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Abstract

Transformational advances in the performance of nanowire-based chemi-
cal sensors and biosensors have been achieved over the past two to three
years. These advances have arisen from a better understanding of the mech-
anisms of transduction operating in these devices, innovations in nanowire
fabrication, and improved methods for incorporating receptors into or onto
nanowires. Nanowire-based biosensors have detected DNA in undiluted
physiological saline. For silicon nanowire nucleic acid sensors, higher sen-
sitivities have been obtained by eliminating the passivating oxide layer on
the nanowire surface and by substituting uncharged protein nucleic acids for
DNA as the capture strands. Biosensors for peptide and protein cancer mark-
ers, based on both semiconductor nanowires and nanowires of conductive
polymers, have detected these targets at physiologically relevant concentra-
tions in both blood plasma and whole blood. Nanowire chemical sensors
have also detected several gases at the parts-per-million level. This review
discusses these and other recent advances, concentrating on work published
in the past three years.
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1. INTRODUCTION

The first research papers describing the use of chemical sensors based on metal and semiconductor
nanowires appeared in 2001 (1, 2). A search for the keywords nanowire and sensor within the Web
of Science reveals that more than 700 papers on this subject have appeared in the 10 years since
then. This expansive landscape has been the subject of several excellent, comprehensive reviews
(3-6), so we do not attempt another such review here. Instead, our goal is to identify and describe
some key advances that have occurred at the frontier of this fast-moving field over the past three
years. We focus on transformational improvements or advances involving (2) the performance
of nanowire-based sensors, () sensor fabrication and integration, and (¢) our understanding of
transduction mechanisms for nanowire-based sensors. Biosensors and chemical sensors rely on
fundamentally different mechanisms for recognizing and binding target analyte species, so we
discuss these two types of sensors separately below.

2. BIOSENSORS

Nanowire field-effect transistors NWFET's) have dominated work in the area of nanowire-based
biosensing since their discovery by Lieber et al. (2) in 2001. The function of these devices is
identical to that of the ion-selective field-effect transistors ISFET) first described by Bergveld
(7, 8) in the early 1970s. With ISFETS, the charge on a chemically modified channel is inferred
from measurements of either the conductivity of the channel or its capacitance, and the relationship
between the charge, o, and surface potential, Wy, is given by the Grahame equation (9),

\\
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where £ is the Boltzmann constant, T is the temperature, e is the elementary charge, ¢ is the
permittivity of free space, ¢, is the dielectric constant of water, and Cj is the ionic strength of
the buffer. In 2002, Manalis et al. (10) first used an ISFET to detect DNA on the basis of its
negative charge. Surprisingly, this capability of macroscopic ISFET's was developed at nearly the
same time as NWFET biosensors for DNA.

We organize this review of nanowire-based biosensors into two categories according to the
method by which the nanowires are prepared. Bottom-up nanowires are synthesized from molec-
ular precursors by use of solution-phase synthetic methods, vapor-liquid-solid (VLS) growth, or
other methods. Top-down nanowires are obtained by selectively removing material from macro-
scopic structures, for example, commercially available silicon-on-insulator (SOI) wafers. Top-
down nanowires were discovered first, so research in this area is more mature, and its progress has
been thoroughly reviewed (3—6). For this reason, we devote less space to it here and concentrate
on especially new and novel work in two categories. Biosensors based on top-down nanowires
represent a new paradigm for nanowire sensor fabrication, and so far few overviews of this work
have appeared. We devote more space to those biosensors here for this reason.

2.1. Nanowires Fabricated by Bottom-Up Synthesis

Two subcategories of experiments that deserve examination here are (#) experiments in which the
nanowire biosensor has been liberated from a surface and (4) experiments that involve polymer-
based nanowire biosensors. Surprising and exciting advances in both types of experiments have
occurred over the past two years.
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2.1.1. Liberating the nanowire field-effect transistor from the surface. In principle, biosen-
sors based on free-standing nanowires, such as those obtained via solution-based synthetic methods
or VLS growth, do not need to be attached to a surface. However, to secure electrical contacts
to these minute structures, to simplify the fabrication of microfluidic channels required to deliver
analyte molecules to the biosensor, and to provide for a back-gate electrode, attachment of the
nanowire to a surface virtually always occurs.

Lieber et al. (11) recently described biosensors based on unsupported, V-shaped NWFETs
mounted to atomic force microscopy cantilevers that can be manipulated in three dimensions
(Figure 1a,b). These intricate, single-crystal NWFETS are obtained by manipulating the growth
conditions both to shape the nanowire, by introducing 120° kinks by varying the growth pressure,
and to modulate the dopant density. Nanowires are degenerately »** doped, except for short,
200-nm segments, which are selectively doped to much lower extents. In this study (11), only
these segments of the longer, V-shaped nanowire functioned as the transistor.

An objective of this study (11) was to probe the electrical activity at the interior of living
cardiomyocytes. The concept of using nanowire-based sensors to monitor the electrical activity
of single cells is one that Lieber et al. (13) had explored earlier by using arrays of NWFET's
patterned onto planar surfaces. In that experiment, the cantilever supporting the NWFET was
bent perpendicular to the surface (Figure 1c¢), enabling it to puncture and penetrate a single
cardiomyocyte supported on a second planar surface positioned above the cantilever. The electrical
signals measured by this probe depended on the depth to which the probe was inserted into the
cell (Figure 1c). The 120-Hz beat pattern in Figure 1d was observed only at the interior of the
cell and emerged only upon insertion of the probe through the cell membrane (11). Clearly, such
nanowire-based probes could contribute to future fundamental investigations of cell function.

2.1.2. Polymeric nanowires for biosensing. Most work involving nanowires of conductive
polymers, such as polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), and poly(3,4-
ethylenedioxythiophene) (PEDOT), has concentrated on applications to gas sensing. We review
recent work in that category in Section 3.4, below. Several publications have demonstrated the util-
ity of these polymeric nanomaterials in biosensors, which is an emerging trend in nanowire-based
sensing.

In 2005, Myung and coworkers (14) became some of the first investigators to demonstrate
the feasibility of biosensing by using single PPy nanowires in which a receptor was entrained
during polymerization. In this study, PPy nanowires were electrodeposited within a 100-200-
nm-wide channel patterned between two gold (Au) electrical contacts (15, 16). Avidin-conjugated
ZnSe/CdSe quantum dots (QDs) within the pyrrole-containing electrodeposition solution were
entrained within these PPy nanowires during the electrodeposition process. PPy nanowires con-
taining these avidin-conjugated QDs showed an electrical resistance thatincreased by 20% to 50%
over background in the presence of a biotin-DNA conjugate, which allowed for the detection of
1 nM of this molecule with a good signal-to-noise ratio (14).

