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ABSTRACT

The development of electrically addressable, label-free detectors for DNA and other biological macromolecules has the potential to impact
basic biological research as well as screening in medical and bioterrorism applications. Here we report two-terminal silicon nanowire electronic
devices that function as ultrasensitive and selective detectors of DNA. The surfaces of the silicon nanowire devices were modified with
peptide nucleic acid receptors designed to recognize wild type versus the ∆F508 mutation site in the cystic fibrosis transmembrane receptor
gene. Conductance measurements made while sequentially introducing wild type or mutant DNA samples exhibit a time-dependent conductance
increase consistent with the PNA−DNA hybridization and enabled identification of fully complementary versus mismatched DNA samples.
Concentration-dependent measurements show that detection can be carried out to at least the tens of femtomolar range. This nanowire-based
approach represents a step forward for direct, label-free DNA detection with extreme sensitivity and good selectivity, and could provide a
pathway to integrated, high-throughput, multiplexed DNA detection for genetic screening and biothreat detection.

The development of advanced biological sensors could
impact significantly the areas of genomics,1,2 proteomics,3

biomedical diagnostics,4 and drug discovery.5 In this regard,
nanoscale sensors based on nanowires (NWs),6 nanotubes
(NTs),7 and other nanomaterials8-11 have received consider-
able recent attention. Nanoparticle labels have been used to
enhance the sensitivity in surface plasmon resonance (SPR)-
based detection,9,11 including DNA sensing.11 Metal submi-
cron wire barcodes also have been used in conjunction with
traditional fluorescent assays for DNA detection, where the
barcode makes possible multiplexed detection.10 In contrast
to these optical methods, NWs and NTs can be used for label-
free, direct real-time electrical detection of biomolecule
binding.6,7 NWs and NTs also have the potential for very
high sensitivity detection since the depletion or accumulation
of charge carriers, which are caused by binding of a charged
biological macromolecule at the surface, can affect the entire
cross-sectional conduction pathway of these nanostructures.
While both silicon NWs (SiNWs) and NTs have been used
previously for detecting biological species,6,7 we have focused
our efforts on SiNWs, since the electrical properties and
sensitivity of SiNWs can be tuned reproducibly by control-
ling dopant concentration and NW diameter.12-14 The
modification of silicon oxide surfaces also has been well
studied,15 and this information can be exploited for tailoring
SiNW surfaces with biological or chemical receptors.

Herein, we report the use of SiNWs for real-time, label-
free detection of DNA and DNA mismatches. We show that

SiNW sensors functionalized with peptide nucleic acid (PNA)
receptors can distinguish wild-type from the∆F508 mutation
site in the cystic fibrosis transmembrane receptor (CFTR)
gene. Cystic fibrosis is one of the most common fatal genetic
diseases among populations of European origin and affects

Figure 1. (A) Schematic of a sensor device consisting of a SiNW
(yellow) and a microfluidic channel (green), where the arrows
indicate the direction of sample flow. (B) The SiNW surface with
PNA receptor. (C) PNA-DNA duplex formation.
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approximately one in 3900 live births in the U.S.16 The
∆F508 mutation is responsible for∼75% of the cases of
the disease17,18 and consists of three missing bases, CTT,
which lead to the deletion of the 508th codon.17 The detection
of the presence or absence of the∆F508 mutation thus serves
as an indicator for this disease. More generally, the develop-
ment of sensors capable of the facile detection of DNA
sequence variations could enable genetic risk assessment for
disease.

The p-type SiNWs used in these studies were synthesized
using a gold nanocluster catalyzed chemical vapor deposition
(CVD) approach described previously.19 SiNWs were as-
sembled into sensor devices consisting of electrically ad-
dressable NWs with PNA surface receptors, where the
receptors were linked to the NW surface using intervening
avidin protein layer, and a microfluidic sample delivery
structure (Figure 1).20 PNA was chosen as a recognition
sequence in our studies, since it is known to bind to DNA
with much greater affinity and stability than corresponding
DNA recognition sequences, and has shown binding with

single base specificity.21,22 A PNA probe with the sequence
5′-ATCATCTTTG-3′, which is fully complementary to the
wild type (WT) CFTR sequence, was used as the receptor
for detection of WT and mutant (MU) oligonucleotide
sequences spanning the∆F508 region. The WT and MU
DNA sequences are 5′-CATAGGAAACACCAAAGAT-
GATATTTTCTTT-3′ and 5′-CATAGGAAACACCAAT-
GATATTTTCTTT-3′, respectively.23

Conductance versus time data recorded with a typical
SiNW device prepared in this way (Figure 2A) show an
increase in conductance following addition of a 60 femto-
molar (fM) WT DNA sample solution. This conductance
change includes a rapid (<10 s) increase (part 2, Figure 2A)
followed by a longer time scale increase (part 3) occurring
over hundreds of seconds. The increase in conductance for
the p-type SiNW device is consistent with an increase in
negative surface charge density6 associated with binding of
negatively charged oligonucleotides at the surface. Several
control experiments have been carried out to assess further
the nature of the observed change. First, addition of solution

