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a b s t r a c t

The nanopatterning of gold nanoparticle (AuNP) arrays on an indium tin oxide (ITO) electrode using
efficient and low-cost methods is described. This process used nanosphere lithography (NSL) encom-
passing the deposition of monolayered Polystyrene (PS) followed by a convective self-assembly drop
coating protocol onto the ITO substrate that further acted as the mask after the AuNP assembly. The
results showed that spin-coating allowed AuNPs to follow the contour and adhere to the PS nanospheres.
The final products, after etching the PS, generated a highly ordered Au-nanohole array on an ITO sub-
strate. The Au-nanohole arrays on the ITO electrode provided a greater surface area and successfully
enhanced the peak current of electrochemical measurements by 82% compared with bare ITO and was
used to detect Staphylococcus aureus 16S rRNA hybridization. In contrast to non-templated AuNP
structures, the Au-nanohole arrays on the ITO electrode contributed to an optimum sensitivity im-
provement in DNA hybridization detection by 23%, along with an impressive limit of detection (LOD) of
10 pM. The high specificity of this distinguished structure was also achieved in the hybridization mea-
surements of multi-analyte pathogens. These findings indicate that the combination of PS nanosphere
lithography, followed by the spin-coating of AuNPs, leads to an inexpensive and simple engineering
process that effectively generates uniform Au-nanohole arrays on ITO, which provides a greater surface
area to optimize the electrochemical performance of the DNA biosensor.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The fabrication of nanoporous electrodes has progressed to
feature many vital characteristics, such as a distinctive and con-
trollable structure, a large specific surface area to volume ratio,
uniformity, physical rigidity, chemical and thermal stability and
high electrical conductivity (Melde and Johnson, 2010; Xu et al.,
2012). These excellent properties have led to further investigations
ic Engineering, Chang-Gung
of nanoporous metal properties that expand their applications in
electrochemical sensing and energy systems (Zhang and Li, 2012),
especially in the development of a biosensing platform, such as a
DNA sensor. When preparing to construct a DNA sensor, the step
involving the immobilization of the DNA probe plays a critical role
by contributing to the specificity and sensitivity of the sensor,
which also depends primarily on the substrate preparation. Nu-
merous techniques in nanostructuring of the pores, including its
downscaling of pore diameter, have greatly attracted research in-
terests. Ahangar and Mehrgardi (2012) observed the application of
gold nanoporous electrodes by electrochemical grafting in the
detection of DNA mutations. Wang et al. (2011) attempted to
identify the morphology of the Au nanoflower by altering the pH
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of Au precursors for a DNA sensor. Ahn et al. (2013) used an Au
film on highly ordered cylindrical AAO (anodic aluminum oxide)
with a 30–100-nm diameter via anodization. Daggumati et al.
(2015) designed a nanoporous Au thin film using the methods of
sputtering, dealloying and high temperature treatment to create a
DNA sensing membrane, whereas Hu et al. (2009) developed a
nanoporous gold electrode using Au–Ag and an electroless de-
position for DNA hybridization detection. Despite the vast number
of approaches already used to generate nanoporous electrodes for
enhanced DNA sensing performance, the processes for manu-
facturing nanomaterials and making electrode modifications are
relatively complex, resulting in uncontrolled surface morphology
and uniformity.

There are two major processes required for the generation of
nanoporous electrodes. The first process is the assembly of atoms
(from ion reduction) to obtain nanostructures. Then, the masking
material is removed from the bulk material, leaving only the de-
sired nanostructures that typically provide a highly defined size,
shape and configuration, which is a direct benefit of the templates
(Liu et al., 2013; Petryayeva and Krull, 2011). The first process is
challenging due to the difficulties in removing large amounts of
materials, whereas the second process has complication in gen-
erating uniform monolayered particles that support identical
points of nanoparticle growth (Petryayeva and Krull, 2011). The
use of conventional direct templating, such as the electron beam
lithography (EBL) and scanning probe lithography (SPL), can gen-
erate arbitrarily shaped particles with various sizes; however, the
slow throughput hinders their use in mass production (Ma et al.,
2012; Ye et al., 2012). In addition, SPL has limitations in size re-
solution (approximately 60 nm) and available lasers, and EBL is too
expensive for commercial use even though it can produce nanos-
tructures with sizes less than 10 nm without any resolution issues
(Haes et al., 2005).

