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We have developed a silicon nanowire field-effect transistor (NWFET) that allows deoxyribonucleic acid
(DNA) biosensing. The nanowire (NW) was fabricated on a silicon-on-insulator wafer to provide effective
ohmic contact. The NWFET sensor displayed n-channel depletion characteristics. To demonstrate the
sensing capacity of the NWFET, we employed the BRAFV599E mutation gene, which correlates to the
occurrence of cancers, as the target DNA sequence. The threshold voltage of the NWFET increased when
the mutation gene was hybridized with the capture DNA strands on the nanowire, and decreased to the
anowire
iosensor
ene mutation sensing
RAF

original level after de-hybridization of the gene. The shift in the drain current–gate voltage (ID–VG) curves
revealed that the electrical signal had a logarithmic relationship with respect to the concentration of the
mutation gene of up to six orders of magnitude, with the detection limit in the sub-femtomolar level. The
detection results of mismatched DNA sequences, including one- and five-base-mismatched DNA strands,
could be distinguished from complementary DNA gene by this sensor. The excellent electrical results

free N
d onc
obtained using this label-
for biological research an

. Introduction

Ultrasensitive assays for biological and chemical species are
undamental requirements for the screening and detection of dis-
ase, as well as for the discovery of new drugs. There is increasing
emand for ultrasensitive gene detection systems that allow the
arly detection of genetic disorders, thereby improving preven-
ative health care. Many of these disorders are caused by in-cell

utations of double-stranded deoxyribonucleic acid (dsDNA), the
lueprint of our genetic makeup. Double-stranded DNA comprises
airs of single-stranded DNA (ssDNA) bonded together to form
he well-known DNA double helix. Hence, the detection of specific
equences of ssDNA and knowledge of the base pair composition
re important aspects of the diagnoses of genetic disorders.

The most widespread technique for assaying DNA samples
mploys the polymerase chain reaction (PCR) to amplify a DNA frag-
ent or sequence of interest through enzymatic replication (Sano
t al., 1992; Tang et al., 2009). PCR has become a common technique
n biological and medical research laboratories for such tasks as the
equencing of genes, the detection and diagnoses of infectious dis-
ases, the identification of genetic fingerprints, and the creation of

∗ Corresponding author. Tel.: +886 35712121x55803; fax: +886 3 5729912.
E-mail address: fhko@mail.nctu.edu.tw (F.-H. Ko).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.08.031
WFET sensor suggest that such devices might be potentially useful tools
ogene screening.

© 2009 Elsevier B.V. All rights reserved.

transgenic organisms (Pournaghi-Azar et al., 2008). The drawbacks
of such assays include the need for a fluorescent label and the great
length of time required to amplify trace DNA concentrations. Higher
sensitivity, label-free sensing devices are desired as replacements
for the time-consuming, label-based assays (Zhang et al., 2009).

One-dimensional nanowires (NWs; Chen et al., 2006; Hahm and
Lieber, 2004; Hsiao et al., 2009; Lee et al., 2009; Lin et al., 2005;
Zhang et al., 2009) are particularly appealing candidates for use in
ultrasensitive miniaturized biomolecule sensors. Nanowire field-
effect transistors (NWFETs) can suppress the short-channel effects
encountered in nanoscale metal-oxide semiconductor field-effect
transistors and provide high surface sensitivity (Wernersson et al.,
2007). Unlike the signal responses of conventional electrochem-
ical cells operate based on the Nernst equation (Rieger, 1987),
the response of NWFETs featuring surface-immobilized molecules
from the fluid is more complex. Recently, Nair and Alam (2008)
derived a logarithmic relationship between the target molecular
concentration and the electrical signal for an NWFET functioning
based on the diffusion–capture model and the Poisson–Boltzmann
equation.
Silicon NWFETs have been fabricated using both “top down”
and “bottom up” methods (Lin et al., 2009). The “bottom up” fab-
rication methods usually involve the formation of NWs through
vapor–liquid–solid (VLS) growth (Duan et al., 2003; Hahm and
Lieber, 2004), which is limited by the need for complex integra-

