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HIGHLIGHTS

» SiNW biosensor has been developed
as a sensitive, label-free, electrical
tool.

» SiNW biosensor has been applied to
the detection of important biomark-
ers.

» SiNW biosensor shows a potential of
miniaturization and integration.

» SiNW biosensor indicates a promis-
ing POC device for disease diagnos-
tics.

» The diseases can include cancer, car-
diovascular disease, and infectious
disease.
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GRAPHICAL ABSTRACT

A typical SINW FET-based biosensor for detecting biomolecules.
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ABSTRACT

Over the past decade, silicon nanowire (SiNW) biosensors have been studied for the detection of biological
molecules as highly sensitive, label-free, and electrical tools. Herein we present a comprehensive review
about the fabrication of SINW biosensors and their applications in disease diagnostics. We discuss the
detection of important biomarkers related to diseases including cancer, cardiovascular diseases, and
infectious diseases. SINW biosensors hold great promise to realize point-of-care (POC) devices for disease
diagnostics with potential for miniaturization and integration.

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

Effective disease diagnosis is essential for disease identifica-
tion and subsequent adequate treatment. Currently, many diseases
are diagnosed based on a variety of symptoms, which may cause
late detection or be misleading, due to their subjective nature and
the uncertain relationship to the disease state. Biomarkers, bio-
logical molecules including nucleic acids, proteins, peptides, or
cells for example, are more closely linked to the underlying cause
of disease. Disease diagnosis can be accomplished by routinely
screening for important disease biomarkers. Therefore detection of
the disease biomarkers is crucial, giving doctors a more objective
and quantifiable basis for clinical decision-making. Point-of-care
(POC) diagnostic devices present a viable method for the rapid
and sensitive detection and analysis of disease-related biomarkers.
Compared to classical lab instrumentation, the biosensors are being
increasingly exploited as promising diagnostic devices, allowing
simple, inexpensive POC testing.

Nanostructures, such as nanowires (NWs) [1,2], carbon nano-
tubes (NTs) [3,4] and nanoparticles [5,6], have been intensely
studied for biosensing, since their diameters are comparable
to the sizes of chemical and biological species to be sensed.
Nanoparticles, as alternative labeling to fluorescent dyes, have
been widely used for the detection of biomarkers with high sen-
sitivity. However, this method still suffers from the requirements
of target-labeling, which is time-consuming and probably causes
conformational alterations or steric hindrance, induced by the
additional label. One-dimensional structures such as the NWs
and NTs offer opportunities for real-time and label-free sensing
applications. Attractively, they are also amenable to large scale
and high-density integration. SiNW-based sensors in particular,
have attracted much attention due to their capabilities in sensi-
tive detection of biological and chemical species, coupled to their
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manufacturability for mass production, benefiting from mature
fabrication technologies [7].

SiNW sensors are typical field effect transistor (FET)-based
devices, which are composed of source, drain and gate electrodes.
The sensing mechanism can be understood in terms of the change
in charge density, which induces a change in the electric field
at the SiNW surface. For instance, biomolecules with a negative
charge that bind to the surface of a n-type FET leads to an increase
in the device resistance. Thanks to the large surface-to-volume
ratio, tunable electrical properties, and biocompatibility, the SINWs
have been proven to be ultrasensitive and selective sensors for
direct and label-free detection of metal ions [1,8], nucleic acids
[9-20], proteins [1,21-30], protein-DNA interactions [31,32], small
molecule-protein interactions [33], cells [34-36], and virus [37].
The performance of SiINW devices is summarized in Table 1.

Because of the important applications of the SINW biosensor in
disease diagnosis, we present herein a comprehensive review about
the principle of the SiNW biosensor, the fabrication of the device,
the functionalization of its surface, and the detection of disease-
related biomarkers. We believe that SINW biosensors will be used
as state-of-the-art POC devices in laboratory medicine for label-
free, sensitive, early diagnosis of diseases, with the potential of
miniaturization and integration with fluidic and electronic circuits.

2. Silicon nanowire biosensor

2.1. Working principle

SiNW sensors are typical FET-based devices, which contain
source, drain and gate electrodes. The source and drain electrodes
bridge the semiconductor channel, while the gate electrode mod-
ulates the channel conductance. The SiNW connected between the
source and the drain in the semiconductor channel serves as the
sensing component of the device. The typical structure of SINW
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Table 1
Analytical performance of SINW biosensors.
Device specification Fabrication Mechanism Application Detection Limit References
p-Type SiNW; diameter: 20 nm Bottom-up Biotin-avidin Streptavidin 10pM [1]
binding
n-Type SiNW, p-type SiNW; diameter: Bottom-up Antibody-antigen PSA, CEA, Mucin-1 PSA: 2 fM, CEA: [21]
20nm interaction 0.55fM, Mucin-1:
0.49 fM
p-Type SiNW; diameter: 20 nm Bottom-up PNA-DNA DNA 10fM [9]
hybridization
p-Type SiNW; diameter: 20 nm Bottom-up Antibody-virus Influenza A virus Single virus [37]
interaction
n-Type SiNW, p-type SiNW; thickness: Top-down Biotin-avidin Streptavidin 10fM [22,55]
40 nm, width: 50-150 nm binding
n-Type SiNW, p-type SiNW; thickness: Top-down Antibody-antigen PSA,CA 153 PSA: 2.5ngmL1, [60]
40 nm, width: 50-150 nm interaction CA153:30UmL™!
n-Type SiNW, p-type SiNW; width: Top-down DNA-DNA DNA 10pM [13]
20nm, length: 30 nm hybridization
n-Type SiNW, p-type SiNW; width: Top-down DNA-DNA DNA 25pM [10,11]
50 nm, length: 20 nm hybridization
n-Type SiNW; thickness: <40 nm Top-down Antibody-antigen PSA 30aM [23]
interaction
p-Type SiNW; diameter: 30-60 nm Bottom-up Protein-protein Tnl 7 nM [29]
interaction
n-Type SiINW; width: 50 nm, thickness: Top-down PNA-DNA DNA 10fM [14,16]
60 nm, length: 100 nm hybridization
n-Type SiNW; width: 50 nm, thickness: Top-down Antibody-antigen cTnT 1fgmL! [24]
60 nm, length: 100 nm interaction
n-Type SiNW; width: 50 nm, thickness: Top-down PNA-DNA RT-PCR product of 10fM [19]
60 nm, length: 100 nm hybridization DEN-2
n-Type SiNW; width: 50 nm, thickness: Top-down PNA-RNA microRNA 1fM [17]
60 nm, length: 100 nm hybridization
n-Type SiNW; width: 50 nm, thickness: Top-down Protein-DNA ERa 10fM [32]
60 nm, length: 100 nm interaction
n-Type SINW; width: 50 nm, thickness: Top-down Antibody-antigen cTnT, CK-MM, 1pgmL-! [30]
60 nm, length: 100 nm interaction CK-MB

biosensors for the detection of biomolecules is illustrated in Fig. 1a.
To detect a specific target, a receptor molecule, which recogni-
zes the target molecule, is immobilized on the SiNW surface. As
shown in Fig. 1b, taking the example of a n-type immunologically
modified SiNW sensor, the semiconductor channel has a uniform
conductance determined by the electron density. When the sur-
face receptors are exposed to the target molecule, carrying negative
charges, specific binding will lead to a decrease in conductance.
The electronic detection system then collects the conductance.
This principle can be extrapolated to p-type SiNWs and positively
charged biomolecules.