Nanosphere lithography (NSL) is a bottom-up technique in
nanoporous material fabrication using a cost-effective synthetic
procedure that generates patterns of noble metal nanoparticle
arrays in a large area (Ho et al., 2011; Lee et al., 2012; Song and
Elsayed-Ali, 2010). Numerous colloidal spheres, such as poly-
styrene (PS), silica and latex beads, have been serving as templates
for porous nanomaterial preparations and have finally produced
an arrangement of two-dimensional (2D) and three-dimensional
(3D) colloidal crystals (Vakarelski et al., 2009; Li et al., 2012). A
monolayer of closely packed PS nanobeads can form in vacant
spaces of the template that could be filled with more important
materials through several approaches, including physical adsorp-
tion, electrodeposition, hydrothermal fabrication and chemical
batch deposition (Xia et al., 2012, 2011). This technique is so pre-
cise that it can etch various patterns on PS nanobeads. Other re-
markable features of the NSL technique include the ease of re-
plication and high monodispersity of the nanostructures as-
sembled for a single or batched sample preparation. The pattern of
absorbed nanoparticles on electrodes can vary, for instance: the
AuNP structure of nano-triangles and a hollow sphere array is
produced through colloidal crystal template-assisted methods
(Xiang et al., 2010; Yu et al., 2012) and the triangular nanoparticles
array is formed by adding a surfactant and sonicating the sample
(Tsigara et al., 2013). These methods are simple, inexpensive and
an inherently parallel fabrication of a functionalization process;
therefore, NSL has been widely applied in the development of
diverse sensors.

In recent decades, metallic nanoparticles, such as gold nano-
particles (AuNPs), with their excellent characteristics regarding
adsorption ability, high biocompatibility and great surface area
(Rana et al., 2012; Su et al., 2013; Zeng et al., 2011), have been
recognized as a prominent candidate in electrochemical sensor
development to improve the detection of DNA hybridization,
immobilization and intercalation of redox reactions with DNA and
increments of electrical conductivity on the surface. In terms of
the DNA hybridization investigation, the high load of DNA onto the
sensing membrane is not the only factor contributing to highly
efficient hybridization. One significant factor is the ability to
control the DNA density and scattering onto the sensing surface,
which leads to improved electrochemical properties and a bene-
ficial orientation effect (Ben-Yoav et al., 2012). Therefore, enhan-
cing the surface area is a substantial step in the process of DNA
detection. Hence, current research is focusing on electrode surface
modifications for DNA biosensors that apply the excellence beha-
viors of AuNPs, for instance Liu et al. (2013) successfully applied
template vesicles to further investigate its potency in elevating the
DNA load and hybridization efficiency (Liu et al., 2010), and Sil-
vestrini and Ugo, 2013 detected the active surface area of DNA on
the nanoelectrode ensembles covered by AuNPs.

NSL patterning methods used to produce AuNP arrays with
high periodicity and uniformity in large areas of substrate are
promising techniques for building an electrochemical biosensor.
Several improvements can be applied to this patterning, including
an increased surface area to volume ratio, decreased impedance,
sensitivity enhancement, thermal stability, catalytic effects, in-
creased diffusion rates, increased selectivity, lowering of the oxi-
dation potential, signal amplification and faster reaction-response
times. Furthermore, metal nanoparticles can play a role in elec-
trochemical reversibility for redox reactions because this process
is difficult to produce on the bulk metal electrode (Tsigara et al.,
2013). Another protocol for Au deposition besides the NSL includes
the deposition of AuNPs onto the PS templated-substrate using
spin-coating techniques, but this is rarely reported. Thermally
evaporated metal has also been investigated; however, evaporat-
ing metal to obtain a very thin film has not been prevalently dis-
cussed. Spin-coating has some advantages, for instance, it is ra-
pidly implemented and compatible to wafer-scale processes (Col-
son et al., 2011). Although the thermal evaporator is considered
mainstream, the use of the NSL method for the deposition of a
super thin Au film onto a templated-substrate may provide an
alternative pathway for growing nanoparticles on patterned
surfaces.

