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We report carbon nanotube network field-effect transistors
(NTNFETSs) that function as selective detectors of DNA immobiliza-
tion and hybridization. NTNFETs with immobilized synthetic oli-
gonucleotides have been shown to specifically recognize target
DNA sequences, including H63D single-nucleotide polymorphism
(SNP) discrimination in the HFE gene, responsible for hereditary
hemochromatosis. The electronic responses of NTNFETs upon sin-
gle-stranded DNA immobilization and subsequent DNA hybridiza-
tion events were confirmed by using fluorescence-labeled oligo-
nucleotides and then were further explored for label-free DNA
detection at picomolar to micromolar concentrations. We have also
observed a strong effect of DNA counterions on the electronic
response, thus suggesting a charge-based mechanism of DNA
detection using NTNFET devices. Implementation of label-free
electronic detection assays using NTNFETs constitutes an important
step toward low-cost, low-complexity, highly sensitive and accu-
rate molecular diagnostics.
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he development of nucleic acids diagnostics has become the

subject of intense research, especially in the postgenome era.
Current methods have mainly focused on optical detection using
fluorescence-labeled oligonucleotides with dyes (1), quantum
dots (2), or enhanced absorption of light by oligonucleotide-
modified gold nanoparticles (3). On the other hand, label-free
electronic methods promise to offer sensitivity, selectivity, and
low cost for the detection of DNA hybridization (4). For
example, microfabricated silicon field-effect sensors can monitor
directly the increase in surface charge when DNA was hybridized
on the sensor surface (5). Nanomaterials possess unique prop-
erties that are amenable to biosensor applications; they are
one-dimensional structures that are extremely sensitive to elec-
tronic perturbations, readily functionalized with biorecognition
layers, and compatible with many semiconducting manufactur-
ing processes. Thus, one-dimensional silicon nanowires (6-8)
and indium oxide nanowires (9) have shown promising perfor-
mance, because their electronic conductance is more sensitive to
DNA-associated charges as a result of their high surface-to-
volume ratio. Using smaller nanowires with virtually all atoms on
their surface, such as single-walled carbon nanotubes (SWNTs),
will provide additional advantages in DNA detection. To date,
there are several reports on electrochemical detection of DNA
hybridization using multi-walled carbon nanotube electrodes
(ref. 10 and references therein, and ref. 11). Whereas electro-
chemical methods rely on electrochemical behavior of the labels,
measurement of direct electron transfer between SWNTs and
DNA molecules paves the way for label-free DNA detection.
SWNT-based field-effect transistors (12) have excellent operat-
ing characteristics (13), and they have already been explored for
highly sensitive electronic detection of gases (14, 15) and bi-
omolecules such as antibodies (16, 17).

Single-stranded DNA (ssDNA) has been recently demon-
strated to interact noncovalently with SWNTs (18, 19). The
ssDNA forms a stable complex with individual SWNTs by
wrapping around them by means of the aromatic interactions
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between nucleotide bases and SWNT sidewalls. Double-
stranded DNA molecules have also been proposed to interact
with SWNTs as major groove binders (20). Here, we employ
carbon nanotube network field-effect transistor (NTNFET)
devices to investigate interactions between ssDNA oligonucle-
otides and SWNTs and subsequent DNA hybridization processes
that take place on the device surface. We have found that
NTNFETSs can be selectively functionalized with DNA oligonu-
cleotides and retain hybridization specificity. Thus, NTNFETSs
with immobilized synthetic oligonucleotides have been demon-
strated to selectively recognize target DNA sequences with SNP.
We demonstrate the single base mismatch discrimination using
wild-type versus H63D mutation in the HFE gene, responsible
for hereditary hemochromatosis.