2.2. Fabrication of silicon nanowire biosensors

Two main nano-fabrication processes, top-down or bottom-
up approaches, have been used to produce semiconducting NWs
biosensor. The performance of the SINW biosensor is influenced by
many factors, such as diameters, carrier densities and mobilities,
and surface chemistry. It was found experimentally that smaller
diameters resulted in a greater sensitivity [11]. Similarly simulation
results revealed that the minimum amount of analytes required
for a detectable signal decreases when the diameter of the sensor
decreases (below 10 nm in diameter) [11]. In addition, theoretical
analysis indicated that the doping density determined the biosen-
sor sensitivity [38]. For instance, lightly doped NWs show greater
sensitivity than highly doped or undoped ones. These findings indi-
cate the importance of the NW fabrication process to obtain small
dimensions and appropriate doping densities in order to achieve
high levels of sensitivity.

Bottom-up techniques, such as vapor-liquid-solid (VLS), have
been widely reported to grow SiNWs, along with their applications
as biosensors [39]. 20 nm n-type or p-type SiNWs have been pro-
duced by the VLS method, using Au nanoclusters as a catalyst and

diborane or phosphine as dopant precursors. In principle, the tech-
nique allows the growth of NWs on a wide range of substrates,
the most common substrates being Si wafers. High quality NWs
have been produced, but their orientations on the substrate were
random and their dimensions varied significantly, leading to poor
device uniformity and low fabrication yield. It is a challenging task
in itself to bring such techniques to manufacturing maturity. To
reap the potential of SINWs in sensor applications in a large scale,
it is important to develop technologies that can reliably produce
them.

To produce nanowire structures, top-down technolo-
gies use nanofabrication tools such as e-beam lithography
[10,13,22,29,40-48], lithographically patterned NW electrodepo-
sition (LPNE) [49], nano-stencil lithography [50], or nanoimprint
lithography [51]. Various sizes of NWs have been produced by the
e-beam lithography-based methods, with typical widths of 50 nm
and lengths ranging from 20 wm to 1mm [10,22]. Superlattice
NW pattern transfer (SNAP) method had been used to create
highly aligned, 20-nm-wide NWs on n- or p-doped silicon-on-
insulator (SOI) wafers [13]. Penner and coworkers developed a
process to prepare patterned metal nanowires using LPNE, which
combines the attributes of photolithography and the versatility
of bottom-up electrochemical deposition [49]. The nanowires
showed a rectangular cross section and the height and width
could be independently controlled as a function of trench height
and electrodeposition time, down to about 20 nm in width and
6nm in height. Engstrom et al. used aligned wafer scale nano-
stencil lithography to deposit catalyst materials for the SINW on
prefabricated AFM probes. Individual vertical SINWs were grown
epitaxially by a catalytic VLS process on the AFM probes [50]. The
method demonstrated a reliable and cost-efficient route towards
wafer scale manufacturing of SINW AFM probes. Vu et al. combined
nanoimprint lithography with standard CMOS process to produce



4 G.-J. Zhang, Y. Ning / Analytica Chimica Acta 749 (2012) 1-15

Sio,

 Sisubstrate

b

Y
Crory

N-type nanowire

l

Time

N-type nanowire

Cuirent

Current

Time

Fig. 1. Working principle of a SINW biosensor. (a) The SINW serving as the semi-
conductor channel is connected to the source and drain electrodes. The receptor
molecule is immobilized on the SINW surface and can specifically capture the tar-
get molecule. (b) When a negatively charged target molecule binds to the receptor
molecule, it repels the negative charges in the region of the NW, resulting in a
decrease in conductance for an n-type doped NW.

large-scale SiNW arrays for biomolecular detection. The 32 x 32
SiNW arrays with <100 nm of SINW diameter have been fabricated
[51].

Although there is a great amount of data available on SINW
sensors, CMOS compatible SiNW devices remain challenging in
terms of their manufacturability and commercialization. We have
developed a top-down approach for the precise fabrication of indi-
vidually addressable SiNWs in a perfectly aligned array format
using CMOS compatible technology [52]. The fabrication process
flow is illustrated in Fig. 2a and the cross-sectional view of a
SiNW sensor is schematically illustrated in Fig. 2b. The SiNWs
were formed through conventional optical lithography, etching and
oxidation, which makes the process fully compatible with CMOS
technology. Optical images of a wafer consisting of 72 individual
SiNW sensor chips is shown in Fig. 3a, and a zoom on a single SINW
chip is provided in Fig. 3b. The chip for bio-sensing was designed as
40 clusters of 5 nanowires each. These 40 clusters were divided into
2 microfluidic chamber spaces, where the main test chamber had
36 clusters of nanowires while the control chamber had 4 clusters.
Each cluster contained 5 individually addressable nanowires. The
clusters were separated by a pitch of 200 wm and aluminum metal
bond pads (300 pum x 300 .m, 500 pwm pitch) were used for electri-
cal connections. Scanning Electron Microscopy (SEM) micrographs
(Fig. 3¢) show that 5 SiNW arrays with their corresponding contact
lines in one cluster are well-shaped, highly uniform and well-
aligned, averaging 90 wm in length with 2 pum spacing between two
wires. Transmission Electron Microscopy (TEM) images show that
the width of each SiNW is appropriately 50 nm (Fig. 3d).

a Fabrication process flow
* Starting wafer — SOI wafer

* NW FIN definition — DUV lithography

* NW formation — thermal oxidation

* NW doping — implantation & activation

* PMD deposition and contact definition

* Contact doping — implantation & activation
 Contact metal definition
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* NW release — Dry etching & wet etching
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Fig. 2. (a) Schematic diagram of the fabrication process flow of a SINW biosensor.
(b) Schematic diagram of a cross-sectional view of a SINW sensor.

2.3. Surface functionalization

The surface of the SINW has to be modified with a probe
molecule so that the biosensor is capable of recognizing a spe-
cific target molecule. In order to attach the probe molecule on
the surface, two approaches, electrostatic adsorption and covalent
binding, have been mainly adopted for use in SINW biosensors. In
addition, Park et al. reported a novel approach to selectively func-
tionalize the SiNW surface using joule heating, which is extremely
valuable for nanowire-based sensor developments [53]. Electro-
static adsorption uses the attractive force responsible for adsorbing
ionic solute on an oppositely charged adsorbent. The Heath group
demonstrated DNA detection in an electrolyte solution using a
SiNW sensor, in which a primary DNA strand was electrostatically
adsorbed onto an amine-terminated organic monolayer on the NW
surface [13].