Staphylococcus aureus is a commonly isolated pathogen mostly
found in patients with indwelling medical devices, such as in pa-
tients receiving peritoneal dialysis (PD). The bacterial infection
induces severe peritonitis (Johnson et al., 2014; Najafi et al., 2013;
Wolley et al., 2012) and contributes to approximately 18% of in-
fection-related mortality in PD patients (Li et al., 2010). Further-
more, studies have revealed the presence of a short bacteria-de-
rived DNA in the dialysis fluid (Ahmadi et al., 2013; Shin et al.,
2011; Szeto et al., 2015) and this DNA contains the non-methylated
CpG motif that triggers inflammation through the monocyte and
lymphocyte Toll-like receptor 9 (Glorieux et al., 2012; Schiffl, 2011;
Szeto et al., 2013). Among bacterial DNA fragments, the 16S rRNA
gene sequence exhibits robust properties for highly accurate
identification of bacterial isolates and the discovery of novel bac-
teria in clinical microbiology laboratories. In regards to bacterial
identification, the 16S rRNA is necessary to detect bacteria with
unusual phenotypic profiles, rare bacteria, slowly growing bac-
teria, uncultivable bacteria and culture-negative infections (Ah-
madi et al., 2013; Michael and Abbott, 2007; Szeto et al., 2013,
2015; Woo et al., 2008). Conventional bacterial identification
methods, such as polymerase chain reaction (PCR), culture and
colony counting, immunological techniques and fluorescence-
based assays, are disadvantageous because they are laborious,
complex and time-consuming processes. Therefore, developing a
DNA sensor that is rapid, miniaturized, sensitive and has accurate
detection of 16S rRNA sequences with specific probes, may emerge
as a promising breakthrough.



Fig. 1. Schematic illustration of the strategy for engineering the highly ordered Au-nanohole arrays on ITO on a glass substrate using PS nanospheres as a mask and its
application for the electrochemical DNA sensor.
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Herein, we engineered Au-nanohole arrays using two different
techniques: by randomly scattering AuNPs on ITO and by spin-
coating a AuNP solution to generate the NSL patterned-ITO sub-
strate. The electrodes were tested for electrochemical detection in
S. aureus 16S rRNA using a unique set of probes from S. aureus 16S
rRNA designed by our team. We created the AuNP array with in-
herent shapes and tunable sizes independent of the PS sphere's
size using both AuNP deposition methods, and this yielded specific
replicable topological features corresponding to the surface area
responsible for electrochemical responses in DNA detection using
CV measurements, a commonly used measurement method that
obtains information about the redox potential and electrochemical
reaction rates (e.g., the chemical rate constant) of analyte solutions
(Grieshaber et al., 2008).

The results demonstrated that the proposed electrochemical
sensor, generated by spin-coating AuNPs, amplified the electro-
chemical signal more effectively than the non-patterned one. This
approach also had an excellent specificity against the non-com-
plementary bacterial target DNA and high reproducibility. The
surface topology and morphology were both distinguished
through different AuNP deposition methods. The detection of DNA
hybridization signals is tested with the AuNP array prepared by
different methods. Finally, we designed this simple, cost effective,
high-throughput nanofabrication production of highly ordered Au-
nanohole arrays on an ITO electrode, which enhanced the elec-
trochemical performance of the DNA sensor.
2. Materials and methods

2.1. Materials

The ITO on a glass substrate (thickness of 0.7 mm and a sheet
resistance of 7 Ω/square) was purchased from Uni-Onward (Taipei,
Taiwan). The micro particle size standard based on polystyrene
monodisperse (diameter¼500 nm) and phosphate buffered saline
(PBS) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Dodecyl sodium sulfate and potassium chloride were purchased
from Merck (Darmstadt, Germany). Potassium ferricyanide was
purchased from Nihon Shiyaku Industries Ltd. (Taipei, Taiwan).
Acetone, iso propyl alcohol (IPA) and toluene were purchased from
Avantor (Pennsylvania, USA). The gold nanoparticle solution with a
diameter of 13 nm was prepared by NTUST (Taipei, Taiwan). The
synthetic thiolated oligonucleotide probe of S. aureus 16S rRNA
and its complementary sequence and the Escherichia coli and
Pseudomonas aeruginosa 16S rRNA complementary sequences
were ordered from Purigo Biotech Inc. (Taipei, Taiwan). The ex-
perimental solutions were prepared with deionized 18.2 MΩ cm
water provided by a MilliQ system.
2.2. Apparatus