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:fhko@mail.nctu.edu.tw
dx.doi.org/10.1016/j.bios.2009.08.031
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ion techniques that require precise transfer and positioning of
ndividual NWs to provide reliable and superior ohmic contacts. In
ddition, control over the doping concentrations in self-assembled
emiconducting nanostructures remains a great challenge, as is the
abrication of high-density sensor arrays. Furthermore, the use of
n additional external gate—to precisely turn the NWFET sensor to
igher sensitivity—is also critical (Chen et al., 2006; Hsiao et al.,
009; Li et al., 2004). The “top down” methods for fabricating NWs
sually employ the advanced lithography techniques used in the
emiconductor industry, allowing mass-production with reduced
abrication costs (Li et al., 2004; Stern et al., 2007a). The excel-
ent device performance and good ohmic contacts of such methods
nable the possibility of integration.

It has been reported that the presence of BRAFV599E mutation
enes correlates to the occurrence of melanomas, colorectal can-
ers, gliomas, lung cancers, sarcomas, ovarian carcinomas, breast
ancers, papillary thyroid carcinomas, and liver cancers (Davies
t al., 2002; Xu et al., 2003). This mutation is believed to mimic
hosphorylation in the activation segment by insertion of an acidic
esidue close to a site of regulated phosphorylation at serine
98. BRAFV599E exhibits elevated basal kinase activity and dimin-

shed responsiveness toward oncogenic stimulation. BRAFV599E

lso transforms NIH3T3 cells (murine embryonic fibroblasts) with
igher efficiency than does the wild-type form of the kinase, con-
istent with the functioning as an oncogene (Kimura et al., 2003).
herefore, characterization of the BRAFV599E mutation genes at the
olecular level is significant for early tumor identification, allow-

ng the possibility of aggressive and specific therapy to save human
ives.

In this study, we used conventional complementary metal-oxide
emiconductor technology to develop a 60-nm-wide Si NWFET that
nables the sensing of mutated genes. We first evaluated various
leaning solutions for their use in improving the immobilization of
NA onto the silicon dioxide (SiO2) surfaces, in terms of the fluo-

escence efficiency and the electrical properties of the sensors. We
hen applied the NWFET sensor as an ultrahigh-sensitivity molecu-
ar probe for the detection of a cancer-related BRAFV599E mutation
ene.

. Materials and methods
.1. Fabrication of NWFET sensors

A commercially available 6-in. (100) silicon-on-insulator (SOI)
afer, which possessed 50-nm-thick intrinsic silicon and 150-nm-

ig. 1. Schematic representation for the fabrication of the NWFET sensors. (a) A 6-in. SOI w
b) NWs were patterned using an e-beam direct writing and dry etching system. (c) Sour
eposited at the source/drain region. (e) Passivation layer formed, followed by etching
epresentation of the completed NWFET sensor and its electrical connection for the det
egend, the reader is referred to the web version of the article.)
lectronics 25 (2009) 820–825 821

