25 mL solution of 1 mM AgNO, was added to a 1 mM
ice-cold NaBH, (75 mL). A canary yellow silver nanoparticle
gel was synthesized by stirring the mixture at 40°C for
2 minutes. Excess BH,” can be a capping agent for silver
nanoparticles. Continuous stirring for 1 hour was essential
to prevent aggregation of the silver nanoparticles.

The reducing potential for better reduction of silver
ions was detected to be —0.4 V using cyclic voltammetric
procedures, ie, the same as for measurement of the reducing
potential for the HAuCl, solution. Electrochemical deposition
of the silver nanoparticles was achieved by application of
a DC —0.4 V electric potential for 150 seconds at room
temperature.

Electrochemical characterization

The SP-150 electrochemical analyzer used for nanoparticle
deposition was also employed for cyclic voltammetry testing.
A platinum wire and an Ag/AgCl electrode were used as the
counter and reference electrodes, respectively. The active
surface area was estimated with steady-state voltammetry
using a 0.5 M H_SO, solution as the supporting electrolyte.
The cyclic voltammogram trace could be used to calculate
the actual area of the sensing device which is most effective
for adhesion of analytes.?

Testing sample preparation

Allergic rhinitis and asthma are the most often observed
allergic symptoms of the respiratory system. House dust
mites are known to be a common cause of asthma and
allergic reactions worldwide. It has been reported that
the group 2 allergen, Der p2, can activate innate toll-
like receptor on respiratory epithelial cells to aggravate
respiratory diseases.*® In this study, Der p2 was used for
evaluation of the proposed polycarbonate-based biosensor.
Der p2 is prepared using the procedures proposed by
Tsai et al.’! The self-assembled monolayer method is
adopted for immobilization of Der p2 on the sensor.
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The procedures for the self-assembled monolayer are briefly
described below.

First, the surface of the sensor was cleaned by sequentially
soaking it in ethanol, acetone, and deionized water, and then
vibrating it using ultrasonic waves for 5 minutes. 10 uL of a
10 mM 11-mercaptoundecanoic acid (11-MUA) solution was
then dispensed onto the sensor surface to construct a 1 1-MUA
self-assembled monolayer anchor membrane. A 20 pL
sample of the mixed NHS (N-hydroxysuccinimide) and
EDC (1-ethyl-3-[3-dimethyl-aminopropyl]-carbodiimide)
solution (molar ratio, 1:2) was further allotted to the sensor
for 10 minutes to activate carboxylic groups on the 11-MUA
membrane. After two washings with phosphate-buffered
solution, the sensor was bathed in a 20 uL (10 pg/mL) dust
mite monoclonal antibody (IgG) solution and then incubated
for 10 minutes. The IgG supplied by Bethyl Laboratories Inc,
(Montgomery, TX) was a dust mite monoclonal antibody
and could only bind to the dust mite antigen, Der p2.3! The
NH,* group in IgG was substituted for the NHS functional
group and chemically bound with the COOH™ group on the
MUA membrane. The sensor was again rinsed twice with
a phosphate buffer solution (pH 7.4). To ensure binding
uniqueness, a 20 LL 1% bovine serum albumin solution was
used as the blocking layer to seal off the binding sites of those
IgG molecules which did not bond with the MUA membrane.
Finally, sensing samples were acquired by dipping the sensor
into Der p2 solutions of different concentrations (10 ng/mL,
1 ng/mL, 0.1 ng/mL, 0.01 ng/mL, 1 pg/mL, and 0.1 pg/mL)
at 4°C for 30 minutes.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopic analysis is a
method commonly used for determining information about
an interface. The impedance information of the system can be
evaluated by applying a periodic AC signal of small amplitude

A

to the interface and detecting the actual system response. In
this study, this method of analysis was implemented for the
detection of the Der p2 concentration in different solutions.
The SP-150 electrochemical analyzer was also used for
electrochemical impedance spectroscopy analysis.

The polycarbonate-based biosensor, platinum film, and
Ag/AgCl serve as the working electrode, counter electrode,
and reference electrode, respectively, for electrochemical
impedance spectroscopy. The buffer solution is a mixture
of 5 mM Fe(CN),* and 5 mM Fe(CN) in 100 mM
2-(N-morpholino) ethanesulfonic acid (pH = 6.0). The applied
DC power and AC power are 0 V and 5 mV, respectively.
The AC frequency ranges from 50 mHz to 50 kHz.

