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The interface between nanosystems and biosystems is emerging as one of the broadest and
most dynamic areas of science and technology, bringing together biology, chemistry,
physics and many areas of engineering, biotechnology and medicine. The combination of
these diverse areas of research promises to yield revolutionary advances in healthcare,
medicine and the life sciences through, for example, the creation of new and powerful
tools that enable direct, sensitive and rapid analysis of biological and chemical species,
ranging from the diagnosis and treatment of disease to the discovery and screening of new
drug molecules. Devices based on nanowires are emerging as a powerful and general
platform for ultrasensitive, direct electrical detection of biological and chemical species.
Here, representative examples where these new sensors have been used for detection of a
wide-range of biological and chemical species, from proteins and DNA to drug molecules
and viruses, down to the ultimate level of a single molecule, are discussed. Moreover, how
advances in the integration of nanoelectronic devices enable multiplexed detection and
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thereby provide a clear pathway for nanotechnology, enabling diverse and exciting
applications in medicine and life sciences, are highlighted.

Nanotechnology is a broad area of science and
technology devoted to studies of the synthesis,
properties and applications of structures and
materials with at least one critical dimension less
than the scale of approximately 100 nm. A
strong motivating force driving interest in nano-
technology in the physical sciences has been the
long-standing recognition that the physical and
chemical properties of synthetic materials can
significantly improve or radically change as their
size is reduced to the nanometer regime due, for
example, to the effects of quantum
confinement [1,2. More importantly, it is now
becoming increasingly well recognized that the
emerging concepts and applications of nanote-
chnology are not limited to the physical sciences
and, indeed, can be applied to and represent a
rich area intersecting with the life sciences and
medicine. The natural connection between nan-
otechnology and the life sciences can be under-
stood in many ways, although perhaps the most
straightforward is to consider the size and organ-
ization of common structures, as shown in
Figure1. Here, we see that quantum dots,
nanowires and proteins, which are built from
atoms, have similar average diameters. These
basic structures or building blocks can be further
organized into large structures, such as viruses
and nanoelectronics circuits, and ultimately fur-
ther elaborated into functional systems, such as
cells and computer chips.
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The similarity in sizes of synthetic and natu-
ral nanostructures makes nanotechnology an
obvious choice for creating probes and other
tools that can enable detection and treatment
of disease in powerful new ways, an intersec-
tion between nanotechnology and medicine
that we and others refer to as nanomedicine.
Detection and quantification of biological and
chemical species is central to many areas of
medicine, ranging from diagnosing disease to
the discovery and screening of new drug mole-
cules. Nanostructures, such as nanowires [3-15]
and carbon nanotubes (16171 as well as
nanoparticles [18-39], offer new and some-
times unique opportunities for this key task.
Inorganic nanowires, nanocrystals and carbon
nanotubes exhibit unique electrical, optical
and magnetic properties that can be exploited
for sensing and imaging [3-39]. For example,
colloidal gold and semiconductor nanocrystals
have been used as labels for the detection of
disease markers and other biological species
critical to understanding diseases [18,19,31-39]. In
addition, iron oxide nanocrystals with super-
paramagnetic properties and semiconductor
nanocrystals with size-tunable emissive proper-
ties are being developed as specific contrast
agents in magnetic resonance and optical imag-
ing, respectively, capable of wide-ranging
applications, including the imaging of cancer
tumors in live animal models [20-27].
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Figure 1. Comparison of the sizes of biological, chemical and

nanoscale structures, assemblies and systems.
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The reproducible and tunable conducting
properties of semiconducting nanowires com-
bined with surface binding provide a very dif-
ferent and powerful approach to nanomedicine.
Specifically, nanowires enable a detection and
sensing modality — direct and label-free electri-
cal readout — that is exceptionally attractive for
many applications in medicine and the life sci-
ences [40-45]. Electronic nanowire devices are
readily integrated into miniaturized systems
and, moreover, direct electrical detection dis-
penses with time-consuming labeling chemis-
try. These characteristics, together with
ultrahigh sensitivity, suggest that nanowire
devices could revolutionize many aspects of
sensing and detection medicine, ranging from
the diagnosis and monitoring of disease treat-
ment to the discovery and screening of new
drug molecules. While similar concepts are pos-
sible with carbon nanotubes, the lack of control
of the electronic properties of this nanomaterial
make it much less attractive for the develop-
ment of electronic nanosensors compared with
semiconducting nanowires. Here, the authors
provide an introduction to the underlying
nanowire nanotechnology and then illustrate
the diverse and exciting applications of this
technology in nanomedicine.