thick buried oxide, was served as the device substrate (Fig. 1(a)).
The detailed fabrication procedures for the back-gated NWFET sen-
sor were mentioned below. The critical silicon NWs having a width
of 60 nm and length of 2 �m were defined using a 40-keV elec-
tron beam (EB) lithography and dry etching system (Fig. 1(b)). After
removal of EB resist, a thin layer of SiO2 film (10 nm) was then
deposited by low-pressure chemical vapor deposition (LPCVD).
Again, the EB photoresist (PR) was spin-coated onto the surface.
Prior to ion implantation, the PR on the region of defining the
source/drain areas was removed by EB lithography. Arsenic ion
beam (As+) was then implanted with a dosage of 5 × 1015 cm−2 at
an acceleration energy of 20 keV. Backside of the sample was also
boron-implanted at 100 keV with 5 × 1015 cm−2 dosage. After PR
removing, rapid thermal annealing (RTA) was performed at 1050 ◦C
for 30 s in a nitrogen ambient to activate the carriers (Fig. 1(c)). Prior
to defining the contact pad region through lithography and wet
etching (80% phosphoric acid, 5% nitric acid, 5% acetic acid, and 10%
de-ionized water; by volume), a 500-nm-thick Al–Si–Cu (Al: 98.5%;
Si: 1%; Cu: 0.5%; by weight) alloy was formed using a sputter system
(Fig. 1(d)). After PR removal, 50-nm-thick SiO2 and 10-nm-thick
silicon nitride (Si3N4) layers were sequentially deposited through
plasma-enhanced chemical vapor deposition (PECVD) at 300 ◦C to
passivate the nanowire’s surface. Then, the EB lithography was
used to open the NWFETs detection region for sensing purpose. The
region was sequentially etched back by plasma etch (for Si3N4) and
diluted buffer oxide etching solution (BOE for SiO2, NH4F:HF:de-
ionized water = 42:7:1). The PR was then removed by H2SO4 and
H2O2 mixture (3:1; denoted “piranha”), and the schematic dia-
gram was indicated in Fig. 1(e). Then, only the backside surface
was dipped and etched by BOE solution in a pipette. Finally, a
500-nm-thick Al–Si–Cu pad was deposited by sputter system. A
cross-sectional representation of the NWFET with electrical con-
nection for the detection of DNA molecules is presented in Fig. 1(f).
Prior to the DNA immobilization, all the devices were preserved in
clean room for at least 1 week to ensure the thickness saturation of
native oxide.

2.2. Self-assembly of capture DNA on the NWFET device
Prior to immobilizing the DNA molecules, sensors were cleaned
for 30 min using various solutions: (a) no cleaning (denoted “con-
trol”), (b) de-ionized water (denoted “DI”), (c) piranha, (d) 25%
2-propanol solution (denoted “IPA”), and (e) acetone and ethanol
mixture (1:1; denoted “ACE”). The H2SO4, HCl, H2O2, and organic

afer (50 nm intrinsic Si; 150 nm buried oxide) was employed as the device substrate.
ce/drain implantation and annealing. (d) Contact pad (500 nm Al–Si–Cu film) was
back the detection region for DNA immobilization (red circle). (f) Cross-sectional
ection of DNA strands. (For interpretation of the references to color in this figure
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olvents used to clean the device surface were of analytical or
igher grade (Merck, Darmstadt, Germany). High-purity DI water,
urified through double deionization processes, was used through-
ut.

After performing the cleaning process, a monolayer of 30-mer
sDNA (capture DNA, Blossom Biotechnologies, Taipei, Taiwan)
olecules was then immobilized onto the NWFET surface. The

urface reactions occurred with the silanol groups present on the
ilicon NW surface as a result of silicon oxide formation. Because
ilanol groups are good proton donors (H+) and acceptors (SiO−),
3-aminopropyl)triethoxysilane (APTES) was employed to self-
ssemble a monolayer of DNA onto the surface of the NW detection
egion. Fig. 2 illustrates the procedure used to immobilize the DNA
trands onto the surface-bounded APTES units. Initially, the sam-
les were immersed into 10% APTES aqueous solution for 30 min
t 37 ◦C and adjusted to pH 3.5 with 1 M HCl. The samples were
hen rinsed with DI water and dried on a hot plate (120 ◦C for
0 min). At this stage, amino groups were presented as termi-
al units from the surface. Next, glutaraldehyde was linked to
he amino groups to present aldehyde groups from the surface;
he sample was immersed in the linker solution (2.5% glutaralde-
yde (1,5-pentanedial)) for 30 min at room temperature and then
insed with phosphate-buffered saline (PBS; 120 mM NaCl, 2.7 mM
Cl, and 10 mM phosphate buffer; pH 7.4; Sigma–Aldrich) solution

Yoshida et al., 1995). The 2.5% glutaraldehyde solution (Stefano et
l., 2008; Yakovleva et al., 2002) was formed by diluting 25% glu-
araldehyde (Sigma–Aldrich) with PBS solution. Next, the selective
mmobilization technique was used to bind the terminal 3′-amino
roup of the oligonucleotide to the aldehyde groups on the NW
urface (Turutin et al., 2002). A fresh solution of synthetic 1 �M
apture DNA (Blossom Biotechnologies, Taipei, Taiwan) was diluted
ith PBS buffer to provide a 10 nM solution of capture DNA. A
rop (100 �L) of this capture DNA solution was placed onto the