The covalent binding method is based on the binding of the
probe molecule on the SiNW surface by covalent bonds. Since
oxide can grow on the SiNW surface naturally, a number of meth-
ods rely on the functionalization of the oxide layer using silane
chemistry. In general, the most well-known linker molecules are
alkoxysilane, of which 3-aminopropyltriethoxysilane (APTES) is the
most popular one. This reagent yields amino groups on the sur-
face that can be used to immobilize peptide nucleic acid (PNA),
DNA and antibodies [17-19,24,30-32]. Likewise, the reaction of the
SiNW oxidized surface with 3-mercaptopropyltrimethoxysilane
(MPTMS) gives rise to a thiol (—SH)-termination. This surface can
be used to immobilize DNA probes modified with acrylic phos-
phoramidite at the 5’ end [10]. 3-(Trimethoxysilyl)propyl aldehyde
(APTMS) results in an aldehyde-terminated SiNW surface that can
directly be coated with PNA, DNA and antibodies [1,9,21]. Besides
alkoxysilanes, phosphonate derivatives are attractive alternative
molecules to functionalize the SINW surface with hydroxyl groups,
enabling PNA to be attached [15].

In addition to using the oxide layer on the SiNW surface,
this can be etched away by submerging the NWs into dilute
hydrofluoric acid (HF). Stable Si—C bonds can subsequently
be formed on the generated hydrogen-terminated SiNWs via
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Fig. 3. (a) Optical image of an 8-in. wafer containing 72 SINW sensor chips. (b) Zoom on a single SiNW chip. (c) SEM image of a NW cluster composed of 5 individual NWs,

which are individually addressable. (d) TEM image of a single SINW.

photochemical hydrosilylation, resulting in SiNWs coated with
amino groups, which were used to immobilize probe molecules
to detect proteins and DNA [8,14,16,22].

2.4. Fluid exchange

An efficient fluid exchange system is highly desirable to rapidly
deliver the analyte to the SiNW surface. Two main methods for
fluid exchange have been developed, using either a closed microflu-
idic channel or an open chamber. A polydimethylsiloxane (PDMS)
microfluidic channel is commonly used and placed on the top of
the SiNW sensor [2]. It directs the solution over the NW and allows
a very small volume of sample to be analyzed. However, lami-
nar microfluidic flow partially restricts the ability of the analyte
molecule to reach the SiNW surface. The target biomolecule may
also adsorb on the PDMS sidewalls, preventing the SiNW sensor
form reaching a very high sensitivity.

We have developed a rectangular macro-scale chamber instead
of a microchannel for the fluidic exchange [24]. The chamber was
made out of an acrylic material and could be cut into appropriate
size by using the laser machine. The assembly of the chamber on the
SiNW surface was simply realized by double-sized tape. Although
this method does not rely on continuous flow, the solution is deliv-
ered from a top tube to the bottom NW sensor, which avoids the
slow diffusion issue, but increases detection sensitivity. In addi-
tion, a larger amount of solution can be applied. This simple design
involves a reservoir which contained a volume of buffer solution

sufficient to maximize binding efficiency while avoiding the diffu-
sion limitations that microchannel systems inherently suffer from.

2.5. Debye length effect

The Debye length is an important parameter affecting the
device performance. The Debye length is the distance away from
the SiNW surface, over which significant charge separation can
take place. Effectively, it is directly related to the distance over
which the NWs can actually sense a charge. In other words, a
long Debye length is desirable to ensure that less charges are
screened from the NW. The Debye length can be increased by
using dilute buffer solution with low electrolyte concentrations.
However, excessive dilutions resulting in a low salt concentration
may affect the biological activity of proteins. The Debye length,
Ap, can be calculated using the formula: Ap=0.304(I)"%°, where
I is the ionic strength of the buffer solution used for sensing [54].
To investigate the influence of different buffer ionic strengths on
detection sensitivity, a p-type SiNW biosensor was used to study
biotin-streptavidin binding [55]. In this work, the effect of three
increased buffer ionic strengths (decreasing Ap) on the device sen-
sitivity was studied for biotin-avidin recognition. When PBS diluted
1:100 in DI water (Ap ~ 7.3 nm) was employed to bind streptavidin
to surface-immobilized biotin, an increase in the device response
was observed. When a 10-fold more concentrated buffer (0.1 x PBS,
Ap~2.3nm) was used, the device response decreased, as strepta-
vidin’s intrinsic charge was partially screened. A further 10-fold
increase in buffer ionic strength (1x PBS, Ap~0.7 nm) screened
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most of the streptavidin charge, resulting in a negligible response.
The results demonstrate that the electrolyte concentration in the
buffer is a critical parameter to consider when optimizing the
sensitivity of a FET nanosensor. We also investigated the effect
of different ionic strength solution on the detection of a protein
biomarker [24]. In a similar setting to the above-mentioned exper-
iments, real time measurements on 1 fg mL~! ¢TnT were conducted
with three different buffer solutions (0.01x PBS, 0.1 x PBS, 1x PBS).
The addition of 1fgmL~! ¢TnT in 0.01x PBS resulted in a decrease
in conductance, whereas the addition of 1fgmL~! ¢TnT in 1x PBS
did not give rise to any response. A slight conductance drop was
observed when 1fgmL~1 ¢TnTin 0.1 x PBS was injected. The results
are in good agreement with the results on the impact of Debye
screening on streptavidin sensing.

2.6. Electrical detection

To transduce the molecular binding event into a usable electrical
signal, two methods have been employed: real-time detection and
steady-state measurement. Both measurements were performed
using an Alessi REL-6100 probe station (Cascade Microtech, Beaver-
ton, OR) in conjunction with a HP parameter analyzer (HP-4155A).
A two-probe system was set up in which a controlled voltage could
be applied to the source electrode of the SiNW device while the
drain electrode was referenced to ground.

For real-time detection, a short pulse voltage of 0.1V was
applied to the SINW sensor and the current through the SINW was
measured. One data point was taken every 1s to account for the
heating effects due to power dissipation through the SiNW sen-
sor. A buffer solution was injected into the SINW device region
through the inflow tube. The baseline was established by recording
the current through the SiNW while immersed in buffer solution
for 100-200s. The biomolecule analyte solution was then added
into the SiNW device region through the inflow tube, resulting
in a change in conductivity due to the specific binding of the
biomolecule to the functionalized surface. A stable current was
achieved after 100-200s and used to obtain the conductance of
the SiNW after the binding event.