The spin-coater used to deposit AuNPs was a Swienco type PM
-90. The ultrasonic cleaner used for substrate cleaning was CREST
950 D (Crest Ultrasonic Corp, New Jersey, USA). The oxygen plasma
cleaner was from Harrick Plasma (New York, USA). The images
were taken with a field emission-scanning electron microscope
(FE-SEM) HITACHI S-4700 (Japan). Cyclic Voltammetry (CV) was
conducted using a 611E Electrochemical Analyzer from CH In-
struments, Inc. (Austin, TX, USA).

2.3. Assembly of the Au-nanohole array on an ITO electrode

For the entire experimental process, the ITO on a glass sub-
strate was cut into pieces of 1�1 cm2, sonicated in DI H2O, wa-
shed with acetone and IPA sequentially and dried with a N2 flow.
Prior to adding the PS monolayer covering, the ITO on a glass
substrate was treated with O2 plasma to make it more hydrophilic.
Pattern grafting on a substrate was schematically depicted in Fig. 1.
First, a 2% wt. solution of PS nanospheres was prepared, and 10 mL
of the solution was drop cast onto the surface of the ITO immersed
in ultrapure water. Next, approximately 5 mL of 2% Dodecyl sodium
sulfate solution was added to alter the surface tension of the wa-
ter; thus, the monolayer of PS nanospheres were pushed aside
toward the targeted ITO substrate. As a result, the monolayer of PS
nanospheres attached to approximately 90% of the ITO substrate
during a gentle and careful substrate tilting (45° angle) with a
tweezer. The substrate was then sequentially dried at room tem-
perature, in an 80 °C incubator and on a 100 °C hot plate for
30 min, 30 min and 2 min, respectively, to reduce the clustering of
PS nanospheres.

The monolayer PS nanospheres were then used as a mask for
the AuNP growth pattern. A 100 mL of the 15 nM AuNP solution
with AuNP diameters of 13 nm was spin-coated for 30 s with
2000 rpm velocity. Subsequently, the substrate incubated over-
night in a dark room to maintain the AuNP stability on the ITO
substrate. The PS nanobeads were further etched away by the
immersion of the substrates in toluene; therefore, the final
structure of a highly ordered honeycomb-like hexagonal AuNP
array was engineered. These substrates were subsequently used in
the electrochemical detection of DNA hybridization.

2.4. Electrochemical detection of S. aureus 16S rRNA hybridization

A single strand of a thiolated oligonucleotide probe (ssHS-
probe; for targeting S. aureus 16S rRNA) with a concentration of
1 mM in 1� PBS (PBS: 10 mM phosphate buffer, 137 mM NaCl,
2.7 mM KCl, pH 7.4) was immobilized on the modified ITO elec-
trode for 16 h at room temperature. Complementary target DNA
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was added and incubated for 1 h at 37 °C to hybridize with the
probe. DNA hybridization was carried out in 1% PBS. To check the
specificity and sensitivity of the sensor, the mixture containing
100 nM of the complementary sequence from S. aureus and 1 mM
of the non-specific sequences from E. coli or P. aeruginosa were
measured. The stability and reproducibility of the substrate were
tested with a CV curve for the hybridization of the S. aureus probe
DNA with its complementary target DNA at 1 nM using three
different substrates. The electrochemical measurement was con-
ducted with a conventional three-electrode system consisting of
Ag/AgCl (saturated with KCl) as a reference, the Au-nanohole ar-
rays-ITO electrode was working and the platinum wire was a
counter electrode using the CHI 611E potentiostat. To confirm the
surface modification of the sensor, cyclic voltammograms were
recorded between 0 and 0.4 V at a scan rate of 50 mV/s for 50
cycles in a solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] and
0.5 M KCl for each step of elemental deposition.