Nanowire field-effect sensors

Underlying detection using semiconductor
nanowires is their configuration as field-effect
transistors (FETs), which will exhibit a conduc-
tivity change in response to variations in the elec-
tric field or potential at the surface of the
nanowire FET [540. In a standard FET
(Figure 2A), a semiconductor, such as p-type silicon

(p-Si), is connected to metal source and drain
electrodes, through which a current is injected
and collected, respectively. The conductance of
the semiconductor between source and drain is
switched on and off by a third gate electrode
capacitively coupled through a thin dielectric
layer [46). The gate voltage can be applied in a
conventional manner using the degeneratively
doped silicon substrate as a back-gate or by an
external electrode immersed in the aqueous solu-
tion as a water gate. In the case of a p-Si or other
p-type semiconductor, applying a negative gate
voltage, which leads to negative charges at the
interface between the gate electrode and dielec-
tric, leads to an accumulation of carriers (positive
holes) and a corresponding increase in conduct-
ance, as shown in Figure 2A. However, applying a
positive gate voltage to a p-type device, which
leads to positive charges at the interface between
the gate electrode and dielectric, will deplete car-
riers in the device and lead to a decrease in
the conductance.

The dependence of the conductance on gate
voltage and corresponding charge at the gate
electrode—dielectric interface makes FETSs natu-
ral candidates for electrically based sensing
because the binding of a charged or polar biolog-
ical or chemical species to the gate dielectric is
analogous to applying a voltage using a gate elec-
trode. For example, binding of a protein with net
negative charge to the surface of a p-Si FET will
lead to an accumulation of positive hole carriers
and an increase in device conductance
(Figures 2B,2C). This idea for sensing with FETs
was introduced several decades ago [47.48],
although the limited sensitivity, which usually
does not allow sensing of a biological analyte
with planar FET sensors of previous planar
devices, has precluded them from having a large
impact as chemical or biological sensors.

Semiconductor nanowires composed of silicon
and other materials can also function as FET
devices [5,9,11-15]. The structure of one of the best
characterized examples of semiconducting
nanowires, silicon nanowires, can be prepared as
single-crystal structures with diameters as small as
2-3 nm [49,50]. The Si nanowires can be prepared
as both p- and n-type materials and configured as
FETs that exhibit performance characteristics
comparable to or better than the best achieved in
the microelectronics industry for planar silicon
devices [11,13,14]. These attractive performance
characteristics are also achieved with high repro-
ducibility [13); that is, the electronic characteris-
tics of the nanowire are well controlled during
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Figure 2. Nanowire field-effect transistor sensors.
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(A) Schematic of a field-effect transistor (FET) device, where S, D and G correspond to source,
drain and gate metal electrodes, respectively. (B) Schematic of electrically based sensing using
FET devices, where S and D correspond to source and drain electrodes, respectively, and the
binding of a ‘charged or polar’ biological or chemical species to the chemically modified gate
dielectric is analogous to applying a voltage using a gate electrode as shown in Figure 2A.

(C) Schematic of a nanowire device configured as a sensor with antibody receptors (green), and

binding of a protein with net negative charge yields an increase in the conductance. (D)
Schematic and photograph of a prototype nanowire sensor biochip with integrated

microfluidic sample delivery.

growth, in contrast to carbon nanotubes. The
high performance switching characteristics of sili-
con nanowires are important to us since these are
factors that affect sensitivity. More important
than overcoming the sensitivity limitations of
previous planar FET sensors is the one-dimen-

sional nanoscale morphology of these structures,
because binding to the surface of a nanowire leads
to depletion or accumulation of carriers in the
‘bulk’ of the nanometer diameter structure (ver-
sus only a small region of the surface region of a
planar device) [40]. This unique feature of
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semi-conductor nanowires can lead to sufficient
sensitivity to enable the detection of single
viruses 441 and make the detection of single
molecules in solution possible.

Nanowire-based sensing devices can be con-
figured from high-performance field-effect
nanowire transistors [40,42-45,51] by linking recog-
nition groups to the surface of the nanowire
(Figure 2C). Silicon nanowires with their native
oxide coating make this receptor linkage
straightforward since extensive data exist for the
chemical modification of silicon oxide or glass
surfaces from research on planar chemical and
biological arrays [52;. When the sensor device
with surface receptors is exposed to a solution
containing macromolecule species, such as a pro-
tein, which has a net negative (positive) charge in
aqueous solution, specific binding will lead to an
increase (decrease) in the surface negative charge
and an increase (decrease) in conductance for a
p-type nanowire device (Figure 2C). An important
point about this detection process, which is dis-
tinct from common optically based assays, is that
it is real-time and the binding process can liter-
ally be viewed as it occurs on a computer logging
the conductance of one or more devices. Practi-
cally, the authors have developed a reliable and
flexible integrated nanowire sensor platform
capable of single or multiplexed detection
(Figure 2D) [44,45]. The platform incorporates sili-
con nanowires with well defined p- or n-type
doping, addressable source drain electrodes that
are insulated from the aqueous environment so
that only processes occurring at the silicon
nanowire surface contribute to electrical signals,
integrated electrical interconnects that enable
standard interface to data logging electronics and
a mated microfluidic channel for delivery of
sample solutions.