However, it is difficult to directly detect target biomolecules
by the real-time method if real sample is used, because of the
effect of Debye length. For instance, untreated serum usually has
a short Debye length due to its high ionic strength. In this case,
a steady-state measurement method is more suitable. Electrical
measurements with the probe station were conducted on the
SiNWs by connecting a fixed voltage source (DC-bias of 100 mV)
across the source and drain electrodes of the SINW using the same
probe station as described above. The sensing experiments were
carried out in an aqueous buffer solution with very low ionic
strength, which was added into an acrylic reservoir attached onto
the chip. The target-receptor binding was observed by recording
the resistance change before and after the binding of the target
molecule to the receptor molecule in the above-mentioned mea-
suring buffer. A total of 15 wires on one chip were measured for data
analysis. The sensor response was analyzed by using the formula
[(R—Ro)/Ro] x 100.

Besides the DC-biasing configuration mentioned above, an
AC-biasing method can be used. It is one of the most popular con-
figuration when biosensing with nanowire FETs, and consists in
biasing the SINW with AC signals and detecting the signal with the
help of lock-in amplifier. Zheng et al. conducted electrical mea-
surements using lock-in detection with a modulation frequency of
79Hz[21], a modulation amplitude of 30 mV and a dc source-drain
potential set at zero to avoid electrochemical reactions. Bunimovich
et al. performed the sensing experiments using SR830 DSP Lock-in
Amplifier (Stanford Research Systems Inc., Sunnyvale, CA) [13]. A
50 mV rms 13 Hz voltage source (VSD) was applied to one terminal

of the nanowire, with the amplifier input operating in the current-
measure mode. Wang et al. employed a detection system including
a lock-in amplifier and a current pre-amplifier to record the elec-
trical signals resulting from the binding events occurring on the
SiNW-FET surface during sensing experiments [56].

3. Disease diagnostics
3.1. Cancer

3.1.1. Detection of multiple prostate cancer biomarkers

Cancer biomarkers can be used to predict the state of a tumor.
The detection of specific biomarkers can be applied to cancer
screening [57,58]. Since they are present in tumor tissues but only
exist in the tissue or blood in extremely low concentrations, cancer
biomarkers should be measured easily, reliably and cost-effectively
using an assay with high analytical sensitivity and specificity. For
example, one of these cancer biomarkers in wide use is prostate-
specific antigen (PSA), which is produced by normal prostate cells.
The higher the PSA is in serum, the higher the correlation is toward
the existence of prostate cancer.

Zheng et al. reported a SiNW biosensor array that was used
to detect multiple cancer biomarkers simultaneously in a sin-
gle, versatile detection platform [21]. To facilitate the multiplexed
detection, a larger number of individual NWs in parallel were fab-
ricated using photolithography and metal deposition, as shown in
Fig. 4a. The electrically addressable SINW array encompassed three
independent SiNW biosensors with the corresponding fluid-based
assembly, on which three different antibodies were immobilized.
The three antibodies were against PSA, carcinoembryonic anti-
gen (CEA), and mucin-1, respectively, each of which is a clinically
proven cancer biomarker. The real-time detection of the three can-
cer markers (PSA, CEA, and mucin-1) was achieved by using SINW
biosensors. The conductance-versus-time measurements showed
the simultaneous recording of PSA, CEA, and mucin-1, which were
delivered sequentially to the SiNW-FET arrays. As displayed in
Fig. 4b, these three cancer markers induced significant signals
through their binding with the cognate antibodies. By virtue of
the ultrasensitive, multiplexed, real-time, and label-free SiNW-
FET device, the detection limit for these three cancer markers has
advanced to the pgmL-! scale. Moreover, the performance of the
SiNW arrays in blood serum was also investigated. As shown in
Fig. 4c, the addition of serum containing PSA only resulted in a
concentration-dependent conductance increase for NW 1, which
was modified with an antibody specific to PSA, while serum with
PSA did not lead to a conductance change for NW 2 which was pas-
sivated with ethanolamine. The simultaneous analysis of multiple
biomarkers with high sensitivity could further facilitate the early
detection of cancer [59], which would have a significant impact on
cancer patient survival.

Kim etal. also developed an ultrasensitive and real-time method
for detection of PSA using n-type SiNW FET biosensor fabricated by
a top-down approach [23]. The PSA was specifically recognized by
the immobilized PSA-antibody on the SiNW surface. It was found
that the ultrasensitive immunodetection (below 1fgmL-1) could
be achieved by controlling the dimension of the SiNW and the
doping concentration of the Si channel. Very recently, Stern et al.
integrated a fluidic purification chip (MPC) system and a SINW FET
array to analyze PSA as well as carbohydrate antigen 15.3 (CA 15.3)
[60]. The MPC was used to pre-isolate the target molecules from
whole blood by binding them to specific antibodies immobilized
on the channel, subsequently cleaved by the photochemistry. The
purified target molecules were then transferred to the NW cell for
real-time sensing. PSA at a concentrationof 2.5 ngmL~! and CA 15.3
(30U mL-1) were detected from whole blood.



G.-J. Zhang, Y. Ning / Analytica Chimica Acta 749 (2012) 1-15

Photolithography,
deposition
o

3 254 2 3 4 5 6
2210
b 8 NW1
5195
ERT) NW2
=
S 165 e L NW3
L] [] . . . (]
0 2000 4000 600D 8000
Time (s)
[ e -
g .1 2 3 4
a3
g7 NW1
3 NW2
ALl S -
| 0 2000 4000 6000 8000
Time (s)

Fig. 4. (a) Optical image of a SINW device array. (b) Schematic illustration of multiplexed protein detection by three SiNW in an array. Device 1-3 are functionalized with
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(Reprinted with permission from [7]. Copyright 2006 American Chemical Society).

3.1.2. MicroRNA detection

MicroRNAs (miRNAs), a large and growing class of 18-24-
nucleotide-long non-coding RNA molecules in all known animal
and plant genomes, are a key player in gene regulation. They have
an important role in developmental and cell biology, including
in stem cell differentiation and development [61,62]. In addi-
tion, miRNAs are clinically important biomarkers for many cancers
[63]. Existing methods of detecting miRNA are dependent on
hybridization with a labeled target miRNA molecule, hybridized
to a complementary probe molecule. However, these methods are
indirect, involving labeling of target molecules. Therefore it is crit-
ical to develop a robust method for detection of miRNAs with high
sensitivity, selectivity, as well as simplicity.

We developed an ultrasensitive, direct, and label-free method
for detecting microRNA [17]. Peptide nucleic acid (PNA) is neu-
tral and does not have an anionic phosphate backbone, contrary
to DNA. The repulsion between PNA and RNA is therefore less than
between DNA and RNA, resulting in increased melting tempera-
ture and enhanced hybridization efficiency. As shown in Fig. 5a,
PNA was covalently immobilized on the electrically addressable
SiNW surface via conventional silane chemistry. After immobiliza-
tion, the PNA-functionalized SiNW biosensor was used to detect
miRNA. Three sequences, let-7b (complementary), let-7c (one-base
mismatched), and control (non-complementary), were chosen for
demonstration. The hybridization specificity of the SINW biosen-
sor for the detection of miRNA was demonstrated using the three
sequences. It was found that the SINW biosensor allowed for label-
free discrimination between the fully matched and mismatched
miRNAs, offering unique advantage over other technologies, which
require labeling (Fig. 5b). Furthermore, concentration-dependent
detection of let-7b by the SiNW biosensor was investigated. The

SiNW resistance was recorded before and after hybridization, and
the change between the two values was monitored. As shown in
Fig. 5¢, the more the target miRNA molecules hybridized, the higher
the resistance increased. The results indicate that the biosensor
is capable of detecting target miRNA at concentrations as low as
1fM, which is one order of magnitude higher than that reported
for detection of DNA [15].