2.5. Designing the DNA sequence

The 16S rRNA sequences of all S. aureus, E. coli, and P. aeruginosa
were obtained from the Ribosomal Database Project II database.
The consensus 16S rRNA sequence for each bacterium resulted
multiple alignments and randomly cleaved into 40-nucleotide
fragments. The fragments were then aligned with sequences of all
three bacteria. Only fragments matching 490% of their original
bacteria and o10% of other bacteria were used for the following
experiments (Table 1).
3. Results and discussion

This study successfully recorded the step-by-step morphology
alterations of ITO substrates using the NSL strategy as is shown in
the manipulation pathway sketched in Fig. 1. The ITO was found to
be very attractive and extensively utilized in the construction of
optoelectronic platforms, touch panels, solar cells, transparent
electrodes for liquid crystal displays and electrochemical sensors
(Jung et al., 2008; Lue et al., 2012; Rashid et al., 2014; Stanculescu
and Stanculescu, 2007). Due to these common uses, the ITO sub-
strate was preferably employed as the foundation to grow AuNPs
with the convective self-assembly drop-coating PS NSL protocol.

We observed a relatively large area of the substrate was well
covered by the PS balls after using the drop-coating method,
which also showed uniformity and great order. Among various
techniques, including drop-coating convective self-assembly, dip-
coating, spin-coating, controlled meniscus and bar-coating, the
drop-coating convective self-assembly is known to show versati-
lity in the form of closely packed arrays dominated by capillary
immersion forces where it is able to infiltrate sol–gel or other
solution phase precursors into the template particle arrays, in such
Table 1
Synthetic oligonucleotides representing the designed 16S rRNA gene sequence of S.
Aureus, E. coli and P. aeruginosa.

S. aureus E. coli P. aeruginosa

Probe 5′HS-AAA AAA GTT
ATC CCA GTC TTA
TAG GTA GGT 3′
(30 mer)

5′HS-AAA AAG TCC
ACG CCG TAA ACG
ATG TCG ACT TGG
3′ (33 mer)

5′HS-AAA AAC AGC
CAT GCC GCG TGT
GTG AAG AAG GTC 3′
(33 mer)

Target 5′ACC TAC CTA
TAA GAC TGG GAT
AAC T 3′ (25 mer)

5′CCA AGT CGA CAT
CGT TTA CGG CGT
GGA C 3′ (28 mer)

5′ GAC CTT CTT CAC
ACA CGC GGC ATG
GCT G 3′ (28 er)

Random
Target

5′CGC CGT AAA
CGA TGT CGA CT 3′
(20 mer)
conditions where the spin-coating method is difficult to generate.
Instead, spin-coating method, for evaporation induced array for-
mation starting at the substrate border, forms crystals with dif-
ferent principal orientations merging, creating domain boundaries
and a monolayer of particles is not easily produced (Giuliani et al.,
2010; Jeong et al., 2010). The consistent uniformity and high-order
of the template has indicated that the PS NSL is more efficient and
less expensive for depositing highly uniform particles compared
with other deposition pathways completed in our previous work
using RF sputtering to directly deposit hafnium oxide (HfO2) on
silicon structure of EIS (Lai et al., 2006).

In Fig. 2(A) and (B), high uniformity of PS nanobeads deposited
onto the bare ITO were obtained, shown by the color contrast from
various orientations of the sphere arrays. From our previous stu-
dies, we know that the common methods to introduce target
materials to the PS templates include physical and chemical vapor
phase syntheses, such as evaporation and sputtering, physical and
chemical vapor deposition (PVD, CVD) and atomic layer deposition
(ALD). Conversely, spin-coating AuNPs onto a roughened surface
has not been well-explored. In this paper, Fig. 2(C) clearly displays
that the spin-coated AuNPs have a tendency to follow the topo-
graphy of the PS balls and adhere to them instead of filling the
interstices within the single PS nanobead. The bright center de-
picts the PS and the darker edge was the AuNP molecules. Once PS
beads were etched away, the honey-comb like Au-nanohole array
was formed highly ordered as seen in Fig. 2(D). The hexagonal
array of Au-nanoholes successfully covered a relatively large area
of the substrate with sufficient distribution, despite the existence
of some defected points. The structure imperfections could be a
consequence of the absorption intensity limitation due to the
formation of only monolayers of nanoparticles (Eustis and El-
Sayed, 2006). The TEM figure of AuNPs with a diameter of 13 nm
used in this study is presented in Fig. 2(E). Moreover, the energy
dispersive X-ray spectroscopy (EDX) analysis in Fig. 2(F) also
confirmed the nanopore element was Au on ITO. The Au-nanohole
arrays via electroless plating on metal seed-anchored colloidal
crystals were successfully formed by the Au aggregation process.
The aggregated metal structure had a greater surface area than the
solid spheres, conferred a nanometer edge and entropically re-
sisted the assembly into close packed structures, thus, a super
hydrophobic substrate was produced (Liu et al., 2013). The spin-
coated Au created a nanohole diameter of approximately 385 nm,
which is considerably small compared with other studies listed in
Table 2. To be used in electrochemical measurements, the smaller
pores contribute to greater sensitivity and performance (Kant
et al., 2014).