Results and Discussion

DNA Immobilization and Hybridization on NTNFETs. First, we con-
sider deposition of ssDNA on NTNFET devices. As a capture
probe, ssDNA: 5'-CCT AAT AAC AAT-3' (Alpha DNA) was
selected. This oligonucleotide sequence was previously used in
sensors based on silicon nanowires (8). Fig. 14 shows a fluo-
rescent image of the interdigitated device with distance between
electrodes of 10 um after incubation with Cy5-labeled ssDNA
capture probe, followed by thorough washings to remove excess
and weakly bound DNA molecules. Whereas bare NTNFET
devices have shown no measurable fluorescence signal (image is
not shown), the devices after incubation with Cy5-labeled
ssDNA show clear fluorescence (Fig. 14). Interestingly, fluo-
rescence clearly comes from device areas covered with carbon
nanotubes; there is no fluorescence from the bare silicon sur-
face. This observation supports selective adsorption of ssDNA
molecules on the sidewalls of carbon nanotubes. The DNA
incubation experiments were repeated under the same conditions
with unlabeled ssDNA capture probe (Fig. 1B), to prepare the
NTNFET devices for subsequent hybridization experiments with
FITC-labeled complementary DNA sequences (Table 1). For
fluorescent experiments, we used 50 nM target DNA to allow
integration of the fluorescence signal in 10-20 sec to minimize
photobleaching. The changes in fluorescence before (Fig. 1B)
and after (Fig. 1C) hybridization confirm that DNA hybridiza-
tion takes place under these experimental conditions.

Series of control experiments have been conducted to verify
these observations. Fig. 1D shows fluorescent image of the
NTNFET device after incubation with Cy5-labeled dA;; oligo-
nucleotide. This ssDNA is adsorbed on carbon nanotubes in a
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Fig. 1. Fluorescence microscopy images of the NTNFET devices with distance between electrodes of 10 um after DNA incubations for 1 h followed by removing
unbound DNA oligomers. Images after incubation with Cy5-labeled (A) and unlabeled (B) 12-mer oligonucleotide capture probes (5'-CCT AAT AAC AAT-3'). (C)
The device with the unlabeled DNA capture probes after incubation with FITC-labeled complementary DNA target (5’ Fitc-ATT GTT ATT AGG-3’). Another set
of experiments included dA;; as a capture DNA probe. (D) Image after incubation with Cy5-labeled A1, captures. (E) The device after incubation with the
FITC-labeled DNA targets, which have homology with only six bases in dA1; captures. (Image before the target incubation is not shown.) (F) The graph associated
with C and E. The fluorescent signals were measured as a difference between carbon nanotube device area and bare silicon wafer after a 20-sec integration.

similar fashion. Hybridization of a NTNFET device functional-
ized with unlabeled dA;, (fluorescent image is not shown) with
the same DNA target resulted in significantly lower fluorescence
(Fig. 1E). Quantitative comparison of target DNA hybridization,
calculated as a difference between fluorescence signal from
carbon nanotube area versus bare Si surface, have shown two
orders of magnitude stronger signal for a DNA hybridization
system containing fully matched DNA as opposed to a system
containing mismatched DNA oligonucleotides (Fig. 1F). (There
is only six-base homology between dA;, and the target DNA
sequence.)

Next, we consider NTNFET device electronic responses for
DNA immobilization and hybridization. Transistor characteris-
tics such as G-V, transfer curves, i.e., source-drain conductance

Table 1. Synthetic oligonucleotides used in fluorescent and
electronic detection assays

Sequence (5" — 3')

Capture probes CCT AAT AAC AAT
Cy5-CCT AAT AAC AAT
AAA AAA AAA AAA
Cy5-AAA AAA AAA AAA
FITC-ATT GTT ATT AGG
ATT GTT ATT AGG

Targets
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(G) as a function of applied gate voltage (V,), are known to be
sensitive to changes in environment around carbon nanotubes,
including molecular presence (14). Although NTNFET devices
used in this study had different absolute conductances, G-V,
characteristics such as modulation and threshold voltages were
similar. Transfer characteristics of bare NTNFET devices are
well described in the literature and consistent with p-type with
positive threshold voltages (21). Incubation of the device with
ssDNA capture probe on the device results in a shift of G-V
curve toward more negative gate voltage values (Fig. 2). Inter-
estingly, using dA;»> oligonucleotide sequence as alternative
capture probe results in similar shift of threshold voltage. It
should be noted at this point that selective adsorption of ssDNA
on device areas with SWNTs under this incubation/washing
conditions was verified by fluorescent imaging. (We have ob-
served similar shifts for both unlabeled and fluorescence labeled
ssDNA sequences.) Based on these results, we may assume that
ssDNA adsorbed on sidewalls of carbon nanotubes and results in
electron doping to the carbon nanotube semiconductor channels
of NTNFET. This change in NTNFET characteristics is similar
to the effect observed for aromatic compounds, such as toluene
(22). Aromatic nucleotide bases in ssSDNA molecules may be
exposed to form m-stacking interactions with the sidewalls of
SWNTs. We find these results to be in total agreement with
molecular modeling and experimental studies of DNA interac-
tion with carbon nanotubes (18).