This result motivated additional fundamental investigations of PPy nanowires in aqueous am-
bients in an attempt to understand the extrinsic factors, such as pH and the ionic composition
of the solution, that influence the electrical response of these nanowires. In 2010, Mulchandani
et al. (17) demonstrated that single PPy nanowires, configured as FETs, show a strong n-type
gate effect. At gate potentials, Vi negative of the threshold voltage Vg, a strong influence of
solution pH on the source-drain current Ips, versus V¢ is observed in which Ipg increases linearly
with increasing pH. No pH response is observed near V1, and a much weaker and inverted pH
response is found for Vg positive of V. Importantly, these observations show that application
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of a gate voltage can provide for (#) enhanced sensitivity of a PPy nanowire to target molecules
and (/) tunability of the PPy nanowire response (17).

Building on these results, Mulchandani et al. (18) showed in 2009 that covalent attachment
chemistries can be used to ensure stable attachment between an antibody to the cancer marker
CA-125 and a PPy nanowire. The authors compared the efficacy of glutaraldehyde (GA) and
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N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) chemistries; EDC
attachment produced higher immobilized antibody concentrations within the PPy nanowire.
Following blocking with bovine serum albumin (BSA), these biofunctionalized nanowires
detected CA-125 at a decreased electrical conductivity, AS/Sp ~ —0.5, in 1.0 units ml~! in human
blood plasma. AS/S, increased linearly with CA-125 concentration to —0.8 at 1,000 units ml~!
(18). The utility of these PPy nanowires in the label-free detection of CA-125 in real human
blood plasma represents a significant advance for such biosensors. The mechanism by which
bound CA-125 induces a resistance increase of the PPy nanowire is still not understood, however.

These ideas have been extended to PANI nanowires by Yun et al. (19, 20), who recently
introduced both antibodies (20) and DNA aptamers (19) into these nanowires by using EDC
chemistry. Interestingly, the exposure of functionalized and BSA-blocked PANI nanowires to
immunoglobulin G (IgG) induces an increase in the conductivity of the nanowire—an inversion
of the response, as compared with the observations of Mulchandani et al. (18). In this case, IgG
was detected at 0.030 pg ml~! at AS/Sy ~ +2, whereas myoglobin was detected at 0.008 pg ml~!
with a similar conductivity increase (20). Aptamer-biofunctionalized PANI nanowires showed a
significantly higher sensitivity—down to 0.56 pg ml~!, which corresponds to ~3 fM—for the
detection of IgG (19). Together with the results of the Myung and Mulchandani groups (14-18)
outlined above, these data demonstrate the tremendous potential for biofunctionalized nanowires
for label-free detection of proteins and peptides.

Together with Greg Weiss’s research group, we (21, 22) have evaluated a biofunctionalization
strategy for PEDOT nanowires prepared by lithographically patterned nanowire electrodeposi-
tion (LPNE) process (Figure 24) (23-25). Our approach is characterized by the use of engineered
virus particles, instead of antibodies or aptamers, as receptors in our biosensors. With phage-
display methods, virus particles can be engineered to display nonnatural peptides on the surface
of each virus particle as a C-terminal fusion to most of the coated peptides. From a library of 10
to 10'! different peptide epitopes, individual peptide sequences can be identified to strongly and
selectively bind virtually any target molecule (26). Previously (26-29), we demonstrated that Au
electrode surfaces onto which such virus particles are attached can function as biosensors to detect
the binding of target molecules to immobilized virus particles. We have exploited virus particles as
receptors in nanowire-based biosensors as follows. Using LPNE, we patterned the electrodepo-
sition of PEDOT nanowires, with typical dimensions of 150 nm (width) x 40 nm (height), onto
glass (Figure 2b). When this electrodeposition process was carried out in a solution containing

Figure 1

Three-dimensional kinked nanowire probes. (#) Schematics of device fabrication. Patterned
poly(methylmethacrylate) (PMMA) and SU-8 microribbons serve as a sacrificial layer and a flexible device
support, respectively. The dimensions of the lightly doped n-type silicon segment (white dots) are ~80 x

80 x 200 nm?. H and q are the tip height and orientation, respectively, and S and D designate the built-in
source and drain connections to the nanoscale field-effect transistor (FET), respectively. (9) (i) Scanning
arrow and the pink star mark the nanoscale FET and SU-8, respectively. Panels 7 and 7ii were recorded in air
and water, respectively. Scale bars, 5 mm. (¢) Electrical recordings from beating cardiomyocytes.

(i) Schematics of a cellular recording from the cardiomyocyte monolayer on polydimethylsiloxane (PDMS).
(i1) Extracellular and (i) intracellular nanowire-cell interfaces. The cell membrane and nanowire lipid
coatings are marked with purple lines. (d) Electrical recordings from beating cardiomyocytes.

(7) Extracellular recording. (/i) Transition from extracellular to intracellular recording during cellular
entrance. (7ii ) Steady-state intracellular recording. The green and pink stars denote the peak positions of
intracellular and extracellular signal components, respectively. Reprinted with permission from

Reference 12. Copyright 2010, American Association for the Advancement of Science.
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(@) Schematic diagram of the lithographically patterned nanowire electrodeposition process for the synthesis
of virus-poly(3,4-ethylenedioxythiophene) (PEDOT) nanowires. (#) The resulting virus-nanowire device
used for resistance-based measurements. (¢) Schematic indicating little to no change in resistance after
treatment with a nonbinding negative control antibody (n-Ab) (blue circles). (d) Depiction of the substantial
change in resistance due to the presence of virus-binding positive antibody (p-Ab) (red circles). (e, ) Scanning
electron micrographs of (¢) pure PEDOT nanowires and (f) PEDOT nanowires with entrained M13 virus
particles. (g) Real-time trace of raw biosensing data, showing injections of prostate-specific membrane
antigen (PSMA) at the indicated concentrations (green) and an injection of a control, nonbinding antibody
(orange). Black arrows indicate washes with PBF buffer. (b) A calibration curve compiled from real-time
biosensing data. The change in resistance (AR/Ry) following injection is plotted versus analyte
concentration. A limit of detection of 20 nM was obtained for the detection of PSMA. Reprinted with
permission from Reference 22. Copyright 2010, American Chemical Society.
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M13 virus particles in addition to PEDO'T, these filamentous particles became entrained into
the PEDOT nanowires (Figure 2c). We then configured these nanowires as chemiresistors and
monitored wire resistance as a function of time as we exposed them to pulses of analyte molecules
(Figure 2d-f). Recently, we succeeded in detecting prostate-specific membrane antigen (PSMA),
a prostate protein that is upregulated in cancerous tissue and expressed in urine. Arrays of ~100
PEDOT-virus nanowires detected PSMA as a resistance increase of ~2% to 5% (Figure 2f). We
established a limit of detection of 25 nM for PSMA in 140-mM buffer solutions (Figure 2g). This
study (26) also demonstrated the detection of PSMA in undiluted synthetic urine at 66 nM.