A tool for drug discovery

The discovery and/or identification of organic
molecules that bind specifically to proteins is cen-
tral to the discovery and development of new
pharmaceuticals and to chemical genetic
approaches for elucidating complex pathways in
biological systems [53. This thus represents an
important area in which the unique capabilities of
new nanosensors could impact. A broadly repre-
sentative example in this area has been the identifi-
cation of molecular inhibitors to tyrosine kinases,
which are proteins that mediate signal transduc-
tion in mammalian cells through phosphorylation
of a tyrosine residue of a substrate protein using
adenosine triphosphate (ATP) (Figure 3A) [54].

Deregulation of the phosphorylation process has
been linked to a number of diseases, including
cancer [54]. To configure nanowire sensor devices
for screening small molecule inhibitors to tyrosine
kinases, the authors linked the kinase Abl to the
surface of silicon nanowire FETs and investigated
the binding of ATP and competitive inhibition of
ATP binding with organic molecules, such as the
drug Gleevec™ (Figure 3B) [43]. In this configura-
tion, binding or inhibition of binding of the nega-
tively charged ATP to Abl linked at the silicon
nanowire surface can be detected in a real-time,
quantitative manner as an increase or decrease in
the conductance of the p-type nanowire device.
The direct yet simple nature of this approach, ena-
bled by nanotechnology, contrasts conventional
indirect assays used to study kinases [s556].

Data recorded from Abl-modified p-type sili-
con nanowire devices have been found to exhibit
reversible, concentration-dependent increases in
conductance upon introducing solutions contain-
ing ATP (Figures 3C,3D), where the increases in
conductance are consistent with the binding of
negatively charged ATP to Abl j43). Of perhaps
greater importance has been the ability to quan-
tify inhibition of ATP binding by Gleevec and
other small molecules, such as the analogs shown
in Figure 3E. Plots of the normalized conductance
recorded from Abl-modified p-type silicon
nanowire devices (Figure 3F) exhibited reversible
decreases in conductance due to competitive inhi-
bition of ATP binding by the different small mol-
ecules. Notably, the conductance decreases at
constant small molecule concentration depends
strongly on molecular structure with Gleevec >
Al > A2 > A3; the control biotin shows essentially
no change above background, as expected [43].
These studies demonstrate the substantial advan-
tages of nanowire detectors over existing methods
for rapid, direct and high-sensitivity analysis of
binding and inhibition using minimal protein
receptor and thus suggest great potential as a new
‘nano’ technology platform for drug discovery.

Detection of DNA & DNA

enzymatic processes

Biological macromolecules, such as nucleic acids
and proteins, are generally charged in aqueous
solution, and as such can be readily and selectively
detected by nanowire sensors when appropriate
receptors are linked to the nanowire active surface.
The authors first examined studies addressing this
key capability in the context of sequence-specific
detection of DNA [42] and the monitoring of the
enzymatic elongation of DNA [45].

Nanomedicine (2006) 1(1)
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Figure 3. Nanowire sensors for drug discovery.
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(A) lllustration of tyrosine kinase phosphorylation of a tyrosine (Tyr) residue of the substrate protein. (B) Detection of ATP binding and
small molecule inhibition using a silicon nanowire sensor device functionalized with the tyrosine kinase Abl. (C) Time-dependent
conductance (G) curve at different ATP concentrations for a nanowire modified with Ab1. Regions 1, 2 and 3 correspond to 0.1, 3 and
20 nM ATP, respectively. Arrows indicate the points where the solution is changed. (D) Change in conductance (AG) versus ATP
concentration for Abl-modified SINW (red) and SINW without Ab1 (black). (E) Structures of small molecules investigated for inhibition of
ATP binding to Ab1 and (F) normalized conductance data showing the relative inhibition of the different compounds.

Silicon nanowire field-effect devices have been  conductance. Recognition of the DNA target
used for the detection of single-stranded molecule was carried out using complementary
DNA [4057], where the binding of this nega- single-stranded sequences of peptide nucleic
tively charged polyanionic macromolecule to acids (PNAS) (Figure 4A) [58]. PNA was used as the
p-type nanowire surfaces leads to an increase in  receptor for DNA detection in this work since
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Figure 4. Real-time detection of DNA and DNA reactions.
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(A) Schematic of silicon nanowire sensor surface modified with PNA receptor
before and after duplex formation with target DNA. (B) Silicon nanowire DNA
sensing, where the arrow corresponds to the addition of a 60 fM complementary
DNA sample and the inset shows the device conductance following addition of
100 fM mutant DNA. (C) Conductance versus DNA concentration for two
independent (red and blue) devices. (D) Schematic representation of the telomerase
binding and activity assay. (E) Conductance versus time data recorded for
oligonucleotide-madified p-silicon nanowire devices, following the introduction of
solutions containing (1,3) extract from 100 Hela cells, (2) all four dNTPs and (4)
dCTP only. (F) Conductance versus time data from device following the
introduction of solutions containing (1) extract from 100 HelLa and (2) all four dNTPs
each at 0.1 mM and 20 uM azido thymidine triphosphate (AZTTP). Inset: plot of the
inhibition of elongation versus AZTTP concentration.
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the uncharged PNA molecule has a greater affin-
ity and stability than corresponding DNA recog-
nition sequences at low ionic strength where
nanowire sensitivity is greater [ss). Studies of
p-type silicon nanowire devices modified with a
PNA receptor designed to recognize wild-type
versus the EF508 mutation site in the cystic
fibrosis transmembrane receptor gene showed
that the conductance increased following addi-
tion of a 60 femtomolar wild-type DNA sample
solution (Figure 4B). The increase in conductance
for the p-type silicon nanowire device is consist-
ent with an increase in negative surface charge
density associated with binding of negatively
charged DNA at the surface and, moreover, care-
ful control experiments showed that the binding
response was specific to the wild-type sequence
and that a sample sequence with the EF508
mutation site did not show this stable change in
conductance (inset, Figure 4B) [42]. The sequence
specificity in these experiments is a critical first
step towards the development of the nanowire
devices for genetic-based disease detection.