Star et al.
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Fig. 2.  Electronic measurements such as source-drain conductance (G) as
function of gate voltage (Vy), and schematic drawings of the NTNFET devices
used for DNA assays. (A) Before (bare NT) and after incubation with 12-mer
oligonucleotide capture probes (5'-CCT AAT AAC AAT-3’), as well as after
incubation with the complementary FITC-labeled DNA targets. (B) Before and
after incubation with dAs; captures as well as after incubation with the DNA
targets.

Furthermore, DNA hybridization experiments were investi-
gated by NTNFET electronic measurements. DNA hybridization
experiments with complementary target DNA sequence result in
reduction of NTNFET conductance (Fig. 24). There is signif-
icantly smaller change in device conductance in the system
containing mismatched DNA oligonucleotides compared with
fully matched DNA (Fig. 2B).

Hemochromatosis SNP Discrimination. To illustrate the practical
utility of this nanoelectronic detection method, we present an
allele-specific assay to detect the presence of SNP using NTN-
FETs. SNPs are the most abundant and highly conserved
variations in the human genome and have been associated with
a wide variety of diseases. The screening of large populations
necessitates cost-effective and efficient high-throughput scan-
ning, which will be facilitated by electronic and label-free
techniques. We chose the H63D polymorphism in the human
HFE gene that is associated with hereditary hemochromatosis,
a common, easily treated disease of iron metabolism (23, 24).
NTNFET devices were applied to differentiate between mu-
tant (rmut) and wild-type (wt) alleles (Table 2). In two detection
assays, NTNFET devices were functionalized by adsorption of
either wt or mut 17-mer alleles. Hybridization of a long allele
(51-mer) that includes the target sequence was conducted on
these two chips. DNA hybridization in wt—wt matching combi-
nation, which was stable to our washing conditions, resulted in
significant decrease of the device conductance (Fig. 34). On the
other hand, single-base mismatch combination between mut
capture probe and wt target was not stable toward the washing
conditions and resulted in significantly smaller change in the
device characteristics (Fig. 3B). SNP discrimination was

Star et al.

Table 2. Synthetic HFE target mimics

Sequence (5" — 3)

Allele-specific capture probes

Wild type TCT ATG ATC ATG AGA GT

Mutant TCT ATG ATG ATG AGA GT
Synthetic HFE target

Wild type Cy5-ACG GCG ACT CTC ATG ATC ATA GAA CAC

GAA CAG CTG GTC ATC CAC GTA GCC

Boldface type indicates site of polymorphism. Regions complementary to
the capture probes are underlined.

achieved at relative low stringency conditions: ~25°C below
melting temperature for this sequence, T, = 46°C. Because
target alleles were fluorescently labeled, the electronic measure-
ments have been confirmed by fluorescent imaging. Fig. 3C
summarizes both electronic and optical responses for hemochro-
matosis detection. For electronic responses, data from three
devices with similar geometry and 10-um pitch were calculated.
We have plotted in Fig. 3C mean normalized response values and
have added standard deviation error bars for those devices.
Other devices on the chip have demonstrated similar trends in
their responses and show that devices with 10-um electrode pitch
yields the best signal-to-noise ratio. Larger-pitch devices trended
toward increased noise or were below the percolation threshold,
whereas smaller-pitch devices exhibited poor modulation (Fig. 6,
which is published as supporting information on the PNAS web
site). These results clearly demonstrate that NTNFET device
characteristics, such as maximum conductance or threshold
voltage (data not shown), produce sensor results that are com-
parable to state-of-the-art optical technique.