2.2. Nanowires Fabricated by Top-Down Processing

Top-down processing methods, in which semiconductor structures that are macroscale in at least
one dimension are reduced to the nanometer scale to produce nanowires, have been explored in
an attempt to increase the efficiency with which NWFETSs are produced and, simultaneously, to
increase the process’s reproducibility and throughput. Williams et al. (30) performed the first top-
down synthesis of silicon nanowires in 2004 by creating a protocol for fabricating silicon nanowires
from commercially available SOI wafers. These SOI wafers consisted of a 50-nm silicon layer atop
a200-nm SiO; layer on silicon. These investigators obtained silicon nanowires with dimensions of
50 nm (height) x 60 nm (width) x 20 um (length) by using electron-beam lithography (EBL), and
they produced electrical contacts by using conventional optical lithography (30). They detected
a single-stranded DNA (ssDNA) 12-mer at a concentration of 25 pM by using a complementary
ssDNA probe, but no binding was detected for a single base—mismatched ssDNA sample at the
same concentration (30). In 2005, Heath et al. (31) prepared arrays of silicon nanowires from SOI
wafers by using a variant of the superlattice nanowire pattern transfer (SNAP) method (32). The
DNA-sensing properties of these nanowires (33) are discussed further in Section 2.3, below.

In 2007, Reed et al. (34) highlighted the utility of top-down silicon nanowires for the detection
of antibodies. In this study, Reed etal. used 50 nm x 25 nm silicon nanowires that were fabricated
from SOI wafers and functionalized with anti-IgG and anti-IgA to detect 100 fM of IgG and IgA,
respectively, with a high signal-to-noise ratio (>100). On the basis of this result, these authors
predicted an ultimate limit of detection of 70 aM.

A persistent issue encountered in applications of nanowire-based biosensors to real physiologi-
cal fluids, especially blood, is that the minute nanowire surface can be rapidly fouled by nonspecific
protein adsorption. To eliminate this issue, Reed et al. (35) recently coupled SOI-derived silicon
nanowire biosensors with a 5-pl microfluidic prechamber located upstream of the nanowires to
preprocess blood. In this ingenious scheme, the capture antibodies for the biomarker of interest
are located on the interior surface of a 5-pl microfluidic chamber and on the nanowire surface. The
introduction of whole blood into this chamber permits the recognition and binding of the target
molecule to these antibodies. Following a short equilibration period, the blood is transferred out
of this chamber; the chamber is rinsed; and UV irradiation is used to release the bound target,
which is flushed over the silicon nanowire sensors for detection and quantitation. An important
advantage of this approach is the decoupling of the ionic strength of the blood from that of the
rinsing buffer used for the detection of the target molecule by the nanowires. Use of this approach
allowed two cancer markers, PMSA and CA15.3, to be detected in whole blood at concentrations
of 1.5 ng ml~! and 15 units ml~!, respectively.

A clear advantage of the SOI top-down fabrication scheme is that one can prepare nanowires
of virtually any width and thickness. In addition to control of the lateral dimension afforded by
EBL and control of the height dimension by the parameters of the SOI wafer itself, nanowires can
be reduced in size by corroding them in a controlled fashion. For example, in 2004 Juhasz et al.
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(36) demonstrated that silicon nanowires prepared by EBL of SOI can be reduced in size down
to minimum lateral dimensions of 9 nm and, simultaneously, smoothed by photoelectrochemical
oxidation. In 2006, our group (37) demonstrated that kinetically controlled removal of material
from nanowires by use of electrochemically induced corrosion reactions is a general way to reduce
nanowire dimensions without inducing surface roughening.

"This flexibility has enabled some of the first fundamental investigations of wire dimensions on
biosensing performance. Elfstrom et al. (38) used single SOI silicon nanowires prepared with EBL
to study the influence of wire diameter on the sensitivity of oxide-passivated silicon nanowires; the
authors used pH detection as a model system. p-Type silicon nanowires were amine functionalized
through the formation of a monolayer of 3-aminopropyltriethoxylsilane on the oxide surface. Asin
previous work (36), this group found that the conductivity of p-type silicon nanowires have z-type
gate dependence, which is consistent with the presence of a conductivity-controlling inversion
layer at the silicon/SiO; interface (38). As the wire width was reduced from 1 pm to ~40 nm, an
increase in the threshold voltage, Iy, was observed from 1.4 V to 2.3 V, and simultaneously, the
pH sensitivity of the nanowire increased dramatically. The calculations supporting this study (38)
predict that nanowires at the lower end of this size continuum should have near-single charge
sensitivity.

This analysis leaves open the possibility of achieving the minimum wire dimension required for
high sensitivity along only one axis of the nanowire. In a 2008 study, Elfstrom et al. (39) explored
the concept of reducing the thickness of SOI ribbons to 45 nm while retaining a micrometer-scale
lateral dimension. The critical thickness required for this dimension is that of the Debye length,

Ab (39, 40):
8085/€BT
Ap = [ —2>> 2
b=\ "N @

where ¢ is the permittivity of free space, &g is the dielectric constant of the semiconductor, kg
is Boltzmann’s constant, 7" is the temperature, ¢ is the elementary charge, and Ny is the carrier
concentration. For nanowire sensors whose thickness is equal to or less than ip, the charge of
affinity-selected analyte molecules at the wire surface can electrostatically couple with electrons
and holes within the nanowire, thereby altering the wire conductivity (39, 40). A value of 40 nm was
obtained for Ap through use of the parameters of the nanowires employed in this investigation.
On the basis of this analysis, the authors assessed biotin-functionalized silicon nanowires with
dimensions of 45 nm x 1 pm for the detection of streptavidin. They detected 6 x 1077 M
streptavidin, which corresponded to the binding of only 20 molecules at the nanowire surface
(39). The main conclusion of this study is that excellent sensitivity can be achieved by shrinking
just one wire dimension to values at or below Ap.