Both the non-patterned and patterned Au-nanohole arrays
were subsequently used as electrochemical DNA sensors. The
electrochemical behavior of the electroactive ( ) − −Fe CN 6

3 /4 redox
couple was used to reflect the electron transfer characteristics of
the electrode for the S. aureus 16S rRNA hybridization test. We
choose CV as our analytical electrochemistry parameter because it
is known as the most versatile electrochemical method for many
redox active metal complexes, which are not amenable to various
spectroscopic methods, either because of weak absorption bands
(forbidden d–d transitions) or because of the overlap of electronic
transitions with those of the DNA molecules (Arjmand et al., 2011).

The 16S rRNA gene sequence is recognized as a critical marker
for infections in patients with implanted medical devices, like in
PD patients where extracellular DNA fragments prevalently appear
(Ahmadi et al., 2013; Schiffl, 2011; Szeto et al., 2015). A novel se-
quential design of the distinctive 16S rRNA from several bacteria
has isolated sequences from S. aureus, E. coli and P. aeruginosa, as
was screened in this research. This gene represents the most
prevalent housekeeping genetic marker and is large enough for



Fig. 2. SEM images of the morphological features for the step-by-step engineering of Au-nanohole arrays on the ITO electrode: (A) bare ITO, (B) uniform distribution of PS
nanospheres deposited onto the ITO substrate, (C) spin-coated AuNP growth on the PS-covered ITO substrate, (D) Au-nanohole arrays on the ITO substrate after PS etching
with toluene, (E) TEM image of AuNPs with a diameter of 13 nm used in all experimental settings, and (F) EDX spectrum validation of the Au element deposited onto the ITO
substrate.
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informatics purposes (1500 bp) (Janda and Abbott, 2007; Li et al.,
2010; Szeto et al., 2013). The comparison was done between the
ITO electrode with a random configuration of AuNPs and one with
the Au-nanohole arrays. Fig. 3(A) and (B) depicted the cyclic vol-
tammogram acquired from the ITO electrode with randomly
scattered AuNPs and Au-nanohole arrays on its surface. The peak
current value (ΔIp) after the deposition of the honeycomb-like
AuNP structure was significantly enhanced by approximately 82%
compared with the bare ITO (Fig. 3(B)). On the contrary, in Fig. 3
(A), the deposition of non-templated AuNPs on an ITO substrate
showed an increase of only approximately 14% from its bare ITO
state. This remarkable outcome reveals the fact that nanoporous
materials exhibit higher surface area. In addition, it has been cited
by (Xia et al., 2011) that the nanoporous configuration was able to
reach several square meters for a thin film of only one centimeter
across. Due to the enhanced surface area, many porous electrodes
were shown to greatly increase the sensitivity of the electro-
chemical signal (Ahangar and Mehrgardi, 2012; Daggumati et al.,
2015; Melde and Johnson, 2010; Xu et al., 2012). Furthermore, the
shift of peak potential difference (ΔEp) after DNA hybridization in
both structures was resulted in the cyclic voltammograms. As for
the honeycomb-like AuNP array on an ITO, a pair of redox peaks
consisting of ( ) − −Fe CN 6