In addition, there are several other features of
the nanowire-based DNA sensors that deserve
mention. First, the studies of the conductance
change versus target sequence concentration
demonstrated that direct electrical detection was
possible down to at least the 10 femtomolar level
(Figure 4C). Significantly, this current detection
limit is substantially better than that demon-
strated by existing real-time measurements,
including surface plasmon resonance (SPR) (s8],
nanoparticle-enhanced SPR [59] and quartz-crys-
tal microbalance [s0] for DNA detection. Second,
Figure 4C also illustrates that the DNA detection
data obtained from independent silicon
nanowire devices exhibit very similar changes in
conductance with increasing DNA concentra-
tion. Device to device reproducibility is an
important validation of the potential of the sili-
con nanowires for development as integrated
sensors, which could enable high-throughput,
highly sensitive DNA detection for basic biology
research and genetic screening.

The potential breadth of nanowire arrays as
broad-based diagnostic tools can be seen in an
orthogonal nucleic acid-based marker assay
involving the detection of activity and inhibition
of telomerase [45], a eukaryotic ribonucleoprotein
(RNP) complex that catalyzes the addition of the
telomeric repeat sequence TTAGGG to the ends
of chromosomes [61]. Telomerase is inactive in
most normal somatic cells but active in at least
80% of known human cancers [62], and thus is a

Nanomedicine (2006) 1(1)
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potential general marker and therapeutic target
for cancer detection and treatment, respectively.
The nanowire telomerase assay illustrated in
Figure 4D is remarkably simple yet powerful. First,
this assay detects the presence or absence of
telomerase simply by monitoring the nanowire
conductance following delivery of a sample cell
extract to the device array that has been modified
with the telomeric repeat sequence. Moreover,
subsequent addition of deoxynucleotide triphos-
phates (dNTPs) also enables monitoring of telom-
erase activity through an increase in conductance
owing to the incorporation of negatively charged
nucleotides near the nanowire surface.

Conductance data recorded from oligonucle-
otide primer-modified p-type silicon nanowires
show well defined conductance decreases fol-
lowing delivery of the Hela cell extract
(Figure 4E, points 1, 3), which corresponds to the
selective binding of the positively charged tel-
omerase at the surfaces of the nanowires in the
array [45]. Notably, concentration-dependent
studies showed that binding was readily detecta-
ble to at least the 10 cell level without amplifica-
tion, while no signal was observed from as many
as 100,000 normal human fibroblast cells or
heat-denatured HeLa cell extracts. The primer-
modified nanowire arrays were also effective in
monitoring activity (Figure 4E, point2) where
addition of dN'TPs, following initial telomerase
binding, showed an increase in the device con-
ductance that corresponds to incorporation of
negatively charged nucleotide units on the
nanowire surface during the telomerase
catalyzed process.

This conclusion is supported strongly by a
number of control experiments [45], including
the fact that no significant conductance increase
was observed after the telomerase-binding step
in the absence of dNTPs (Figure 4E, point 4). Sig-
nificantly, the authors’ telomerase activity meas-
urements are distinct and advantageous
compared with current approaches based on
variations of telomeric repeat amplification pro-
tocol (TRAP) [63,64] since we do not require
PCR amplification to achieve high sensitivity. In
addition, the versatility of nanowire detectors
and this telomerase assay can be recognized by
the fact that telomerase inhibitors, which might
serve as therapeutic agents, can be screened
directly. This point was demonstrated clearly
through investigations of the inhibition of tel-
omerase elongation activity in the presence of
azido thymidine triphosphate (AZTTP), a
known reverse transcriptase inhibitor [e5], as

shown in Figure 4F [45]. Taken together, these
studies have shown clearly the sensitivity and
selectivity of nanowire sensors for telomerase
detection and activity from common biological
cell samples, and thus suggest substantial prom-
ise both as a novel diagnostic tool and as a
method for screening for potential drugs.