A drawback of top-down nanowire fabrication schemes is that either EBL or fast ion bom-
bardment (FIB)—both of which are time-consuming, expensive, and serial nanofabrication
technologies—must be used to isolate a nanowire from the two-dimensional SOI layer. Carlen
and coworkers (41, 42) have devised an elegant workaround for this problem (Figure 3a-d). Their
process is a simple elaboration of the baseline SOI process first used by Williams et al. (30): First,
a silicon nitride etch mask is prepared on top of the [100]-oriented SOI wafer, and this mask is
patterned by use of conventional lithography (Figure 34) (41, 42). Then, the SOI layer is wet
etched to remove all the exposed silicon with an alkaline etchant, which selectively etches (101)
plans of the silicon surface (Figure 3b). The exposed [111] surfaces of the nascent nanowires are
then thermally oxidized; the remaining SiN is removed (Figure 3c¢); and the silicon mesa struc-
ture is reetched to isolate two silicon nanowires, both of which have a triangular cross section
(Figure 3d). This process uses only photolithography, no EBL or FIB is required, and minimum
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testing. (f,g) pHp versus A1 response of nanowires coated with Al O3 through atomic layer deposition. (f) pH titration direction
showing the response hysteresis. (g) The measured and fitted response for four different SINW devices at a temperature of 22°C.
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nanowire dimensions down to 30 nm can be achieved (41, 42). One can configure the result-
ing nanowires as pH sensors (43) by covering them with a pH-responsive Al,Oj; layer (thickness,
15 nm) using atomic layer deposition. Near-ideal Nerstian behavior for the oxide surface potential
as a function of pH is then observed (57.8 mV per pH unit) (Figure 3f,g).

2.3. Replacement of the Passivating Surface Oxide with a Molecular Monolayer

For silicon nanowires, the 1-2-nm-thick native oxide layer at the nanowire surface stabilizes the
nanowire against oxidation in corrosive aqueous biological environments; however, like any gate
oxide, it screens the silicon core of the nanowire from the charged analyte species captured by the
bioaffinity layer on the oxide surface. Thus, there is a good reason to replace the native oxide layer
with a thinner, covalent molecular monolayer that passivates the silicon surface.

In 2006, Heath etal. (33) described an example of this procedure. Beginning with arrays of top-
down silicon nanowires prepared with the SNAP process (Figure 44,b) (32), the authors used UV
light-assisted hydrosilation to attach a dense layer of t-BOC-protected C;¢ amine on freshly etched
and hydrogen (H)-terminated silicon nanowires. Deprotection of the amine and reaction with the
bifunctional linker GA enabled the attachment of uncharged peptide nucleic acid (PNAs) 16-mer
strands, which completed the surface functionalization. The DNA-sensing properties of these
oxide-free silicon nanowires were compared with those of silicon nanowires that had the normal
native oxide and were functionalized with a monolayer of 3-aminopropyldimethylethoxysilane,
which was subsequently conjugated with DNA through the same procedure employed with the
oxide-free nanowires (33). Especially significant is that all these hybridization measurements were
carried out at the full, 0.15-M ionic strength of the hybridization buffer saline-sodium citrate
(1 x SSC). In terms of the sensing performance of these two types of nanowires, the oxide layer
increased the relative resistance change, AR/Ry, from <0.1 to ~0.4 at 1 nM DNA (Figure 4c,d).
This increase in signal translated into a reduction in the limit of detection of two orders of
magnitude, to 10 pM, at the oxide-free nanowires (Figure 4f), which caused an expansion of
the dynamic range for DNA detection by two orders of magnitude. The signal-to-noise ratio
for DNA detection in this study was sufficient to enable the measurement of the kinetic rate
constants for the binding and release of DNA molecules from the sensor surface. This study
(33) was among the first to measure these critically important kinetic and thermodynamic
binding metrics for nanowire-based sensors and to demonstrate sensing in high—ionic strength
media.

In 2007, Gao et al. (44) demonstrated a different functionalization approach that involved the
silanization of freshly etched nanowires with trimethyloxysilane aldehyde, which was subsequently
reacted with amine-terminated PNA 21-mer capture probes. Arrays of an unspecified number of
these nanowires, with radii ranging from 5 to 50 nm, demonstrated a limit of detection of 10 fM
for the detection of fully complementary ssDNA 21-mers in a 40-mM tris buffer maintained at
50°C (44).

The following year, Zhang et al. (45) evaluated exactly the same passivation scheme as did
Heath et al., but with three modifications:

1. As in the Gao et al. (44) study, uncharged PNA-capture strands were substituted for neg-
atively charged DNA-capture strands, which removed the electrostatic repulsion that is
normally present between ssDNA strands, thereby enhancing hybridization and in princi-
ple reducing the limits for DNA detection.

2. These PNAs were also longer 22-mers.

3. A 1:100 dilution of SSC was employed instead of full-strength SSC.
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Figure 4

(@) Diagram of a single device section containing three groups of ~10 silicon nanowires (SINWs) prepared via the superlattice nanowire
pattern transfer process in a microfluidic channel. The wafer is covered with Si3sNy, except for an exposed active region covered with
SiNWs. (b, inset) High-resolution scanning electron microscope image of 20-nm SiNWs. (c—f) Concentration-dependent, real-time
sensing of complementary DNA by SiNWs and surface plasmon resonance (SPR) in a 0.165-M electrolyte. () Real-time responses of
SiNWs that were surface functionalized according to Scheme 1 and coated with electrostatically adsorbed primary DNA. The black
trace represents exposure of the SINW sensors to 100 nM of noncomplementary (NC) single-stranded DNA. Each curve represents
measurements from a different set of nanowires. (Inser) Fluorescence image of a Si(100) surface, with an overlaying
polydimethylsiloxane (PDMS) microfluidics chip, followed by the addition of 10 nM of primary DNA, (7) 100 nM of NC fluorescent
DNA, and () 100 nM of complementary fluorescent DNA. The PDMS chip was removed before the image was collected. (4) Same as
in panel ¢, except that the SINWSs were passivated with the monolayer. (Inser) Same as in the panel ¢ inset, but the Si(100) surface was
treated as in Scheme 2. (¢) SPR measurement of the hybridization of complementary DNA to electrostatically adsorbed primary DNA
on a poly-L-lysine surface. (f) Normalized SINW responses for SiO;-covered SINWs (black dots) and bare SINW: (red dots) as a
function of the log of DNA concentration. For all measurements, the source-drain voltage was 50 mV. Abbreviations: BOE, buffered
oxide etchant; GND, ground. Reprinted with permission from Reference 33. Copyright 2006, American Chemical Society.