3 /4 emerged at 0.314 V and 0.187 V giving a
formal potential E0′ of 0.250 V and the peak potential difference
(ΔEp ) of 0.127 V. After the immersion of 1 mM ss-DNA, a decrease
in the redox peak current and an increase in the ΔEp were visible,
attributed from the modification of the AuNP array with the 5′-end
of thiolated DNA (via gold-thiol bond) blocking the interfacial
electron transfer between the gold surface and bulk solution
(Kashefi-Kheyrabadi and Mehrgardi, 2013; McEwen et al., 2009;
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Wang et al., 2011).
The sensitivity validation of the Au-nanohole arrays as a DNA

biosensor was accomplished by linearity test normalization of the
peak current value (ΔIp) per AuNP surface area, calculated with
this following equation:

Δ
Δ

Δ Δ
( ) =

−
I

I

I I
Normalization

samples

AuNP deposited ITO bare ITOp
p

p p

The normalization was done with the consideration that the
major impact in the alteration of the peak current solely resulted
from the deposited AuNPs. Thus, the comparison addressed the
condition of the ITO substrate with deposited AuNPs and the bare
ITO substrate. As plotted in Fig. 3(C) and (D), the coefficient cor-
relations of the electrochemical peak current value resulted from
both randomly scattered AuNPs and Au-nanohole arrays on an ITO
electrode for S. aureus 16S rRNA hybridization showed significant
linearity (R40.95) (Illanes, 2008). Fig. 3(C) displays the normal-
ized peak current obtained by the non-templated AuNP mod-
ifications onto the ITO electrode, which showed lower sensitivity
when compared with the Au-nanohole arrays (Fig. 3(D)), even
though the AuNPs seemed to respond to the elevating con-
centration of target DNA hybridization linearly. The AuNP mod-
ifications offered higher surface area of sensing, however, the
crowdedness of the particles affected the hybridization efficiency
because it is correlated to the space provided for the DNA landing
point and orientation. Fig. 3(D) illustrates that the honeycomb-like
AuNP array had significantly improved the sensitivity of the DNA
hybridization in the electrochemical sensing system by approxi-
mately 23%, shown by the 1.365 arb. unit/nM target. Furthermore,
the honeycomb-like AuNP array electrode also consequently
reached the limit of detection (LOD), which was 10 pM for the DNA
target and defined an obvious improvement from the LOD gener-
ated by the random configuration of AuNPs (46 pM). The sensi-
tivity and smaller LOD obtained by the Au-nanohole structure may
be pertinent for clinical samples because the detectable values are
far below that of a typically measured infected peritoneal con-
centration of cell-free DNA in severe peritonitis, ranging from 2 to
10 mg/L (Pajek et al., 2010). In patients receiving peritoneal dia-
lysis, the detection of very small DNA concentrations of circulating
pathogens is urgently required to give a prognosis of early bac-
terial infection (Li et al., 2010; Szeto et al., 2013, 2007, 2015).

The existence of specific configurations of the AuNPs provides a
higher surface area to volume ratio and significantly enhances the
load of the DNA probe onto the sensor surface with its precise
molecular orientation (Ben-Yoav et al., 2012; Liu et al., 2010). From
the electrochemical improvement, the Au-nanohole array supplies
more effective surface density of the DNA probes onto the inter-
face compared with the disoriented AuNPs. In low probe density
regions, 100% of hybridization is possibly reached, and compara-
tively faster binding kinetics are present. In contrast, at the high-
density probe regions, the hybridization efficiency is much lower,
and the kinetics are slower. Nevertheless, the hybridization iso-
therms complexity persists and is unable to be fixed with simple
kinetics models (Henry and O’Sullivan, 2012; Peterson et al., 2001).
Therefore, the assembly of a particular shape of nanoparticles,
such as the Au-nanohole arrays performed in this research, may be
a versatile and effective method to tailor and control the surface
probe density and increase its accessibility to hybridize com-
plementary targets. Moreover, the proposed honeycomb-like Au-
nanohole arrays in this study were also compared with other DNA
electrochemical biosensors employing Au nanoporous structure as
listed in Table 2. The proposed sensor showed more uniform and
highly ordered structures engineered with quicker processes al-
together that were simpler and less expensive (only using 15 nM
of AuNP solution for 100 mL per electrode) yet continued to reach a