The assay was further tested for the detection of miRNA in real
samples by analyzing let-7b in total RNA extracted from Hela cells.
The PNA-functionalized SiNW device was exposed to the total RNA
aliquoted and diluted with buffer solution. Using the resistance
change, the results were normalized with respect to the total RNA.
The concentration of let-7b detectable in the total RNA extracted
from Hela cells was 2.15+0.25 x 107 copies pg~! RNA, which is
in good agreement with the previously published data of miRNA
expression profiling [64]. The developed detection method shows
potential applications in label-free, early detection of miRNA as a
biomarker in cancer diagnostics with very high sensitivity and good
specificity.

3.1.3. Detection of protein—-DNA interactions

The estrogen receptor o (ERa) protein is present in over two-
thirds of breast cancers, where it functions in the nucleus as a
ligand-dependent transcription factor to drive cell proliferation,
survival, and invasiveness [65,66]. ERs mainly function as a DNA
binding transcription factor that regulates gene expression. They
play a key role in many normal physiological processes, but pro-
mote aberrant growth of breast cancer cells. So it is important to
understand the molecular determinants regulating ER-DNA bind-
ing.
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We developed a self-assembled monolayer (SAM)-assisted biosensor surface was coated with a vinyl-terminated SAM, and the
SiNW biosensor for the specific and highly sensitive detection termination of the surface was changed to carboxylic acid via oxi-
of ER-DNA interactions, remarkably in nuclear extracts prepared dation. A double-stranded (ds)-DNA modified with an amine group
from breast cancer cells [32]. As illustrated in Fig. 6a, the SINW was subsequently immobilized on the SiNW surface.
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Fig. 6. (a) Schematic diagram of a SINW biosensor for studying protein-DNA interactions. ERE is immobilized on the SINW surface via a carboxyl-terminated SAM. ER is then
bound to the specific ERE-functionalized SINW biosensor. (b) Specificity of the interaction of ERa with three different EREs including wild-type, mutant and scrambled ERE,
immobilized on the SiINW biosensor surface, respectively. (c) Response of the wt-ERE-functionalized SINW biosensor to various concentrations of specific ERa. (d) Response
of the wt-ERE-functionalized SINW biosensor to the nuclear extracts from MCF-7 and MDA MB231 breast cancer cells. (Reprinted with permission from [32]. Copyright 2011
Elsevier Science).
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We investigated the sequence-dependent binding specificity
of ERa to the SiNW biosensor functionalized with three differ-
ent estrogen receptor elements (EREs) including wild-type (wt),
mutant and scrambled DNA sequences. The three different DNA
sequences, each of which was modified with amino group at its 5
end in the forward sequence, were immobilized on the SiNW sur-
face via the formed SAM. As seen in Fig. 6b, a negligible change in
conductance was observed when ERa was in presence of the scram-
bled DNA-functionalized SiNW biosensor. An obvious conductance
increase was obtained upon the bonding of ERa to the wt-ERE-
functionalized SiNW biosensor, while the interaction between ERax
and the mutant DNA resulted in a smaller increase in conductance.
We also studied the sensitivity of the detection of ERa with the
wt-ERE-functionalized SiNW biosensor. Wt-ERE was immobilized
on the SiNW surface and various known concentrations of ERa
were used. As shown in Fig. 6¢, the sensor response reduces as the
solutions of ERa become more diluted. The data indicates that the
wt-ERE-functionalized SINW biosensor can achieve a limit of detec-
tion (LOD)as low as 10 fM, which is three orders of magnitude lower
than that obtained by SPR-based biosensors [67].

A direct detection method for studying ER-DNA interactions in
nuclear extracts from breast cancer cells was developed. Extracts
from 2 breast cancer cell lines, MCF-7, that is positive for ER expres-
sion (ER+) and MDA MB231 that does not express nor shows
detectable ER protein (ER—) were used. To further evaluate the
specificity of the detection in the sample, ERa was knocked down
by siRNA in MCF-7 breast cancer cell. Fig. 6d shows the response of
the wt-ERE-functionalized SiNW biosensor to the nuclear extracts
from MCF-7 and MDA MB231 breast cancer cells. As seen, a
important conductance change was obtained when ERa in nuclear
extracts was bound to the wt-ERE immobilized on the SiNW sur-
face. Extracts from the knocked down cell line and the negative
cell line (MDA MB 231) did not result in a significant signal. This
demonstrated the capability of the SINW biosensor for versatile
applications, in particular the direct detection of protein-DNA
interactions in the complex environment of real samples, which
will be used to shed light on ER-mediated gene expression in breast
cancer.

3.2. Cardiovascular disease

3.2.1. Troponin T detection

Cardiovascular disease (CVD) is becoming the number one cause
of death globally, accounting for more than 50% of all deaths world-
wide [68]. Chest pain is often thought of as a classic symptom of
CVD. Patients presenting in the emergency department (ED) with
chest pain usually receive an electrocardiogram (ECG) test after
the patient’s history has been interpreted and physical examination
has been carried out. Although ECG remains the recommended test
to identify patients with acute coronary syndromes (ACS), it lacks
sensitivity, i.e. it cannot detect all myocardial injuries. Standard
assays to detect cardiac biomarkers, such as the enzyme-linked
immunosorbent assays (ELISA) are sensitive (LOD>10pgmL-1)
[69], but suffer from important sample and reagent consumption
in large-scale studies. Moreover they are performed in central lab-
oratories of clinics and hospitals and take a long time (>6 h), which
is incompatible with the quick decisions needed to treat a heart
attack patient. The development of new devices enabling sensitive
and rapid analysis of the biomarkers could help clinicians improve
their diagnostic ability as well as provide an early and accurate
indication of cardiac cellular necrosis.

The cardiac troponins are more sensitive and specific than any
other cardiac biomarkers for myocardial injury [70]. Human cardiac
troponin-T (cTnT) is a key protein biomarker that is present in ele-
vated concentrations in the bloodstream of a patient suffering from
AML. It is regarded, together with human cardiac troponin-I (cTnl),

as the most cardiac-specific biochemical markers. CTnT is released
from the cell within 3-6h following the onset of the symptoms
(chest pain). It remains elevated for 7-10 days after injury. Cardiac
TnTis also an independent cardiac biomarker of cardiovascular risk
in patients with ACS.