Multiplexed real-time, label-free
detection of proteins

The first example of electrical detection of pro-
teins in solution using nanostructures was
reported by the authors’ group using p-type sili-
con nanowire devices in 2001 [40]. In these stud-
ies, biotin, which binds with high selectivity to
the protein streptavidin, was linked to the oxide
surface of the nanowires and used as a binding
receptor. When solutions of streptavidin protein
were delivered to nanowire sensor devices mod-
ified with biotin receptors, the authors found
that the conductance increased rapidly to a con-
stant value and that this conductance value was
stable after the addition of pure buffer
solution 401. These results were consistent
with the net negative charge on streptavidin at
the pH of these experiments (i.e., causing accu-
mulation of carriers in the p-silicon nanowires)
and the very small dissociation rate of the
streptavidin—biotin system [e6], respectively.
This initial work provided clear indication that
this approach could lead to sensor devices with
unique value for nanomedicine.

More recently, the authors developed the use
of nanowire devices for the detection of multi-
ple disease marker proteins simultaneously in a
single, versatile detection platform p4s). Electri-
cally addressable arrays are fabricated by a proc-
ess that uses fluid-based assembly of nanowires
to align and set the average spacing of
nanowires over large areas [5,13,67,68], and then
photolithography and metal deposition to
define interconnects to a large number of indi-
vidual nanowires in parallel (Figure 5A). A key
feature of this approach is that the metal elec-
trodes defined by conventional lithography do
not need to be registered to individual
nanowires in an array to achieve a high yield of
devices; only the position of the electrodes rela-
tive to a group of aligned nanowires needs to be
fixed. A state-of-the-art nanowire sensor array
fabricated in this way and containing more than
100 independently addressable elements is
shown in Figure5B. In this array, the active
nanowire sensor devices are confined to a central
rectangular area on the device chip that
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Figure 5. Nanowire arrays for multiplexed protein sensing.
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(A) lllustration of the nanowire array fabrication. (B) Optical image of a portion of a nanowire array, where
the inset shows one row of individually addressable elements and the red box highlights a single device.
(C) Data recorded simultaneously from two p-silicon nanowire devices, where NW1 was functionalized with
prostate-specific antigen (PSA) Ab1 and NW2 was modified with ethanolamine. Vertical lines correspond to
times when solutions of (1) 9 pg/ml PSA, (2) 1 pg/ml PSA, (3) 10 ug/ml BSA or (4) a mixture of 1 ng/ml PSA
and 10 pg/ml PSA Abl were added. Black arrows correspond to the points where the solution was switched
buffer. (D) Complementary sensing of PSA using p-type (NW1) and n-type (NW2) nanowire devices. Vertical
lines correspond to addition of PSA solutions of (1,2) 0.9 ng/ml, (3) 9 pg/ml, (4) 0.9 pg/ml and (5) 5 ng/ml.
(E) Schematic of array detection of multiple proteins. Simultaneous detection of PSA, carcinoembryonic
antigen (CEA) and mucin-1 using NW1, NW2 and NW3 functionalized with antibodies for PSA, CEA and
mucin-1, respectively. Protein solutions of (1,2) PSA, (3,4) CEA and (5,6) mucin-1 were delivered sequentially
to the array. (F) Photographs of blood samples from finger and arm. Conductance-versus-time data recorded
for the detection of PSA in donkey serum samples with (1) buffer, (2) serum or (3,4) serum and PSA. NW1
was functionalized with PSA Abl and NW2 was passivated with ethanolamine.
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overlaps with the microfluidic sample delivery
channel. Critical to the success of any inte-
grated nanoelectronic array is the reproducibil-
ity of the device elements within the array and,
significantly, measurements made on nanowire
FET arrays have demonstrated very reproducible,
high-performance properties [13.45,68].

Device arrays prepared in this way offer
unique opportunities for label-free multiplexed
detection of biological species and protein
markers in particular. An important result of
ongoing genomics and proteomics research is
the elucidation of many new biomarkers that
have potential for greatly improving the diag-
nosis of diseases [69]. The availability of multi-
ple biomarkers is believed to be especially
important in the diagnosis of complex diseases,
such as cancer [70], where disease heterogeneity
makes single marker tests, such as the analysis
of prostate-specific antigen (PSA), inadequate.
The analysis of a pattern of multiple cancer
markers might, however, provide the informa-
tion necessary for robust diagnosis of any per-
son within a population [71] and, moreover,
detection of markers associated with different
stages of disease pathogenesis could further
facilitate early detection, which is especially
important for successful cancer treatment.