Using transmission electron microscopy, Zhang etal. directly demonstrated that the SiO, layer
on the nanowire was completely suppressed through this functionalization approach. Exposure to
1 nM of fully complementary DNA in a 0.01 x SSC hybridization buffer produced a resistance
change, AR/R, of 54%, whereas a 1-fM solution produced a AR/R of 6% (45). Ata concentration
of 1 nM, single base—mismatched ssDNA induced a resistance increase of 8%. A puzzling and
unexplained aspect of this report is that these detection metrics were degraded when the 0.01 x
SSC was replaced with deionized water (45).
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3. CHEMICAL SENSORS

Most nanowire-based chemical sensing has involved the detection of gas-phase species via metal
oxides, including ZnO, TiO,, SnO,, and others (4). Nanowires composed of conductive polymers,
such as PT and Ppy, have also been widely used as chemical sensors for gases (46-48). Thin films
of metal oxides, configured as resistors (so-called chemiresistors), have been employed extensively
for this purpose (49-53) since Seiyama et al. (54) discovered metal oxide sensors in 1962. SnO, has
been the canonical metal oxide for gas sensor applications since at least 1991, when Yamazoe and
coworkers (55, 56) described key principles of the function of polycrystalline SnO, films. These
authors studied the influence of grain diameter on sensor performance for the detection of H, and
CO by n-type SnO; films for the first time. Reactions of these gases at the SnO; surface alter the
surface’s charge state, which, in turn, influences the accumulation or depletion of electrons within
each grain. Upon exposure of SnO, films to either of these two reducing gases, the electrical
resistance of the film is reduced, relative to that of pure air. Dramatic 6-15-fold increases in the
amplitude of this resistance response were observed when the mean grain diameter, D,y., was
reduced across the range from 30 nm to 5 nm (56). The enhancement of sensitivity was attributed
(56) to the reduction of D, to values smaller than the twice the Debye length, 2ip. Single-
crystal nanowires effectively constrict the conduction pathway to a single elongated grain; the
wire diameter was functionally equivalent to D,y.. Thus, small nanowires allow the possibility of
ultrasensitive analyte detection, provided that the same transduction mechanism operates.

Yang et al. (57) were among the first to demonstrate metal oxide nanowire-based chemi-
cal sensors: In 2002, they showed that bandgap-illuminated SnO, nanoribbons can detect NO,
down to 3 ppm at room temperature. In that experiment, the authors postulated that NO, ad-
sorption yields a surface NOj species that bridges two tin centers. The inductive withdrawal of
electron density onto these NO; moieties from the z-type nanowire is responsible for the in-
crease in nanowire resistance (58). At approximately the same time, Wang and coworkers (59)
detected ethanol (250 ppm, 400°C), NO; (0.50 ppm, 200°C), and CO (250 ppm, 400°C) by using
heated single-crystal SnO, nanobelts. Hundreds of papers describing the detection of molecules
of In, O3 (60-62), Ti0O, (63-65), and ZnO (66-69), as well as other metal oxides, have appeared in
the intervening nine years. At the frontier of this field are studies in which metal oxide nanowires
were chemically modified to achieve selectivity for a particular analyte molecule or a family of
molecules. These approaches have addressed a well-known shortcoming of SnO; and other metal
oxides, namely cross-sensitivity to water vapor or, more generally, an absence of selectivity for a
particular analyte molecule.

3.1. Functionalization of Metal Oxide Nanowires for Enhanced Selectivity

Strictly speaking, the introduction of a dopant species to a metal oxide nanowire should not
be classified as functionalization, but dramatic changes in the function of SnO, nanowire-based
ethanol sensors have been achieved (70) by p-doping such nanowires with antimony. In z-type
SnO,, exposure to ethanol reduces surface negative charge on the nanowire, reducing its resistance
according to the following reactions (70):

SnO; — Sng, + 20,, (3)

0, = V. +1/20; + 2e", “

O+e =07, )

C,H;O0H 420" — CHs + OH 4+ O, +e". (6)
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This defect chemistry, in Kréger-Vink notation, is described in terms of O,, an oxygen atom
in an oxygen site, and V;;, an oxygen atom vacancy with two negative charges. These reactions
are identical for a p-type SnO, nanowire, but in such cases the reduction in the surface negative
charge in Reaction 6 reduces, rather than increases, the resistance of the nanowire. Consistent
with this expectation, p-type nanowires prepared by Wu (70) show an inverted response
that is both rapid (seconds) and highly sensitive and that has an observed limit of detection
of 40 ppm.

A straightforward, widely applied functionalization strategy is the immobilization of transi-
tion metal nanoparticles on the surfaces of metal oxide nanowires. Palladium (Pd) decoration of
ZnO nanowires confers sensitivity to ethanol, as demonstrated by, for example, Lin et al. (71).
Sensor-response amplitudes at ZnO nanowire mats were increased by a factor of two through the
electrodeposition of Pd metal onto these nanowires from Pd** solution. Lin et al. reported a limit
of detection of 5 ppm of ethanol (71).

Joshi etal. (66) showed that substitution of Au for Pd at ZnO nanowires increased the sensitivity
to CO, particularly for nanowires operated at room temperature. At Au-decorated ZnO nanowire
mats, CO was detectable at 100 ppm at room temperature with high signal to noise, but it was
undetectable under identical conditions in the absence of Au, even for CO concentrations of up to
1,000 ppm (66). In the last two examples, which are typical of numerous studies in this category,
the mechanism by which the metal imparted selectivity and alters sensor function was not
apparent.

Among the most quantitative work in this direction is by Lee and coworkers (72), who
studied the detection of ethanol at ZnO nanowire mats as a function of the loading of silver
nanoparticles onto these nanowires (diameter ~50-100 nm). These authors examined the
sensor’s selectivity to ethanol versus NH;, H,, and CO for three discrete silver loadings of the
nanowires (Figure 5a—d). Significantly, an optimum silver loading—controlled by electron-beam
evaporation—was observed in this study (Figure 5b) in terms of both the sensor’s sensitivity
to ethanol and its selectivity for ethanol versus the other three gases. Raw sensor-response data
(Figure 5e) show that the addition of silver to the nanowire surface influences the amplitude
of the sensor response but that the response and recovery times are unaffected. At the optimum
silver loading, the ZnO nanowires were decorated with a high density of 3- to 8-nm-diameter
silver nanoclusters, and ethanol at 100 ppm produced a signal of 228 (versus 5-8 for the other
three gases) (72). ZnO nanowires with no silver produced signals of 67, whereas signals of 2 to
4 were observed for the other three gases. Higher loading of silver, consisting of larger-diameter
silver nanoparticles, showed degraded signal amplitudes and degraded selectivities (Figure Se, f).
Response and recovery times were weakly affected by silver modification of the ZnO nanowires;
the optimized Ag-ZnO nanowires detected ethanol between 5 and 100 ppm in only 0.4 s and
recovered from exposure over the same concentration range in 40 to 70 s (72).