Assay reproducibility and selectivity were tested in the pres-
ence of nonhomologous DNA to increase sample complexity.
Chips were prepared with allele-specific capture probes as
described above and hybridized with 100 pM wt target containing
5 pg/ml denatured (100°C, 10 min) salmon sperm DNA. Initial
experiments indicated that the NTNFET response due to hy-
bridization was obscured by the nonhomologous DNA, suggest-
ing nonspecific adsorption to the nanotubes or competitive
displacement of the capture probes (Fig. 3D, no block). We
addressed the former mechanism by blocking nonspecific bind-
ing sites (NSB) with 0.01% Triton X-100 in 400 mM phosphate
buffer (PB). Triton is a nonionic surfactant containing an
aliphatic chain and a hydrophilic PEG group (n = 9-10) and has
been shown to reduce NSB on nanotubes (25). The chips were
incubated with the Triton X-100 solution for 15 min at room
temperature and washed as previously described. The Triton
blocking step enabled SNP discrimination at 100 pM target in the
presence of 10%-fold molar excess of nonhomologous DNA (Fig.
3D, TX100 block). This result also demonstrates that adsorbed
capture probes are able to withstand mild surfactants and are not
readily displaced.

Label-free detection has several advantages including cost,
time, and simplicity. Handheld field-ready devices as opposed to
laboratory methods using labor-intensive labeling and sophisti-
cated optical equipment will be enabled by this approach.
Because electronic measurement using NTNFET devices in-
volves molecular interactions between DNA molecules and
sidewalls of carbon nanotubes, carbon nanotubes themselves
function as labels. To investigate mechanism of the NTNFET
electronic detection of DNA molecules, we have further ex-
plored hybridization of unlabeled 12-mer oligonucleotides (Ta-
ble 1) at different DNA and salt concentrations.

DNA Titrations/Effect of Counterions. First we discuss effect of salts
on DNA detection using NTNFET. DNA deposition from water
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Fig. 3. Electronic detection of the presence of SNP in synthetic HFE ampli-
cons. (A) G-V4 curves after incubation with allele-specific wild-type capture
probe and after challenging the device with wild-type synthetic HFE target (50
nM). (B) G-V curves in the experiment with mutant capture probe. (C) Graph
with electronic (1 — G/Gp) and fluorescent responses in SNP detection assays.
For electronic response, average of normalized signals for three NTNFET
devices were calculated. Error bars are equal to one standard deviation. (D)
Graph with electronic (1 — G/Gp) responses in SNP detection assay (n = 4, P =
0.002) using 100 pM wt target in the presence of 5 ug/ml heat-denatured
salmon DNA. no block, PB buffer; TX100 block, 0.01% Triton X-100 in PB buffer
for 15 min at room temperature.

has shown similar change in the transfer characteristics (G-V7)
for deposition of ssDNA capture probe. However, hybridization
experiments performed in water at 10 nM target DNA concen-
tration have shown insignificant and unreproducible changes in

924 | www.pnas.org/cgi/doi/10.1073/pnas.0504146103

G-V, curve, resulting in either an increase or a decrease in
device conductance.

We find that the presence of salts in DNA solution is needed
to facilitate the hybridization and increase the change in NTN-
FET device characteristics. We have performed hybridizations
with 1, 10, 50, 100, and 200 nM complementary DNA solutions
in only PB buffer as well as with addition of MgCl, salt.
Hybridizations with Mg?" salt were also repeated at 1, 10, and
50 pM concentrations of complementary DNA (Fig. 4). After
hybridization, we washed the NTNFET devices with the same
salt concentrations (standard washing procedure). This step
ensures that the observed changes in NTNFET device charac-
teristics are not related to random changes in mobile charge
concentrations on the device surface.

Although NTNFET devices used in this study had different
conductances, G-V, characteristics such as modulation and
threshold voltages were similar. Plotting normalized values of
maximum device conductance has demonstrated similar trends
for different ranges of complementary DNA (target) concen-
trations. Two different NTNFET devices have close dependence,
allowing treatment of data from two NTNFET devices in the
same plot (Fig. 4D). It is tempting to attribute the difference in
the slope value, which is almost factor of two, i.e., —0.11 for DNA
(Na™) versus —0.06 for both devices titrated with DNA (Mg?"),
to differences between single charge for monovalent sodium
cation and double charge for divalent magnesium cation in DNA
hybrid. These results are somewhat related to changes in NTN-
FET device characteristics when the devices were coated with
Nafion electrolyte containing either monovalent (Na*, K*) or
divalent (Ca?") ions (26).