We have developed a SiNW array chip capable of detecting
ultralow concentrations of cTnT in biological samples [24]. Solu-
tions of cTnT of various concentrations were prepared by dissolving
and serially diluting pure cTnT in 0.01x PBS. SiNW sensors were
functionalized with anti-cTnT antibodies and individually used in
experiments to detect cTnT. Fig. 7a demonstrates the real-time con-
ductance upon injection of various concentrations of cTnT, where
¢TnT concentrations are decreased from 1ngmL-! to 1fgmL-!.
The data was normalized by computing G/G,-¢ and plotted on the
same axes for an effective comparison of the relative change in
conductance. The results show that the conductance of the sensor
decreases along with the concentration of cTnT. To evaluate the
noise, blank buffer (0.01x PBS without ¢TnT) was injected into the
chamber after the baseline was stabilized in the same buffer. Based
on significant signal (above 3 times the background), the SINW
biosensor is able to detect as low as 1fgmL~! ¢TnT.

Experiments designed to test the SINW sensor detection capa-
bilities of cTnT in human serum were carried out to establish the
potential of the system for medical point-of-care applications. A
sample of raw human serum was obtained from a healthy individ-
ual with no prior history of heart disease for use in experiments
to demonstrate cTnT detection in serum. The serum was desalted
using a microcentrifuge filter as reported [21] and diluted back to
the original protein concentration with 0.01x PBS. Various quan-
tities of cTnT were spiked into aliquots of the desalted serum to
obtain analyte solutions of the required concentrations. A graph
of the SINW conductance against time is given in Fig. 7b. Using a
similar recording method as mentioned above, we observed that
the conductance of the sensor immediately decreased and even-
tually stabilized at a lower value upon subsequent addition of the
cTnT-containing serum solution. We obtained a significant change
for the 300 fgmL~! cTnT and an expectedly smaller change for the
30fgmL-!. It should be noted the conductance change incurred
by the injection of 30fgmL~! cTnT is significant. We have thus
demonstrated the label-free and real-time detection of ¢TnT in
an undiluted serum environment down to 30fgmL~!, which is 3
orders of magnitude lower than that achieved by ELISA methods
[69].

3.2.2. Multiple cardiac biomarkers detection in serum

Simultaneous assessment of multiple biomarkers would
provide complementary information and enable doctors to strat-
ify risk among patients with ACS more effectively and rapidly [71].
In these patients, cTnT, creatine kinase-MM (CK-MM) and cre-
atine kinase-MB (CK-MB) each predict different cardiac events.
Initially, discussions of cardiac biomarkers were only limited to CK-
MB, aspartate aminotransferase, and lactate dehydrogenase. These
enzymes are released in upon myonecrosis and thus were used as
tools for the diagnosis of MI. Recently however, several new cardiac
biomarkers have been studied. For example, cTnT is a more sensi-
tive and specific marker of myocyte necrosis than CK-MB. Although
each of these markers appear to reflect a unique axis in the patho-
biology of ACS, little is known about the utility of these biomarkers
in combination. By using POC devices, a multiple marker approach
would enable doctors to rapidly stratify patients for adverse cardiac
outcomes.

As discussed earlier, a low ionic strength buffer enables to
extend the Debye length, preventing the screening of the elec-
trical signals in the SiNW biosensor. To analyze cTnT in serum
in real time, the serum was desalted. This additional step made
real-time detection difficult to carry out. To eliminate the desalting
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sensor functionalized with anti-cTnT and used in experiments to detect cTnT in desalted human serum. (c) Specificity of a SINW sensor in a multiplexing format. Three
biomarkers (cTnT, CK-MM and CK-MB) are sequentially incubated on the SiNW sensor spotted with the three antibodies and BSA. (d) Sensitivity of a SINW sensor in a
multiplexing format. Resistance change at different concentrations of the three biomarkers (¢TnT, CK-MM and CK-MB) spiked in serum. (a and b reprinted with permission
from [24]. Copyright 2009 American Chemical Society) and (c and d reprinted with permission from [72]. Copyright 2012 Elsevier Science).

process, we developed a new steady-state detection method based
on the SINW array biosensor, independent of the ionic strength of
the sample solution, allowing the SiINW sensor to directly analyze
the cTnT, CK-MM and CK-MB in blood serum [72]. The serum was
directly incubated with the SiNW biosensor functionalized with
various antibodies. To enable antibody-antigen interactions, the
reaction was conducted in an untreated serum, which has high
ionic strength. However, the measurement was carried out in the
presence of 0.01x PBS before and after binding and the sensor
response was calculated as the change in resistance after the cardiac
biomarkers bound to the antibodies and the serum was replaced
with low ionic strength buffer, with respect to the measurement
before the serum was introduced. The cardiac biomarkers are neg-
atively charged in a neutral PBS buffer (pH 7.4) with pls of ~5, ~5.8
and ~6.5 for cTnT, CK-MB and CK-MM, respectively, their binding
to the SiNW surface thus increased the resistance.

The SiNW biosensor comprising of NWs in an array configu-
ration was produced as described previously. Three different anti-
bodies against the specific cardiac biomarker, monoclonal antibody
CK-MM (mAb CK-MM), monoclonal antibody CK-MB (mAb CK-MB)
and monoclonal antibody troponin T (mAb cTnT), were separately
spotted on the SiNW chip array to allow selective multiplexed
detection. As a control, BSA was also spotted in a separate area. The
binding of cardiac biomarkers to the surface-immobilized antibod-
ies only occurred on the SiNW clusters with matching antibodies.
As can be seen from Fig. 7c, when 1 ngmL~! of cTnT, CK-MM and
CK-MB in serum were separately incubated with the antibodies-
functionalized SiNW, obvious resistance change was obtained for
each corresponding specific antibody, whereas negligible change
was seen in the case of non-specific antibodies. Negligible response
was observed from the BSA-spotted SiNW clusters.

Serum samples spiked with the three proteins at concentra-
tions ranging from 1 ngmL~! to 10 fgmL~! were incubated with the
three antibodies-spotted SiNW sensors. Fig. 7d shows the sensing
response with respect to concentration. An important resistance
change was observed when serum spiked with 1 ngmL~! of ¢TnT,
CK-MM and CK-MB was applied, while the signal was reduced but
was still detectable for 100 fg mL~! of the proteins. A control serum
without any protein exhibited negligible resistance change. These
results demonstrate that the antibodies-functionalized SINW sen-
sor is capable of multiplexed detection of proteins in undiluted and
untreated blood serum with high sensitivity and selectivity down
to fgmL~! concentrations.

3.2.3. Integrated microsystem for protein analysis from blood

Blood is the most important body fluid, and direct analysis of
protein biomarkers from blood is playing an important role in dis-
ease diagnosis. However, not only are conventional approaches to
analyzing clinical blood proteins time consuming, but they also
require multiple steps and large amounts of blood. As a result,
there is a demand for developing assays for sensitive, specific, mul-
tiplexed detection of protein biomarkers in blood.