The development of silicon nanowire sensor
arrays for cancer protein marker detection has
been carried out by attaching monoclonal anti-
bodies to the nanowire elements following
device fabrication. The linkage chemistry is
similar to that described previously for protein
microarrays [72,73] and silicon nanowire sensors
for viruses and small molecules [43,44], and
involves three key steps. First, aldehyde propyl-
trimethoxysilane (APTMS) is coupled to oxy-
gen plasma-cleaned silicon nanowire surfaces
in order to present terminal aldehyde groups at
the nanowire surface. Second, the aldehyde
groups are coupled to the monoclonal antibod-
ies and, third, unreacted free aldehyde groups
are blocked by reaction with ethanolamine.
The basic array design enables incorporation of
different types of addressable nanowires, for
example, different receptor antibodies printed
on elements in a nanowire device array to ena-
ble selective multiplexed protein detection.
Sensitivity limits for cancer marker protein
detection using this new generation of silicon
nanowire device array was determined by
measuring conductance changes as the solution
concentration of PSA was varied, where the
devices were modified with monoclonal anti-

bodies for PSA (PSA-Abl). FiguresC (blue
curve) shows a well defined conductance
increase and subsequent return to baseline
when PSA solution (Figure 5C points 1 and 2) and
pure buffer, respectively, are delivered alter-
nately through the microfluidic channel to the
devices. Notably, these data show that direct
label-free detection of PSA is achieved rou-
tinely with signal to noise of more than 3 for
concentrations down to 75fg/ml or
approximately 2 fM [45).

In addition, the authors investigated details of
the modification chemistry to define limits for
high-sensitivity detection of cancer marker pro-
teins using these silicon nanowire field-effect
devices. Specifically, atomic force microscopy
measurements of the initial aldehyde-silane layer
thickness on single nanowires demonstrate a sys-
tematic thickness increase with modification
time. This thickness increase is consistent with
previous studies showing that similar silane rea-
gents can form multilayers [45,74,75]. Significantly,
measurements of the nanowire device sensitivity
show that the sensor response decreases rapidly
for initial reaction times of more than 30 min.
The observed decrease in sensitivity is consistent
with expectations for a field-effect sensing device
and, moreover, shows that the surface modifica-
tion chemistry must be controlled in order to
achieve reproducible high-sensitivity devices [45].

The reproducibility and selectivity of the
nanowire devices was further demonstrated
through to competitive binding experiments
(Figure 5C, points 3 and 4) that showed no conduct-
ance changes following delivery of concentrated
bovine serum albumin (BSA) solutions or PSA-
Abl pre-blocked PSA solutions. In addition, a
second control nanowire element, which was a p-
type silicon nanowire device passivated with eth-
anolamine, was monitored in parallel (NW2,
Figure 5C). Significantly, simultaneous measure-
ments of the conductance of NW1 and NW2
show that well defined concentration-dependent
conductance increases are only observed in NW1
on delivery of PSA solutions with no response
observed for NW2. This simple implementation
of multiplexing represents one highly robust
means for discriminating against false positive sig-
nals arising from either electronic noise or non-
specific binding and represents a powerful
advantage of this nanotechnology [4s).

The wunique multiplexing capabilities of
nanowire device arrays have been exploited in sev-
eral distinct ways. First, distinct p- and n-type
nanowire device elements were incorporated in a
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single sensor chip and data recorded simultane-
ously from the p-type nanowire (NW1, Figure 5D)
and n-type nanowire (NW2, Figure 5D) showed a
conductance increase and decrease, respectively,
when PSA solution was delivered and subsequent
return to baseline following introduction of
buffer. The complementary electrical signals pro-
vide a simple yet robust means for detecting false
positive signals from either electrical noise or non-
specific binding of protein; that is, real and selec-
tive binding events must show complementary
responses in the p- and n-type devices. The pres-
ence of correlated conductance signals in both
devices (Figure 5D), which occur at points when
buffer and PSA/buffer solutions are changed,
illustrates clearly how this multiplexing capability
can be used to distinguish noise from disease
marker protein-binding signals [45].

More generally, multiplexed detection of dis-
tinct disease marker proteins, which will facilitate
pattern analysis of existing and emerging markers
for robust diagnosis [71], can be carried out with
high sensitivity and selectivity using nanowire
arrays modified with distinct antibody receptors,
as shown in Figure 5E. This critical capability was
demonstrated in reported studies of PSA, carci-
noembryonic antigen (CEA) and mucin-1 detec-
tion using silicon nanowire devices functionalized
with monoclonal antibody receptors for PSA
(NW1), CEA (NW2), and mucin-1 (NW3) [45].
Conductance measurements recorded simultane-
ously from NW1, NW2 and NW3 as different
protein solutions were sequentially delivered to
the device array (Figure 5£) demonstrated clearly
multiplexed real-time, label-free marker protein
detection with sensitivity to the femtomolar level
and essentially 100% selectivity.