We observed that the addition of Mg?* during hybridization
increased the sensitivity of DNA detection by 1,000-fold, from 1
nM to 1 pM, or from 5 X 10° to 5 X 10° molecules, compared
with Na™* alone. Furthermore, the dynamic range was increased
from roughly 2.5 to 5 logs. Initially, we hypothesized that the
observed differences were caused by the presence of more
charge at the nanotube surface. Because of the experimental
methodology and in particular standardized buffer washes,
which were performed after each DNA incubation, NTNFET
response to residual buffer or cation effects is negated. More-
over, we have conducted control experiments where the devices
are hybridized in Na*, and unbound target is washed away and
then exposed to Mg?*. Although replacement of Na™ with Mg?*
had certain effects on the NTNFET response, the changes were
significantly smaller compared with the presence of Mg?* during
hybridization (Fig. 7, which is published as supporting informa-
tion on the PNAS web site). This observation leads us to
conclude that Mg?* increases the extent and overall efficiency of
DNA hybridization on nanotubes. The dominant mechanism for
improved sensitivity is driving the formation of DNA duplexes
rather than the ionic species.

Conclusion

We have observed changes in NTNFET electronic characteris-
tics that can be correlated with DNA detection. The results were
confirmed by using fluorescently labeled DNA compounds that
verified that DNA adsorption and hybridization were selective
for nanotubes. Although sensors with only a few (and ideally with
a single) carbon nanotube sensing elements can be fabricated
(16), sensors used in this study contain a random network of
nanotubes, covering a relatively large surface area between two
metal electrodes (Fig. 5). The random network geometry has
several advantages: it eliminates the problems of nanotube
alignment and assembly, eliminates conductivity variations due
to nanotube chirality and geometry, and is tolerant to individual
SWNT channel failure because the device characteristics are
averaged over a large number of nanotubes (27). In addition,
such devices can be developed on low-cost flexible and/or

Star et al.
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Fig. 4.

Source-drain conductance (G) as function of gate voltage (V) of three NTNFET devices used for titration experiments with unlabeled oligonucleotides.

(A) G-V4 curves before (bare) and after incubation with capture probe (ss-DNA) (5 wM in 200 mM PB, pH 7.2) as well as after incubations with target (c-DNA)
(1, 10, 50, 100, and 200 nM in 200 mM PB). (B) As in A, except that incubations were conducted with target (c-DNA) (1, 10, 50, 100, and 200 nM in 10 mM PB/20
mM MgCly). (C) As in A but incubations with target (c-DNA) (1, 10, and 50 pM, and 1 nM in 10 mM PB/20 mM MgCly). (D) Plot of normalized conductance (G/Go)

of the three NTNFET devices as function of target DNA concentrations.

transparent polymer substrates by spray deposition or casting of
nanotubes from solution (28).

In terms of sensitivity, SWNT may be superior if one considers
it to be a true nanoscale sensor. Recently, Li ef al. (29) compared
metal oxide nanowires and NTNFETs and demonstrated compa-
rable sensitivity for prostate-specific antigen. The limit of detection
was =500 pg/ml or 14 pM at a signal-to-noise ratio of 2. As for
intrinsic device characteristics, nanotubes exhibit surprisingly large
electrical, or 1/f, noise (30). The magnitude of the 1/f noise is
inversely proportional to the number of charge carriers in the
device, so a network with a large number of SWNTSs reduces the 1/f
noise by approximately the number of SWNTs raised to the (—1.3)
power (31). For biodetection assays, the major noise sources are
unclear and further study will be required to identify and quantify

noise parameters. However, if 1/f noise is a significant factor, then
large nanotube networks will have a distinct advantage over single-
channel devices.

In summary, NTNFET devices have been used to investigate
interactions of ssDNA with SWNTSs as well as DNA hybridization
processes. For example, electronic signal output from the NTNFET
biochips clearly differentiated between mutant and wild-type alleles
of the HFE gene, responsible for hereditary hemochromatosis. SNP
discrimination was demonstrated in the presence of 5 pg/ml
nonhomologous DNA, which approximates the concentration of
DNA in a milliliter of blood. To make the NTNFET biochip
detection platform more robust in whole-blood samples, certain
modification to the sensor design will be required. For noncovalent
approach, the use of longer capture probes or the addition of a

Fig. 5.
electrodes is 10 um.
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Scanning electron microscopy image of the random network NTNFET device. The distance between source (S) and drain (D) interdigitated metal
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high-affinity linker sequence, such as the (GT)y oligonucleotide
(18) or PEG, may make the attachment more robust in more
complex samples. Covalent attachment of DNA capture probes
may also improve the signal-to-noise ratio because surfactants can
then be used to lower background (32). Moreover, microfluidics
will be required to improve the sample-delivery method and allow
manipulation of small volumes of DNA samples.