We developed an integrated chip allowing rapid, sensitive, and
simultaneous analysis of three cardiac biomarkers from finger-
pricked blood [30]. The integrated chip is composed of a filtration
chip for plasma separation from blood and a SiNW array sensor
chip for protein detection. These two chips are fabricated sepa-
rately and assembled into one device via back-to-back integration.
The integrated chip has the advantage of reducing dead volumes
by eliminating tubing connections between the two chips. After
the plasma was filtered by the separation chip, the SINW sensors,
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spotted with three different antibodies, enabled us to detect three
cardiac biomarkers, cTnT, CK-MM and CK-MB, simultaneously.

In order to increase the number of NW array sensors for detec-
tion to cope with the requirements of multiplexing, a new chip
layout with 255 nanowires in 51 different clusters divided into 4
groups, A-D, was designed (Fig. 8a(a)). Groups A-C, each had 12
clusters (5 nanowires in one cluster) separated by a distance of
300 wm. Group D had 15 nanowire clusters with the same pitch.
Each cluster was linked to 5 NW. A SEM shows the nanowires
(90 wm long with a pitch of 2 wm) with their respective electrical
connections (Fig. 8a(b)).

The filtration chip on the bottom side of the integrated chip was
able to extract the plasma from the whole blood sample. An optical
image of the filtration chip is shown in Fig. 8a(c) while a concep-
tual drawing of the continuous flow pillar gap structured plasma
separator is shown in Fig. 8a(d). The working principle is based
on the size exclusion of the cells through crossflow filtration. Only
plasma was allowed to pass through the submicron gaps between
the vertical pillars, which are located tangentially to the main flow
path of the blood sample. Several narrow channels (10 wm in width,
300 pm in length) were introduced downstream of the main blood
flow channel to build up sufficient pressure and thereby enhance
the separation speed. To collect 10 L of plasma from whole blood
at an efficiency of 95% within 15 min, the input blood flow rate was
setat 10-15 pLmin~1.

The three different cardiac biomarker antibodies, MAb CK-MM,
MADb CK-MB, MAb cTnT were spotted separately on the chip array.
As a control, BSA was also spotted on different NW. 2 L of blood
in 198 L of 1x PBS buffer spiked with three proteins were flowed
through the filtration chip. The specificity of the integrated chip

was established by spiking individual cardiac biomarker (cTnT,
CK-MM and CK-MB) in blood, in sequence. For instance, when
cTnT was spiked in blood, only the anti-cTnT-functionalized SINW
biosensor showed a significant response, whereas the anti-CK-MM,
anti-CK-MB and BSA-functionalized sensors did not give rise to any
resistance change. Results in Fig. 8b show that a distinguishable
resistance change was obtained for each corresponding specific
antibody when 1 ngmL~! of cTnT, CK-MM and CK-MB was applied,
while no change was noted for BSA. The results indicate that the
integrated chip allows the proteins to be detected specifically.

The sensitivity of the integrated chip was demonstrated by spik-
ing the three proteins at various concentrations to blood. CK-MB,
CK-MM and cTnT were spiked at various concentrations into blood
diluted 100 times with 1x PBS, while unspiked blood was used as a
negative control Fig. 8c shows a clear trend of resistance decrease
with a decrease in protein concentrations, while negligible resis-
tance change was obtained for unspiked whole blood, indicating
that the impurities in blood did not affect the detection. The results
show that 1 pgmL-! could be detected, which is 1 order of mag-
nitude lower than the conventional ELISA technique [69], and 2
orders of magnitude lower than commercially available test kits.
The integrated chip enabled to achieve this low detection limit for
all three biomarkers, from finger-prick blood within 45 min.

3.3. Infectious diseases

3.3.1. Dengue virus detection

Dengue is a commonly prevalent arthropod-borne viral infec-
tion throughout the world. It has four serotypes inducing a wide
spectrum of non-specific symptoms that lead to Dengue Fever
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(DF). Infection with any of the four serotypes of Dengue virus
may cause DF [73]. No effective vaccine or specific therapeutic
treatment, to date, is available for preventing or curing the dis-
ease. The two currently available methods for diagnosis, serological
detection [74] and virological detection [75], are time-consuming
and do notyield confirmed results early enough. Miniaturized diag-
nostic devices which are inexpensive and field-ready with high
sensitivity and specificity are urgently needed to diagnose large
populations suffering from infectious diseases and curb the spread-
ing of the infections into pandemics.

Studies in Southeast (SE) Asia suggest that a secondary infec-
tion with dengue serotype 2 (DEN-2) virus is more likely to cause
severe disease than with other serotypes [76]. We developed a
novel SINW biosensor based on PNA-DNA hybridization for highly
sensitive and rapid detection of Dengue virus. Dengue virus con-
tains a single-stranded RNA (ssRNA), which can be amplified and
detected through RT-PCR. RT-PCR enables the identification of dif-
ferent serotypes by serotype-specific primers. The basic principle of
this method is illustrated in Fig. 9a. The SINW were functionalized
with a 16-nt PNA using a previously reported surface chemistry.
As a proof-of-concept, a fragment of DEN-2 (69 bp) identified in
the capsid (C) region was selected and amplified by RT-PCR as the
target, in which 69 bp of the RT-PCR product at the 3’ end were com-
plementary to the immobilized PNA sequence. The RT-PCR product
was double stranded DNA (dsDNA), and carried a negative charge
from the phosphates ions in its backbone. The dsDNA had to be
denatured to ssDNA prior to hybridization. After hybridization, the
RT-PCR product of DEN-2 was bound to the PNA-functionalized
SiNW, bringing about negative charges to the sensor surface. With
the introduction of these negative charges, a depletion zone in the
n-type FET appeared, increasing the resistance. The response before
and after hybridization corresponded to the amount of RT-PCR
product hybridized on the SiNW surface. This unique method can
be used to detect Dengue virus in a sensitive and serotype-specific
manner.

The specificity of the PNA-DNA hybridization for the detection
of the RT-PCR product of DEN-2 is important with respect to the
impurities of the RT-PCR product solution, which contained the
primers, the sample, dNTP as well as the targeted amplicons. Two
different PNA sequences, one complementary and the other one
non-complementary to the RT-PCR product of DEN-2, were immo-
bilized on the SINW surface. As shown in Fig. 9b, an obvious increase
in resistance was observed when 1nM of the amplicons were
applied to the complementary PNA-functionalized SiNW, whereas
a negligible change was obtained as the same amplicons were
hybridized to the non-complementary PNA-functionalized SiNW.
The results reveal that the 69 bp sequence obtained by RT-PCR was
specific to the complementary PNA sequence, and the hybridization
occurred on the SiINW surface as anticipated.