The mechanism by which silver influences the sensor response is interesting (72): Nanowire
resistance in the presence of ethanol is weakly affected at the lowest silver loading, and the increase
inresponse amplitude arises almost entirely from an increase in the resistance of the nanowire in the
absence of ethanol (Figure 5e). Lee and colleagues postulate that in the absence of ethanol, silver
contributes to the surface space charge of the nanowire, pinching off conduction and increasing the
wire resistance. In the presence of ethanol, the surface’s negative charge is extinguished, erasing
the space charge at both silver-modified and silver-free SnO, nanowires (72). If this model is
correct, metal modification involving high-work function metals should provide a general means
by which the amplitude of sensor response to gases can be increased. More rigorous work will be
required to understand the mechanism by which metals influence the sensing behavior of metal
oxide nanowires.
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Figure 5

(a—d) Transmission electron micrographs of (#) a pure SnO; nanowire, (b)) a S5Ag-SnO; nanowire, (c) a
10Ag-SnO; nanowire (arrows indicate nanoparticles), and (d) a 50Ag-SnO; nanowire following heat treatment
at 450°C for 2 h. (¢) C;HsOH-sensing transients for (fop) a pure SnO, nanowire sensor, (ziddle) a
5Ag-SnO; nanowire sensor (that is, an array of SnO; nanowires onto which the equivalent of 5 nm of Ag
was deposited through electron-beam evaporation), and (bottonz) a 10Ag-SnO; nanowire sensor at 450°C.
(f) Gas responses to 100 ppm of C;HsOH, NH3, H;, and CO at 450°C of sensors composed of the
nanowires in panels # through d. The solid arrows indicate the time at which the ethanol vapor was
introduced at the specified concentration. The open arrows indicate exposure to pure air. Reprinted with
permission from Reference 72. Copyright 2011, American Chemical Society.

3.2. VO, Nanowire Sensors for Inert Gases Based
on the Metal-to-Insulator Transition

The metal-to-insulator transition (MIT) of VO, is a first-order phase transition that occurs at
67°C; is characterized by an increase in electrical conductivity by two orders of magnitude or
more (73); and in the case of VO, films, occurs on the timescale of nanoseconds (74). Kolmakov
et al. (75) have demonstrated that the MIT of VO, nanowires provides a new mechanism for
chemical sensing of the difficult-to-detect noble gases. Their basic idea is to use the MIT as a sen-
sitive indicator of the thermal coupling between a suspended VO, nanowire and the surrounding
ambient gases (Figure 64). The Joule heating induced by the application of a voltage ramp to
the nanowire—from 5 V to 8 V in this case—produces a temperature ramp that spans the MI'T
temperature. The value of the voltage threshold for the MIT transition (V' *yyr in Figure 6b) is
correlated with the thermal coupling of the nanowire to its gaseous ambient. For low pressures of
the inert gas, little thermal transfer to the gas phase occurs, and the MIT is observed as a stepwise

Penner



Annual Review of Analytical Chemistry 2012.5:461-485. Downloaded from www.annualreviews.org
by Rowan University on 06/20/12. For personal use only

increase of the current at a relatively low value of V*yyr as the voltage is increased. The Vit
shifts to higher values as the capacity of the gas to cool the nanowire increases with its partial
pressure (Figure 6¢). The sensitivity of the sensor is also inversely correlated with the molecular
mass of the gas in a predictable way (Figure 6d). The sensitivity of this novel sensing approach
may permit the detection of helium at Py = 0.01 Pa or ~10~7 atm (75), but it is limited by
the fact that the concentrations of components of a gas mixture cannot be individually resolved.
The complete absence of selectivity in this case provides the opportunity to detect and measure
the concentrations of noble gases.

Nanowires composed of 3-AgVO; demonstrate bimodal resistance state-switching behavior
that is similar to that reported for VO,; in the former case, the switching is also triggered by
voltage scanning (76). Single 3-AgVOj; nanowires have been used to detect H,S, but in this case
the MIT-like behavior did not serve as the basis for detection. Instead, H,S was detected as a
resistance decrease while the 3-AgVO; nanowires were maintained in the conductive state. The
authors of this study (76) reported a limit of detection for H,S of 50 ppm; the response and
recovery times were as low as 20 s.

3.3. Detection of Hydrogen by Palladium Nanowires

So far, metal nanowires have found few applications for chemical analysis. The detection of H by
use of Pd nanowires, however, constitutes a special case because Pd can dissociatively adsorb H,
and form a bulk hydride, PdH,, where x saturates at ~0.7 (77). The formation of PdH, can be
detected as an increase in the electrical resistance of a Pd resistor (AR/Ry ~ +90% for x = 0.7)
(77). In 2001, our group (1, 78) first attempted to detect H gas by using arrays of Pd nanowires.
"This initial work exposed an unforeseen problem with the use of Pd nanowires for H, sensing:
The o phase—to—f phase transition of the PdH,, and its attendant 3.3% lattice expansion (77),
imposed a mechanical strain on the nanowire that induced fracturing, an effect that had not been
observed in Pd film—based sensors (79, 80). Fractured nanowires showed no measurable electrical
conductivity, but in the presence of H, above 1-2%, the threshold for the « phase—to—f phase
transition, the so-called reswelling of the nanowires closed these fractures. This process rendered
the nanowire electrically continuous, and a decrease in the electrical resistance of the nanowire or
nanowires was observed (1, 78). This mechanism for detecting H, provides for the rapid detection
of H, at high concentrations above 1-2%, and it has been exploited by H-sensing systems (81—
85) that employ ensembles of Pd nanoparticles as resistors. However, because this mechanism is
actuated by the « phase—to—f phase transition of the PdH,, use of this mechanism to detect lower
concentrations of H; is unreliable.

Recently, the problem of nanowire fracture in the H sensors demonstrated by Offermans
et al. (86), Xiao et al. (87), and ourselves (88-90) has been solved. Figure 7a depicts a single
Pd nanowire detector from our laboratory (89). Such fracture-resistant Pd nanowires (89, 90)
enable the detection of H;, from 0.0002% to 4% as an increase in the nanowire resistance, which
reflects the higher electrical resistivity of PdH, as « increases from 0 to 0.7 (Figure 7b-d) (77).
The lower limit of detection represents an extension of the dynamic range of these sensors by
four orders of magnitude, compared with the earlier, fractured-wire devices. We are beginning
to achieve a fundamental understanding of the chemical factors that influence sensor sensitivity
and response and recovery rates. For example, at [H;] concentrations below 1%, the change in

resistance, AR/Ry, increases in direct proportion to [H,]'/?

(Figure 7e), which is consistent with
the equilibrium between gas-phase H, and chemisorbed H on the Pd surface: 0.5 H, (gas) — H
(adsorbed) (89). Both the rate of sensor response and the rate of recovery are correlated with the

surface area—to—volume ratio of the nanowire (Figure 7f), which suggests that the rate-limiting

www.annualreviews.org o Chemical Sensing with Nanowires

475



Annual Review of Analytical Chemistry 2012.5:461-485. Downloaded from www.annualreviews.org
by Rowan University on 06/20/12. For personal use only

476

Penner

Inanowire (A)

Power (mW)

Self-heating

/

320torr

6x10° - Pressure
Ar
4x10™*
1.5torr
93 torr
2x10*
V+MIT J ‘
0 | . | .
5 6 7
Bias (V)
08 d
i = l =
L He . s
- | I // i ; L
04} ] %
. L ,Vx Air = 4l
at x
r ’ R .- 1 [~

T T F 3 =L B L UL B
o "

o
Air b
o

’

)
‘A Ar
,

paea Laaa s Ly Lo a s Laaa gl

Pressure (torr)

5 10 15 20 25
1M [(mol kg)"?]