Materials and Methods

NTNFETs. Devices were fabricated by using SWNTSs grown by means
of chemical vapor deposition at 900°C using dispersed iron nano-
particles as growth promoter and a methane/hydrogen gas mixture
on doped Si 100-mm wafers with SiO; at its surface. Electrical leads
were patterned on top of the nanotubes from evaporated Ti-Au
films (30- and 120-nm-thick, respectively) by using standard pho-
tolithography techniques. Each wafer consists of about 1,000 dies
with 2.54 nm X 2.54-mm dimensions. On each die, a random
network of SWNTS is patterned into several devices (210 wm X 270
wm) that consist of interdigitated electrodes with 10-pum separation
(Fig. 5). Devices with other dimensions (pitches ranging from 5 to
100 wm) were also present on the die. Nanotubes outside the device
area were removed by using oxygen plasma to electrically isolate
each device. Electronic characterization of NTNFET devices, such
as current flow between source and drain electrodes as a function
of applied gate voltage and bias voltage, were conducted by using
an autoprobe tester (Fig. 8, which is published as supporting
information on the PNAS web site).

Data Acquisition. For DNA detection studies, chips with multiple
NTNFET devices were wire-bonded and packaged in a 40-pin
CERDIP and tested by using a NTNFET custom electronic test
fixture, which measures an array of up to 12 separate sensors from
each Si chip. The housing of the test fixture consists of a modified
shielded I/O board (SCB-68; National Instruments) with a 40-pin
ZIF socket. The I/O board was linked to a PC with a data
acquisition card (PCI-6014; National Instruments). Programming
to manage data acquisition was performed in LABVIEW (National
Instruments). An analog output voltage was used to sweep the gate
of the NTNFETs. Device characteristics such as source-drain
voltage and current were calculated in LABVIEW from voltage
measurements across sense resistors. Continuous /-V; measure-
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ments were taken with a gate voltage triangle wave sweep at
frequency of 3 Hz from —10 V to +10 V.

DNA Immobilization. Chemicals were purchased from Aldrich and
used as received. Oligonucleotides unmodified and modified with
Cy5 or FITC fluorescent labels at the 5’ end were synthesized by
Alpha DNA. Allele-specific oligonucleotides for the H63D poly-
morphism study were synthesized by Integrated DNA Technolo-
gies. All DNA solutions were prepared by using 18-M() water
(NANOpure Infinity UV water system; Barnstead). For DNA
studies, packaged chips with NTNFET devices were cleaned in acid
baths containing 0.1 M HNOs3, 0.1 M HCI, and 18-M() water on the
orbital shaker for 15 min in each bath. As a standard washing
procedure, the packages were rinsed by hand with 400 mM PB
buffer (pH 7.2) and then washed two times in 400 mM PB on the
orbital shaker for 5 min. The packages were then rinsed with 50 mM
PB and blown dry with nitrogen before electronic testing.

For capture probe attachment to a NTNFET device, the chips
were incubated in 5 uM solutions of oligonucleotides in 200 mM PB
buffer for 1 hin a humid chamber. The standard washing procedure
was then applied to remove excess and weakly bound DNA
molecules before hybridization experiments. The hybridization
experiments were performed by incubating the chips in 200 mM PB
buffer solutions with complementary DNA (10 ul at 50 nM, unless
otherwise noted) for 1 h in a humid chamber, followed by a standard
washing procedure. All incubations were performed at room tem-
perature (~22°C).

Optical Imaging. Optical data were acquired by using a Zeiss
Axioskop 40 microscope equipped with a thermoelectrically cooled
monochromatic charge-coupled device camera (DVC). Cy5- and
FITC-specific filter sets were obtained from Chroma Technology.
Images were captured by using a Meteor II/digital frame grabber
board and INTELLICAM software (Matrox). IMAGEJ was used for
image processing and quantitation. The chips were imaged in 0.1 M
sodium bicarbonate buffer (pH 8.3) to maximize FITC fluores-
cence emission.
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