Figure 2. (A) Real-time conductance response from a SiNW device functionalized with PNA receptor. The arrow marks the point in time
when the 60 fM WT DNA sample was added. The inset shows a SEM image of a typical SiNW device with source (S) and a drain (D)
indicated; scale bar is 1µm. (B) Time dependent conductance in DNA-free solution; the arrow indicates the point in time when a new
solution sample was added. (C) Conductance versus time for SiNW with linked PNA receptor in the presence of 100 fM MU DNA sample
(1) and following addition (arrow) of a second 100 fM MU DNA sample. (D) Conductance versus time for PNA-functionalized NW device
during flow of DNA-free solution (1), 100 fM MU DNA (2), DNA-free solution (3), and 100 fM WT DNA (4).
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without either WT or MU DNA exhibited no substantial
change in conductance (Figure 2B). Second, no substantial
long-term conductance change was observed when a 100 fM
solution of MU DNA sample was introduced into a device
following initial hybridization with complementary WT
sequence (Figure 2C). The small transient conductance
increase from the MU sample suggests that there can be
nonspecific interaction of negatively charged oligonucleotides
with NW sensors, although this nonspecific interaction is
reversible and can be quantified (Figure 2D). Specifically,
the addition of 100 fM MU DNA solution to a PNA-
functionalized NW device that has not been exposed to WT
DNA leads to a rapid increase in conductance (Figure 2D,
part 2), and then the conductance decreases rapidly to the
baseline when DNA-free solution is added (Figure 2D, part
3). Finally, when 100 fM WT DNA solution is added, the
conductance increases over a longer time scale, as discussed
above, to a level that remains unchanged. These results
demonstrate that the longer term increase in conductance is
unique to the fully complementary WT DNA samples, and
thus that this conductance increase can be used as a measure
of WT DNA-to-PNA receptor duplex formation at SiNW
surfaces.

The specific conductance changes due to PNA-DNA
hybridization were obtained from the time-dependent con-
ductance recorded following introduction of WT and MU
DNA samples with the same SiNW device. Direct compari-
son of these data (Figure 3A) highlights the substantial net
conductance change associated with hybridization of the
DNA complementary to the PNA receptor. A summary of
concentration-dependent data recorded in this way (Figure
3B) demonstrates that the WT DNA can effectively and
selectively detect concentrations as low as ca. 10 fM with
the devices used in this study without labeling and in real-
time. Significantly, this current detection limit demonstrated
in our studies is substantially better than that demonstrated
by existing real-time measurements, including SPR,22 nano-
particle-enhanced SPR,11 and quartz-crystal microbalance24

for DNA detection.

In addition, there are several other features of the nanowire
DNA sensors that deserve further comment. First, the 10 fM
detection limit determined for these studies is not an absolute
limit since it should be possible to improve electrical
sensitivity of SiNWs through variations in effective dopant
concentration and improvements in the contacts.25 The
detection limit in a equilibrium binding assay will be limited
ultimately by the binding constant of the recognition
sequence with the DNA sample being tested, although this
does not represent a fundamental detection limit, since
nanowires with sufficient sensitivity could be operated in a
stochasitic or single-molecule detection mode. Second, the
plots of the conductance change as a function of WT DNA
concentration for two independent devices (Figure 3C) show
a very similar systematic increase in net conductance with
increasing DNA concentrations. This device-to-device re-
producibility is an important validation of the potential of
the SiNWs for development as integrated sensors in the
future, and differs from results reported for NT sensors where

mixture of semiconducting and metallic material is believed
to affect individual device behavior.7

In summary, we have demonstrated that p-type SiNWs
functionalized with PNA receptors function as ultrasensitive
and selective real-time DNA sensors at concentrations down

Figure 3. (A) Conductance graphs obtained from 100 fM of WT
(solid line) and MU (dashed line) fragments on the same subject
NW. (B) Net conductance changes vs time for 100 fM (1), 30 fM
(2), 10 fM (3) and 1 fM (4) DNA samples. (C) Conductance vs
DNA concentration where data points shown as squares and circles
were obtained from two independent SiNW devices.
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to tens of femtomolar range. We have shown that the SiNW
devices could distinguish the WT versus MU DNA sequences
associated with the∆F508 mutation site in the cystic fibrosis
transmembrane receptor gene, and that this specific response
was reproducible for different devices. More generally, it
should be possible to extend this approach to the detection
of other genetic markers of diseases, and, by exploiting recent
advances in large-scale assembly,26 we believe it will be
possible to develop and study highly integrated NW sensor
arrays that could enable high-throughput, highly sensitive
DNA detection for basic biology research and genetic
screening.
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