Results and discussion

Transducer fabrication

Figure 3 shows images of the hot-embossed polycarbonate-
based substrates. From the scanning electron microscopic
image, it was observed that high-order nanohemispheres with
a diameter of around 80 nm could be transferred from the
nickel replica mold to the polycarbonate material. In replica
molding or imprinting, robustness and durability of the replica
mold are highly desired for mass production applications. The
nickel replica mold fabricated using the anodic aluminum
oxide barrier/nickel thin film deposition process enabled
repetitive and durable production of polycarbonate substrates
with a nanohemisphere array.

Figure 4 shows a scanning electron microscopic image
of a gold nanoparticle-deposited electrode. The uniformly
and compactly deposited gold nanoparticles had an
average diameter of around 30 + 3 nm on scanning electron
microscopic images using a commercial software Image-Pro
Plus (Media Cybernetics, Bethesda, MD). The uniformly
propagated electric flux perpendicular to the hemispheric thin
gold film electrode attracted the positive charges of the gold

Figure 3 Images of a polycarbonate nanohemisphere array created using hot-embossing; (A) real products; (B) Scanning electron microscopic image.
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Figure 4 Scanning electron microscopic image of gold nanoparticles synthesized by
electrochemical deposition.

nanoparticles in the electrolyte. It was revealed that the gold
nanoparticles could be densely deposited onto the surface of
the thin gold film electrode without adding a reducing agent
or stabilizer.

Because the silver nanoparticles were used for conductivity
enhancement, only a small amount of them were deposited on
the gold nanoparticle-deposited electrode. A silver content
0f 0.3% was detected using a chemical analysis and electron
spectroscopy (PHI 5000; ULVAC-PHI Inc, Kanagawa,
Japan).

Electrochemical characterization

Figure 5 shows the steady-state cyclic voltammetry and
I-t curves transformed from cyclic voltammetry for the
nanostructured thin gold film before gold nanoparticle
deposition and the gold nanoparticle deposited electrodes
in 0.5 M H,SO, at 100 mV/s versus that of the Ag/AgCl
reference electrode. The total amount of electric charge in
each electrode could be estimated by integrating the area of
the reducing peak in Figure 5B. The total amount of electric
charges of the film before gold nanoparticle deposition and

— Nanostructure Au thin film
— GNP deposited
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the polycarbonate/gold/gold nanoparticle electrode were
estimated to be 16.51 uC and 53.90 uC, respectively. Since
the charge required to form AuO per cm? of gold electrode is
386 UC, the effective areas of the thin gold film before gold
nanoparticle nanostructure deposition and the polycarbonate/
gold/gold nanoparticle electrode were calculated to be 0.043
(16.51 uC/386 uC) and 0.14 (53.90 uC/386 nC) cm?,
respectively. The effective area was enhanced 3.26-fold
due to the deposition of gold nanoparticles.

Electrochemical impedance spectroscopy
The electrochemical impedance spectroscopy analysis
results obtained using an SP-150 electrochemical analyzer
are presented in Figure 6. Figure 6A shows the Nyquist plots
for a gold nanoparticle-deposited electrode, an electrode
after the anti-dust mite monoclonal IgG was bound to the
NHS-EDC, and electrodes after the Der p2 (with various
concentrations) were immobilized for the anti-dust mite
monoclonal IgG. The diameter of each individual semi-
circular electrochemical impedance spectroscopy curve in
Figure 6A represents the charge transfer resistance of the
electrode with respect to this specific analysis. Figure 6A
reveals that the charge transfer resistance for each individual
electrode increased with an increase in Der p2 concentration.
In other words, the impedance of the Der p2 binding device
increased with an increase in Der p2 concentration. The
electrochemical impedance spectroscopy results could
be modeled by the Randles’ equivalent circuit shown in the
inset to Figure 6A.

Total impedance in the Randles’ equivalent circuit is
composed of the electrolyte resistance (R)), the charge transfer
resistance (R ), and the double layer capacitance (C ). Since
R represents the bulk properties of the electrolyte solution,
it is unrelated to the chemical reactions coming about at the
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Figure 5 Cyclic voltammetry and I-t curves transformed from the cyclic voltammetry for the film before deposition of the nanostructure thin gold film and the gold

nanoparticle-deposited electrodes.
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Figure 6 Electrochemical impedance spectroscopy results: (A) Impedance plots for Der p2 at various concentrations: (a) IgG, (b) 10~ g/mL, (c) 10-'2 g/mL, (d) 10" g/mL,
(e) 10" g/mL, (f) 10~ g/mL, (g) 107 g/mL; (B) AR_ as a function of the logarithmic concentration of Der p2 for the proposed polycarbonate-based biosensor.