The detection sensitivity using the SiNW biosensor was ana-
lyzed by directly applying the un-purified RT-PCR product to the
PNA-functionalized SiNW sensor. Fig. 9c shows the dependence of
the hybridization signals on the concentrations of the un-purified
RT-PCR product of DEN-2. Since the sensor response depends on
the change in surface charge after hybridization, and more charges
present are associated with the increase of concentrations of the
targeted amplicons. The results demonstrate that 10fM of the
amplicons in un-purified RT-PCR product can effectively and selec-
tively be detected by the SINW sensor within 30 min, indicating as
well that the impurities in the product do not inhibit the detection.
The approach shows potential for eliminating the demand for labo-
rious methods by integrating the SINW sensor with RT-PCR based
on a silicon technology platform.

3.3.2. Seasonal virus detection

H1N1 2009, also named swine-originated influenza A, was a
worldwide epidemic that spread from Mexico within a short time
[77]. Real-time RT-PCR is the “gold standard” method for identi-
fying the H1N1 virus. However, it requires skilled personnel in a
central laboratory. Testing kits such as Binax Now, BD Directigen



G.-J. Zhang, Y. Ning / Analytica Chimica Acta 749 (2012) 1-15 13

Micro PCR chip

-l Syringe pump

Fluidic housing for chip-based F

b 7 HIN1 —
061 \ A
2, 2
g 04 e =008
0.2 -;«-m.w—"';]/« e B A 004
00 200 00 600 800 1000 090
. H1NA FIuA
(b) 14- imes (d) 06
12 e HIN1 05
T 10] r“‘ __ 04
& mol
= 087 2T 03
= 06 %
04 02
021 01
ol. : ' : : :
0 200 400 600 800 1000 1200 0.0
H1N1 FluA

Times

Fig. 10. [a] Setup of a microchip-based PCR. (a) A PCR chip is mounted in a fluidic housing and the sample mixture is injected into the PCR chamber via a syringe pump. The
temperature cycling was controlled by a closed-loop circuit connected to a PC for user interface and data readout. (b) Optical image of the PCP chip. The micro chip chamber
consists of a meander-shaped micro PCR chamber, 10 pL in volume, fluidic inlet/outlet, 4 pairs of microheaters and temperature sensors, which are located in all four corners
of the micro PCR chip chamber. [b] Results of differential measurement of a SiINW biosensor. (a) and (b) Real-time conductance-versus-time for differential detection of HIN1
and FluA. (c) and (d) The average conductance change of the target SINW sensor is about 10 times higher than the unmatched SiNW sensor. (Reprinted with permission from

[79]. Copyright 2011 Elsevier Science).

EZ and Quidel QuickVue, are commercially available for screening
seasonal influenza A (FluA) infection. Nevertheless, these assays
suffer from low sensitivity and are not capable of distinguishing the
subtypes of seasonal influenza A, e.g. seasonal influenza A (H3N2)
versus novel HIN1 2009 virus [78]. Hence diagnostic tools capa-
ble of rapid and accurate identification of the HIN1 virus would
have a great impact on restraining the disease right at an early
stage of the outbreak and thus prevent a worldwide transmis-
sion.

Kao et al. have developed a microsystem based on SiNW biosen-
sors and a multiplexed PCR module to differentiate subtypes of
the HIN1 2009 strain versus the seasonal influenza (FluA) strain
[79]. The two-module microsystem consists of multiplexed PCR to
amplify nucleic acids and SiNW detection to check the sequences.
As the concentration of the influenza viral RNA from the virus is very
low, beyond the detection limit of the SINW biosensor, enrichment
of sufficient sample for detection is needed. The chip-based PCR
module delivered 104-10° multiplexed amplification for both FluA
and H1NT1. The setup of the microchip-based PCR is illustrated in
Fig. 10a. The microsystem was composed of the microfluidics, tem-
perature control and a data acquisition module. The microfluidic
PCR system was integrated with heaters and temperature sen-
sors on a silicon chip to shorten the cycling time. The amplified
dsDNA had to be denatured to single-stranded DNA (ssDNA) before
being delivered to the SINW biosensor for detection via molecular
hybridization.

Real-time detection was employed to monitor HIN1 and FIuA.
To minimize the interference from the background, a reference
SiNW was used as the baseline. As discussed earlier, PNA was
immobilized on the SiNW biosensor surface as the probe, the PCR
product containing either FluA or HIN1 amplicons were denatured
and injected onto the sensor surface for detection. The real-time
response of the PNA-functionalized SINW biosensor to either HIN1
or FluA was recorded once the sample had been flowed through the
microfluidic channel, as shown in Fig. 10b. The detection module
demonstrated a 10 times change in the magnitude of the dif-
ferential current when the target amplicon was injected. It was
found that the microsystem was able to achieve a sensitivity of
20-30fg wL~! for HIN1 and FluA in a 10 wL sample. This microsys-
tem enabled low sample consumption, high sensitivity and high
specificity, which will help doctors reach a yes/no decision for infec-
tious disease.

Patolsky et al. demonstrated the direct and real-time detection
of a single virus using antibody-functionalized SiNW biosensors
[37]. When the p-type SiNW biosensor immobilized with anti-
body for influenza A was exposed to highly dilute influenza A virus
solutions, of the order of 80attomolar or 50virusesmL~!, mea-
surements showed discrete conductance changes, characteristic of
binding and unbinding of influenza A. Moreover, the multiplexed
detection of different viruses using different antibodies-modified
SiNW biosensor arrays was carried out, in which influenza A and
adenovirus could be detected in parallel. The work revealed the
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potential for simultaneous detection of multiple viruses at the sin-
gle virus level.

4. Outlook

The advantages of SiNW arrays are (i) high uniformity and
reproducibility, (ii) high yield, and (iii) excellent scalability and
manufacturability. In addition, fabricating the SiNW arrays by
the proposed top-down approach, using standard semiconductor
processing technology, makes it possible to fabricate SiINWs for
both low- and high-multiplexing capabilities and permits direct
integration with electrical readout circuits. Current efforts in our
laboratory are dedicated to the realization of such a platform, where
an electrical biosensor detection module consisting of a SINW sen-
sor array chip, a miniaturized electrical probe station into which the
bio-chip can be slotted onto electronic circuitry which measures
the resistance of the nanowire, and is interfaced with a read-out
and data management system. This detection module will be of
great scientific value and may offer an integrated and portable sys-
tem to enable gene profiling and molecular diagnostics. In addition,
as with other nanowire biosensing devices, the analytical signal
intensity is still relatively low and is superimposed on a high back-
ground. The ability to increase significantly the signal intensity is
important for the realization of practical SINW sensors. Various sur-
face chemistries are being developed in our lab to make the SINW
sensors sensitive and robust. Nonetheless, the eventual acceptance
of semiconductor nanowire-based detection schemes for diagnos-
tic applications will depend on how these novel schemes compare
with the current gold standards, i.e. PCR and ELISA, in terms of
simplicity, sensitivity, specificity, and reliability.
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