Fig. 3. The Cyclic Voltammogram (CV) between 0 and 0.4 V at a scan rate of 50 mV/s in 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] and 0.5 M KCl. of S. aureus 16S rRNA hybridization
using (A) randomly-scattered AuNPs on an ITO electrode, Inset: SEM image of randomly scattered AuNPs on an ITO electrode, (B) Au-nanohole arrays on an ITO electrode,
Inset: SEM image of the honeycomb-like AuNP array on an ITO electrode, with normalized sensitivity and linearity of the peak current (ΔIp) for S. aureus 16S rRNA
hybridization detection using (C) randomly scattered AuNPs on an ITO electrode and (D) Au-nanohole arrays on an ITO electrode.
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comparable electrochemical DNA sensing range.
In Staphylococcal detection, the protocol is not only the issue

but also the platform specificity towards specific pathogens. Based
on this concept, one of the most pivotal aspects to take into ac-
count for the analytical application of the biosensor is the study of
the effects from potential interfering agents. The response varia-
tion of the S. aureus detection on the Au-nanohole arrays on an ITO
sensor was conducted by comparing the signals obtained from the
complementary target of 100 nM of S. aureus 16S rRNA and a
mixture of this target with 1000 nM of E. coli and P. aeruginosa,
which are the other prevalent pathogens found in patients with
Fig. 4. (A) Specificity performance of Au-nanohole arrays on an ITO electrode for S. aureu
sequences and (B) the stability of the peak current (ΔIp) of S. aureus 16S rRNA hybridiza
were run between 0 and 0.4 V at a scan rate of 50 mV/s in 5 mM K3[Fe(CN)6]/K4[Fe(CN
implanted medical instruments. As displayed in Fig. 4(A), it shows
that even with the presence of either the 16S rRNA sequence of E.
coli or P. aeruginosa with a 10-fold higher concentration than the
complementary target of S. aureus 16S rRNA, the signal remained
stable compared with that previously obtained in the absence of
those two interfering pathogens and with negligible signal chan-
ges among the three conditions. These results imply that the im-
mobilized ss-DNA probe selectively bound to the complementary
S. aureus 16S rRNA target with a minimum chance of disruption
from the other emerging sequences of other pathogens that typi-
cally exist in real clinical samples. This suggests that the proposed
s 16S rRNA hybridization with interferences from E. coli and P. aeruginosa 16S rRNA
tion with a 1 nM target from 3 substrates at different cycle points, both parameters
)6] and 0.5 M KCl using Au-nanohole arrays on an ITO electrode.



A. Purwidyantri et al. / Biosensors and Bioelectronics 77 (2016) 1086–1094 1093
honeycomb-like AuNP array on an ITO electrochemical DNA sensor
could be used as a simultaneous multianalyte-sensing platform.

To confirm the stability and reproducibility, CV measurements
were conducted to detect hybridization of complementary S. aur-
eus 16S rRNA with a 1 nM target using the proposed Au-nanohole
arrays on an ITO (Supplementary material Fig. S1). Fig. 4
(B) demonstrates a stable ΔIp with a significant coefficient of
variation (CV) (less than 2%) resulting from three different sub-
strates at various numbers of cycles, ranging from 3000 to
3200 mA. This reflects that the sensor possesses excellent stability
and reproducibility even for such a high cycling set up and with
low nucleotide concentrations.
4. Conclusion

An electrochemical sensing enhancement on the detection of S.
aureus 16S rRNA was successfully developed using the construc-
tion of Au-nanohole arrays on an ITO electrode. The integration of
convective self-assembly drop-coating PS NSL as the backbone of
the Au-nanohole arrays created patterning with simple and brief
spin-coating of the AuNP solution, as was demonstrated with the
ease of replication and high monodispersity leading to high-
throughput products allowing the production of low-cost dis-
posable units. Moreover, the specificity against non-com-
plementary sequences from other pathogens with higher con-
centration, including E. coli and P. aeruginosa, was performed.
Overall, these results provide insight for the use of this sensor in
assisting physicians who deal with clinical samples and need to
prescribe the most suitable antibiotics for the patients based on
the pathogen(s) involved in the infection. The proposed structure
can be regarded as a potential candidate in the development of
other sensing platforms, such as field effect transistor (FET)-based
or optical-based biosensing devices.
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