electrode interface. The values of R, and C,, change with the
substance bonded onto the electrode surface. Table 1 presents
the fitting parameters for the equivalent circuit model of the
polycarbonate-based biosensor corresponding to the Nyquist
plots in Figure 6A, in which AR  denotes the different levels
of resistance between the electrode in the individual self-
assembled monolayer stage and the IgG bonding electrode.
As tabulated in Table 1, the value of each R is much smaller,
and can be neglected when compared with its correspond-
ing R, value. Hence, the Randles’ equivalent circuit can be
simplified as follows:

et . a)RetZCd/
- J 24 2
1+ &'R}C,} 1+ @'RC,
=R+ jX

Z(w) =

(M

As expressed in Eq (1), both R  and C, affect the imped-
ance plot. However, Table 1 shows that the difference in
R, between the electrode for the individual self-assembled
monolayer stage and the gold nanoparticle-deposited elec-
trode is more substantial when compared with the change in
C,. Hence, AR, can be used as the parameter to relate the
sensor response to different analyte concentrations.

Figure 6B shows AR as a function of the logarithmic con-

nanobiosensor. For each concentration, three experiments
were conducted. All the standard deviations for different
concentrations are illustrated by the error bar. The sensor
0.98873.
The detection limit was around 0.1 pg/mL, as indi-

response is fitted by a conic section with R?

cated by curve a in Figure 6A. A dynamic range of up
to 10 ng/mL (curve g in Figure 6A) is also presented.
When the AR, of a desired Der p2 solution was detected,
the concentration of Der p2 could be determined by
this standard regression curve. Test samples for each
concentration were prepared for further verification. It
was observed that the variations in the test samples were
smaller in the concentration range between 1072 g/mL and
1071 g/mL.

It is presumed that the uniformly distributed gold nano-
particles on the hemispheric array increased the surface
area of the electrode so that an increased number of MUA
molecules could attach to the electrode; therefore, the sequen-
tial binding of EDC/NHS molecules and IgG molecules was
thus increased. Hence, the effective binding between Der p2
and IgG could be enhanced. As a result, the sensitivity of the
sensor was considerably enhanced. This proposed low-cost
and high sensitivity polycarbonate-based nanobiosensor
could be useful for the rapid detection of rare molecules in

centration of Der p2 for the proposed polycarbonate-based  an analyte.
Table | Fitting parameters for the Randles’ equivalent circuit

GNP 1gG 0.1 pg | pg 10 pg 100 pg I ng 10 ng
R, (10°Q) 0.053 1.24 1.73 2.07 2.26 251 2.67 2.73
R () 184.7 181.1 177.9 179.4 181.3 181.1 181.2 180.1
C, (10°F) 3.95 3.73 3.51 3.35 3.38 331 3.24 3.26
AR, (10°Q) 0.49 0.84 1.03 1.27 1.43 1.50

Abbreviation: GNP, gold nanoparticle.
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Conclusion

In this study, we designed a low-cost and highly sensitive
polycarbonate-based nanostructured biosensor. The sequential
synthesis processes of the biosensor included fabrication of
a nanostructured polycarbonate substrate, deposition of a
thin gold film, annealing, electrochemical deposition of
gold nanoparticles, and electrochemical deposition of silver
nanoparticles. The sensing limit and dynamic range of the
proposed design for Der p2 detection were investigated
using electrochemical impedance spectroscopy analysis
and found to be 0.1 pg/mL and 10 ng/mL, respectively. It is
presumed that the uniformly distributed gold nanoparticles
on the hemispheric array increased the surface area of the
electrode so that an increased number of MUA molecules
could attach to the electrode, thereby increasing the sequential
binding of EDC/NHS and IgG molecules. Hence the effective
binding between Der p2 and IgG could be enhanced, resulting
in sensitivity of the sensor being enhanced considerably.
Fluorescence analysis results obtained using enhanced green
fluorescent protein further indicate that the high sensitivity
of the proposed polycarbonate-based nanobiosensor can
be attributed to the intensity and uniformity of the gold
nanoparticles on the sensor. The proposed low-cost and high
sensitivity sensor could be useful for the rapid detection of
rare molecules in an analyte.

In future work, the polycarbonate-based biosensor will
be integrated into the conventional printed circuit board
fabrication process to produce a final product. Mass produc-
tion tasks will be conducted. A portable electrochemical
impedance spectroscopy device is currently being designed
and fabricated for fast and low-cost detection.
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