Effective cancer diagnosis with a new technol-
ogy will require rapid analysis of clinically relevant
samples, such as blood serum. A unique feature of
our nanotechnology is that analysis of one or
many markers can be achieved on literally a drop
of blood, much like a simple glucose test, in con-
trast to standard analysis serum analysis today
requiring milliliters of blood and extensive labora-
tory work-up, as illustrated in Figure 5F. The
authors demonstrated this key advance in nanom-
edicine using the nanowire arrays to detect PSA in
undiluted serum samples that were desalted in a
rapid and simple purification step [45]. Notably,
conductance versus time data recorded simultane-
ously from NW1, which was modified with PSA-
Abl receptor, and NW2, which was passivated
with ethanolamine, show that donkey serum con-
taining 59 mg/ml total protein did not lead to an

appreciable conductance change relative to the
standard assay buffer, while serum containing
PSA led to concentration-dependent conductance
increases only for NW1 (Figure 5F). Well defined
conductance changes were observed for PSA con-
centrations as low as 0.9 pg/ml, which corre-
sponds to a concentration of approximately 100-
billion times lower than that of the background
serum proteins. This sensitivity limit is approxi-
mately an order of magnitude better than a recent
paper reporting the detection of PSA in human
plasma by surface plasmon fluorescence spectros-
copy [76], where labeling of the ‘sandwich’ immu-
noassay was required and represents an additional
step costing time and money beyond that of the
authors’ approach. These results demonstrate
unambiguously that nanowire sensor arrays can be
used to detect multiple cancer markers rapidly
with high sensitivity and selectivity in undiluted
human serum and, moreover, it should be noted
that the detection can be carried out on as little as
a drop of blood versus the several milliliters for
current laboratory analysis — a clear advantage of
this nanotechnology and a potential breakthrough
for the field of nanomedicine.

Pushing sensitivity limits: detection of
single viruses
The studies reviewed here demonstrate some of
the exciting capabilities of nanowire sensors rele-
vant to medicine. While these studies implicitly
show exquisite sensitivity, indeed unmatched by
existing label-free sensor devices, they do not
define the ultimate sensitivity of the nanowire
FET devices. To address this critical issue, the
authors’ group recently carried out studies on the
detection of viruses [441, which are among the
most important causes of human disease [77] and
an increasing concern as agents for biological war-
fare and terrorism [7s8], with the goal of determin-
ing whether the ultimate limit of one single entity
could be detected reliably.

The underlying concept of these experiments
is illustrated schematically in Figure 6A. When a
virus particle binds to the antibody receptor on
a nanowire device, the conductance of that
device will change from the baseline value, and
when the virus unbinds, the conductance will
return to the baseline value. Significantly, deliv-
ery of highly dilute influenza A virus solutions,
of the order of 80 attomolar (10-18 M) or 50
viruses/ml, to p-type silicon nanowire devices
modified with monoclonal antibody for influ-
enza A produced well defined, discrete conduct-
ance changes (Figure 6B) that are characteristic of
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Figure 6. Detection of single viruses.
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(A) Schematic of a single virus binding and unbinding to the surface of a silicon nanowire device modified with antibody receptors,and
the corresponding time-dependent change in conductance. (B) Simultaneous conductance and optical data recorded for a silicon
nanowire device modified with a low density of antibody receptor units after introduction of influenza A virus solution. (C) Simultaneous
conductance and optical versus time data recorded from a single nanowire device with a high density of anti-influenza type A antibody.
Influenza A solution was added before point 1 and the solution was switched to pure buffer between points 4 and 5 on the plot.

(D) (top) Schematic of multiplexed single virus detection. (bottom) Conductance versus time data recorded simultaneously from three
nanowire elements, where NW1 was modified with antibody for influenza A (red data), NW2 was modified with ethanolamine only
(green data) and NW3 was modified with antibody for adenovirus (blue data). Black arrows 1-4 correspond to the introduction of
adenovirus, influenza A, pure buffer and a 1:1 mixture of adenovirus and influenza A.
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binding and unbinding of single positively
charged influenza viruses [44]. Definitive proof
that the discrete conductance changes observed
in these studies were due to detection of single
virus binding and then unbinding was obtained
from simultaneous optical and electrical meas-
urements using fluorescently labeled influenza
viruses. The optical and electrical data in
Figure 6B show that, as a virus diffuses near a
nanowire device, the conductance remains at
the baseline value and only after binding at the
nanowire surface does the conductance drop in
a quantized manner, similar to that observed
with unlabeled viruses; as the virus unbinds and
diffuses from the nanowire surface, the conduct-
ance returns rapidly to the baseline value. These
parallel measurements also showed that a virus
must be in contact with the nanowire device to
yield an electrical response, thus suggesting that
it will be possible to develop ultra-dense
nanowire device arrays without crosstalk in the
future, where the minimum size scale is simply
set by that of the virus.

Executive summary

Silicon nanowires (SiNWs) are readily synthesized with controlled
diameters (2-20 nm) and doping properties (variable doping ratio and
dopant type) to yield electronically-reproducible p- and n-type nanowires.

SiNWs are used as building blocks for the fabrication of arrays of
individually addressable nanoscale field-effect-transistor devices using
standard microfabrication techniques.

Chemical modification of SINW device surfaces enables the development
of ultra sensitive sensors for electrical, real-time and label-free sensing of
chemical and biological species.

SINW devices are used for ultra-sensitive detection of DNA sequences
down to femtomolar concentrations.

SINW devices are used to detect the binding of ATP to protein kinases and
the inhibition of ATP binding by small molecules, a topic of great
importance in drug discovery.