Annual Review of Analytical Chemistry 2012.5:461-485. Downloaded from www.annualreviews.org
by Rowan University on 06/20/12. For personal use only

steps for both processes involve surface-limited chemical reactions. These reactions are believed to
be the dissociative adsorption of H, in the case of sensor response, and the associative desorption
of H from the Pd surface, in the case of sensor recovery (88, 89).

Compared with conventional Pd film resistance-based sensors (79), Pd nanowires operating
at room temperature have response and recovery times that are an order of magnitude faster.
However, response and recovery to H can be further accelerated by an additional factor of 50
through the use of nanowire Joule self-heating (88). The thermal activation of response and
recovery derives (88) from rate-limiting dissociative H, adsorption (response) and associative H,
desorption (recovery).

3.4. Polymeric Nanowires for Gas Sensing

Films of conductive polymers such as PANI, PPy, PT, and PEDOT have been employed in
chemical sensors (46-48). The implementation of these materials in nanowire-based sensors has
recently been reviewed (91, 92).

Since 2003, research into conducting polymer—based chemical sensors has been propelled by
three innovations involving the synthesis of these nanowires. First, Weiller etal. (93) demonstrated
that bulk quantities of PANI nanowires can be prepared via an interfacial polymerization technique
at the chloroform-water interface. The resulting three-dimensional nanowire networks are highly
branched, and the authors demonstrated control of nanofibers ranging in diameter from 30 nm
to 120 nm on the basis of the type of acid present in the aqueous phase (94, 95). Second, Doshi
& Reneker (96) and Reneker & Chun (97) used the electrospinning method to fabricate ultra-
long (>100-pum) unbranched nanowires of conductive polymers. The accessibility of electrospun
nanofibers for chemical sensing applications was improved in 2003, when Xia et al. (98) and Xia &
Li (99) elaborated on the basic electrospinning apparatus by adding a gap to the receiver surface,
across which a second electric field could be applied. Electrospun polymer nanowires oriented
along this field, between these two electrodes and these receiver electrodes, were subsequently
used to probe the electrical properties of the nanofibers or to carry out chemiresistive chemi-
cal sensing investigations. Third, Myung and colleagues (16) and Yun et al. (15) simultaneously
demonstrated that electrodeposition can be exploited to synthesize a single conductive polymer
nanowire in a prefabricated gap between two shaped metal electrodes. As with the electrospinning
operation developed by Xia et al., this process enabled the preparation of a conductive polymer
nanowire-based chemiresistor in a single electrochemical synthesis operation.

On the heels of these synthesis innovations came a flurry of chemical sensing studies on con-
ductive polymer nanowires wherein the nanowires were configured as chemiresistors. Weiller
et al. (93) used mats of PANI nanofibers to detect 100 ppm of NHj by the acid state of the poly-
mer as a resistance increase of seven orders of magnitude and 100 ppm of HCI by the basic state

Figure 6

(@) The design and principle of operation of a VO, nanowire metal-to-insulator transition (MIT) gas sensor.
P and Py, indicate heat fluxes dissipating into the gas environment and metal contacts, respectively.

(b) Current-voltage (I-V) scans of a self-heated nanowire at different argon (Ar) pressures show typical onset
of MIT (forward direction) as well as the typical scatter in transition voltage. The cooling (metal-to-
insulator) part of the curve is hysteretic; Pyt is beyond the bias voltage region shown in the figure.

() Transition power—versus—gas pressure graph for the self-heated nanowire and four different gases (the
slope of this graph defines the R parameter). (d) The experimental data for the R parameter, showing its
linear dependence on the reciprocal square root of the molar mass of the gases. Reprinted with permission
from Reference 75. Copyright 2009, American Chemical Society.
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Figure 7

(@) A palladium (Pd) nanowire sensor consisting of a single, linear Pd nanowire of defined thickness and
width with two evaporated gold contacts at either 50 or 100 pum. ()~ ) Hydrogen (H)-sensing data for three
devices with similar Pd thicknesses: a 14 nm x 121 nm nanowire, an 11 nm x 93 nm nanowire, and an

11 nm x 100 pm film. The H concentration program is plotted in green at the bottom of each data set.

(e) For [H;] ranging from very low concentrations to 1%, AR/Ry is approximately proportional to [H].

(f) Plot of the sensor response rate (red ) and the recovery rate (blue) as a function of the surface area—to—
volume ratio. Reprinted with permission from Reference 89. Copyright 2010, American Chemical Society.
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of the polymer as a resistance decrease of two orders of magnitude. Both the amplitude of the
observed resistance changes and the response/recovery times were enhanced for PANI nanofibers
as compared with PANI films. An investigation of the response of PANI nanofibers to hydrazine,
chloroform, and methanol showed that several mechanisms operate in parallel to produce the
observe resistance changes in these materials (100). In 2004, Craighead et al. (101) showed that
single nanowires of PANI prepared through electrospinning can function as ammonia sensors. In
the presence of ammonia, the electrical resistance of a single 355-nm-diameter PANI nanowire
increased by up to ~10-fold. The mechanism of this response is probably the reaction between
NH; and the protonated imine nitrogens of the PANI. NH; concentrations down to 0.5 ppm
were detectable, but response and recovery times, limited by the diffusion of NHj in the poly-
mer, ranged from 200 to 400 s. Time-independent sensor responses were not observed for these
systems, except at a relatively high [NH;] of 50 ppm (101).

The capabilities of conductive polymer nanowire sensors for gas sensing have advanced con-
siderably since these early experiments. Myung et al. (102) recently employed the LPNE synthesis
method (23-25) to fabricate single PPy nanoribbons with lateral dimensions of 25 nm (height)
and 300 to 500 nm (width) (Figure 84). Through this process, a single PPy nanowire (Figure 84)
can be patterned onto dielectrics such as oxidized silicon wafers (Figure 8¢) and flexible poly-
imide films (Figure 85). Myung et al. subsequently assessed the properties of PPy nanoribbons
for detecting ammonia vapor in a chemiresistor configuration. The electrical resistance of these
nanoribbons, Ry, was adjusted from ~6.5 S cm~! to 0.003 S cm™! by exposure to NaOH follow-
ing electrodeposition. Exposure of these nanoribbons to ammonia vapor induced an additional
increase in the resistance: AR/Ry increased by nearly 10-fold over this range of R, (Figure 8e), an
effect that is attributed to an increase in Ap in the polymer with decreasing dopant density (102).
These PPy nanoribbons showed relatively rapid resistance changes of 3 to 7 min—an order of
magnitude faster than observed for single 355-nm-diameter PANI nanowires in previous work
(101)—and the authors reported a limit of detection of 0.6 ppm for the 0.003 S cm™! devices
(Figure 8f) (102).