Arrays of approximately 200 addressable nanowire-devices are readily
prepared. These arrays are used for multiplexed simultaneous detection of
multiple analytes, including proteins and viruses.

SINW large-scale arrays are applied in the highly-selective detection of
multiple protein biomarkers for cancer detection, with detection limits
down to 3 femtomolar for proteins of interest.

SINW arrays are used for the detection of protein biomarkers in serum
samples after a simple sample desalting step, with discrimination of 100-
billion to one versus background serum proteins.

SINW devices are used for highly-selective detection of single viral
particles, and simultaneous detection of two distinct viruses at single
virus level.

62

Selective detection, the ability to specifically
distinguish one type of virus from another, is
crucial for exploiting the high sensitivity of
these nanowire devices in most medical and
bio-threat applications. Selectivity was first
investigated by characterizing how variations in
the density of the influenza A antibody
receptors affect the binding/unbinding proper-
ties. For example, simultaneous conductance
and optical data recorded on devices with aver-
age antibody coverage 10-times higher than
shown in Figure 6B (Figure 6C), show sequential
binding of virus particles without unbinding
on a 5- to 10-min time scale (vs unbinding on
a 20-s time scale in Figure 6B). Slow sequential
unbinding of the virus particles is observed
after introducing pure buffer solution. These
data show that the unbinding kinetics can be
substantially  slowed/controlled  through
increases/changes in the density of specific
antibodies and provide strong evidence for
selective binding of influenza A; that is, the
unbinding kinetics should be slowed as the
number of specific antibody-virus contact
points increases.

More significantly, the authors have demon-
strated clear selectivity in multiplexing experi-
ments that could enable powerful advance in
rapid medical diagnosis. Specifically, p-type sili-
con nanowire sensor elements in an array were
modified with monoclonal antibody receptors
specific for influenza A (NW1) and adenovirus
(NW3) and, in addition, a control nanowire ele-
ment (NW2), which was passivated with eth-
anolamine, was included.  Simultaneous
conductance measurements were obtained when
adenovirus, influenza A and a mixture of both
viruses were delivered to the device array
(Figure 6D) and demonstrate several significant
points. First, delivery of adenovirus, which is
negatively charged at the pH of the experiment
[44], to the device array yields positive conduct-
ance changes for NW3 with an on time similar to
the selective binding/unbinding in single device
experiments. Well defined binding/unbinding
events are not observed from the nanowire device
modified with the influenza virus receptor. Sec-
ond, delivery of influenza A solutions yields neg-
ative conductance changes for NW1 similar to
single device measurements of Figure 6B, while
well defined binding/unbinding is not observed
on NWa3. In both cases, no evidence of bind-
ing/unbinding was found in the control ele-
ment, NW2. Last, delivery of a mixture of both
viruses demonstrates unambiguously that selective
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binding/unbinding responses for adenovirus and
influenza A can be detected in parallel by NW3
and NW1, respectively, at the single virus level
and, moreover, combined with the control NW2
enables highly robust assignment of positive sig-
nals at this ultimate level of detection. Signifi-
cantly, the simplicity, single viral particle
sensitivity and capability of selective multiplexed
detection shows that nanowire sensors could
serve as the key element in powerful viral sensing
devices for medical and bioterrorism applications
in the future.

Conclusions

In this review, we have illustrated how
nanowire-based field-effect sensor devices and
device arrays modified with specific surface
receptors represent a powerful nanotechnology-
enabled diagnostic/detection platform for medi-
cine and the life sciences. These nanowire sensor
devices have a number of key features, including
direct, label-free and real-time electrical signal
transduction, ultra-high sensitivity, exquisite
selectivity and potential for integration of
addressable arrays on a massive scale, which sets
them apart from other sensor technologies avail-
able today. The examples described here illus-
trate unique capabilities for multiplexed real-
time detection of proteins, single viruses, DNA,
DNA enzymatic processes and small organic
molecule-binding to proteins. These examples
show clearly the potential to impact significantly

6. Wang ZL: Nanostructures of zinc oxide. 12.

Mater. Today 7(6), 26—-33 (2004).
Patolsky F, Lieber CM: Nanowire

on disease diagnosis, genetic screening and drug
discovery, as well as serve as powerful new tools
for research in many areas of biology.

Future perspective

In the near future, we argue that these advances
could be developed at the commercial level in sim-
ple nanowire sensor devices that would represent a
clear application of nanotechnology and, more
importantly, a substantial benefit to humankind.
Looking to the longer term, we believe that the
future is exciting from both science and technol-
ogy perspectives. For example, we believe that
advances in capabilities of assembling larger and
more complex nanowire sensor arrays and inte-
grating them with first conventional and later
nanoscale electronics for processing will lead to
exquisitely powerful sensor systems that help to
enable the dream of personalized medicine. More-
over, recognizing the fact that these nanowire
sensors transduce chemical/biological-binding
events into electronic/digital signals suggests the
potential for a highly sophisticated interface
between  nanoelectronic  and  biological
information processing systems in the future.
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