As in the case of polymer nanowire-based biosensors, the nature of the electrical contacts
to a polymer nanowire can determine how, or even whether, a particular analyte molecule is
detected. For example, Weiller et al. (103) demonstrated that PANT nanowire networks show that
AR/Ry = —3% upon exposure to [H,] = 1% for PANI nanowires with Au contacts; however,
AR/Ry = +65% is observed for the same experiment when platinum (Pt) contacts are employed.
The temporal properties of the detection are also affected; the Pt contacts yield significantly slower
response and recovery times. The influence of the contacting metal is attributed (103) to both
the spontaneous formation of Pt hydride at the Pt-PANT interface and the fact that Au has no
stable hydride phase. More specifically, for PANI nanowires with Au contacts, investigators have
proposed (104) that H, forms H bonds to the amine nitrogens along the PANI backbone and
then dissociates, mimicking the influence of strong acids on the PANI conductivity. However the
Pt-PANT interfacial resistance increases upon exposure to H,, presumably because the formation
of a Pt-H monolayer at this interface imposes a barrier to charge transfer. Such a barrier may arise
from the lowering of the Pt work function by H adsorption, which would cause the formation of
a Schottky barrier with the p-type PANI nanowire (103). Importantly, this research shows that
the influence of electrical contacts can be prevalent in sensing measurements that involve organic
polymers.

Although the vast majority of nanowire-based chemical sensors involve resistance-based
transduction, Tong and coworkers (105) recently described the use of single nanofibers com-
posed of either a PANI/polystyrene (PANI/PS) composite or bromothymol blue (BTB)-doped
poly(methylmethacrylate) (PMMA) for the detection of NO, and NHj, respectively. In this case,
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Figure 8

(@) Schematic illustration of the modified lithographically patterned nanowire electrodeposition (LPNE) process. (i) A sacrificial layer
of nickel (Ni; green) is deposited by electron beam onto substrates, followed by spin coating of photoresist (PR). (77) The PR is
photopatterned by exposing the spin-coated sample to UV light. The exposed PR is then dissolved by developer solution. (iii) The
exposed Ni is removed by chemical etching; thereafter, electrochemical etching is used to produce Ni nanobands. (iv) Polypyrrole
(PPy) nanoribbons are electropolymerized at the Ni nanobands. (v) The PR is removed, and gold electrodes are photopatterned.

(vi) The Ni is removed. (b) Flexible polyimide films can be used as substrates for this LPNE PPy nanoribbon-fabrication process,

(¢) An example of a complete PPy nanoribbon sensor fabricated on oxidized silicon. (¢) Response of a 6.5 S em~! PPy nanoribbon to
ammonia vapor. The brown line shows the sensor’s response, and the red line shows the concentration and duration of the NHj3
exposures. (¢) Scanning electrode microscope image of a single PPy nanowire integrated with gold electrodes. (f) Calibration plot
showing the response amplitude as a function of [NH3] for three PPy nanoribbon sensors with conductivities of 0.003 S em™ ! (brown),
1.25Sem™! (red), and 6.5 S em™! (blue). Reprinted with permission from Reference 102. Copyright 2010, American Chemical Society.

however, exposure to these two gases is detected as a change in the optical absorbance of these
nanofibers (diameter ~ 250 nm) when they are configured as transmission waveguides. Upon
exposure to NO,, for example, PANI/PS nanowires showed a rapid (millisecond-range) increase
in absorbance at 4 = 532 nm that was readily detectable (0.1 absorbance units) for [NO,] =
0.1 ppm (105). Recovery of the PANI/PS nanofibers required a much longer period of up to
1,500 s, and the pronounced asymmetry of the response and recovery times is not understood.
The authors observed a very similar response at A = 660 nm upon the exposure of BTB-PMMA
nanofibers to NHj; again, there was a rapid response, a retarded recovery, and an appreciable
response (0.1 absorbance units) at [NH;] = 3 ppm. The ultrafast response of these devices—as
fast as 30 ms in some experiments (105)—has not been reported for any other nanowire-based
sensing schemes, and it certainly justifies more intensive investigation of the mechanism of sensor
response.
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4. SUMMARY

In this review, we highlight only a minute fraction of the amazing results reported in the litera-
ture. Some conclusions pertaining to the overall field of nanowire-based sensing are nevertheless
apparent, even from this incomplete sampling. The most important conclusion is that nanowire-
based chemical and biosensor technology is approaching viability for several applications. Metrics
relating to sensor sensitivity and speed have been achieved for various analyte systems. However,
to our knowledge, nanowire sensors are not yet commercially available for any application. What
do we still need to understand about the function of nanowire-based sensors and biosensors to
improve them further?

The dazzling performance achieved by these devices was obtained mainly through the empirical
optimization of individual systems. Still missing is a complete, fundamental understanding of the
mechanisms of sensor function, both for biosensors and for chemical sensors. Also, progress toward
a fundamental understanding of sensor function is profoundly uneven across the sensor landscape:
Silicon nanowires in biosensors are probably the best-understood nanowire sensing technology.
The diversity of metal oxide nanowire-based gas sensors are less well understood in general, in
part because many materials have been employed and many analyte species studied. Even more
rudimentary is our understanding of signal transduction in polymer nanowires in any of the sensing
applications in which they have been exploited so far, with the possible exception of pH sensors.
Investigations of the influence of nanowire dimensions on sensing metrics are only beginning to
be reported (e.g., Reference 39), and much more work in this direction is needed. The influence
of the electrical contacts on the sensing behavior and the nature of the supporting surface for the
nanowire(s) are two important issues that have hardly been investigated. As indicated above, the
transduction mechanisms that operate in polymer-based sensors and biosensors are particularly
mysterious, but the remarkable sensing performance highlighted in this review, for both chemical
sensors and biosensors, justifies further systematic work to elucidate these mechanisms.

Competition between bottom-up and top-down nanowires has emerged, but neither approach
is clearly ascendant. In the specific case of silicon, top-down nanowires fashioned from SOI wafers
provide for simplified processing, but whether transport metrics in these nanowires are better
than those in state-of-the-art VLS silicon nanowires is unknown. This field would benefit from
direct comparisons between VLS and SOI silicon nanowires by disinterested individual research
groups.

Chemical sensing has focused on sensitivity, limits of detection, and optimization of the re-
sponse and recovery time, and tremendous progress has been made for several systems. Selectivity
has often been neglected, and this area would benefit from more research that addresses this
critically important issue.
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