Ws and reacted for 1 h to ensure effective immobilization. The
n-reacted aldehyde groups were blocked through reactions with
thanolamine (Sigma–Aldrich), washed with PBS buffer, and sub-
equently dried under ambient nitrogen.

ig. 2. Self-assembly processes for the immobilization of capture DNA and
ybridization of target DNA. (1) The Si NW presenting a native oxide on its sur-

ace was coated with APTES. (2) Glutaraldehyde was linked to the amino groups. (3)
erminal 3′-amino groups of the capture DNA strands were reacted with the alde-
yde groups. (4) Complementary target DNA was hybridized to the capture DNA on
he Si NW surface.
lectronics 25 (2009) 820–825

To monitor the efficient immobilization of the capture DNA,
a fluorescently labeled capture DNA sample (Blossom Biotech-
nologies, Taipei, Taiwan) was also prepared. The fluorescent unit
was derived from fluorescein isothiocyanate (FITC), which reacted
specifically at the 5′ end of the capture DNA. Green fluorescence
images (excitation: 494 nm; emission: 520 nm) were observed
using a BX51 fluorescence microscope (Olympus, PA, USA).

2.3. Target DNA hybridization and de-hybridization

After capture DNA immobilization, a strand of synthetic comple-
mentary DNA, namely the target DNA (Blossom Biotechnologies,
Taipei, Taiwan), was applied to hybridize to the capture DNA on
the NWFET surface. The sequence of the target DNA was comple-
mentary to that of the capture DNA. The 30-mer target DNA was
diluted to various concentrations with PBS buffer solution. The tar-
get DNA was then injected into the microfluidic channel that ran
through the NWFET detection region, followed by PBS washing to
remove the excess target DNA. The electrical measurement of the
NWFET sensor was performed to obtain the drain current (ID) ver-
sus gate voltage (VG) curve. To ensure successful hybridization, an
FITC-labeled target DNA strand, with the fluorescent unit located
at the 3′ end, was also prepared.

The electrical properties of the NWFET biosensors were charac-
terized using an Agilent-4156C semiconductor parameter analyzer
(Agilent Technologies, CA). After measurement, the samples were
washed with hot DI water (90 ◦C) for 5 min to de-hybridize the
complementary DNA pair. The resulting surface presenting only
the capture DNA was then measured again.

3. Results and discussion

3.1. Electrical performance of the NWFET

Fig. 3 presents plot of the ID–VG at drain voltages (VD) of 0.1
and 1 V, respectively, for the fabricated 60-nm NWFET biosensor.
The current flowing through the NW located between the source
and drain electrodes could be switched “on” and “off” at vari-
ous backside gate potentials. If, at a large negative gate bias (e.g.,
−15 V), the channel conduction (ID) is very low, a positive voltage

applied to the gate will create an n-channel (i.e., an electron car-
rier). Therefore, the sensor is a normally-on, n-channel depletion
NWFET (Sze, 1981). In general, a backside gate can apply a bias volt-
age to the NW and, thereby, affect the energy barrier for the charge
carriers. This applied voltage ensures device operation under the

Fig. 3. Plots of drain current versus gate voltage for the NWFET sensor, measured
at values of VD of 0.1 (black line) and 1 V (red dotted line). Inset: scanning electron
microscopy image of the 60 nm-wide Si NW. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. (a) Schematic representation of the SiO2 line structure used to test the
immobilization efficiency. The underlying Si3N4 film was used to define the selec-
tivity, because of the higher DNA immobilization efficiency of SiO2 relative to that
of the Si3N4 surface. (b) Fluorescence images of the (I) uncleaned (control) sam-
ple and (II–V) the samples cleaned with (II) DI, (III) piranha, (IV) IPA, and (V) ACE.
(c) Electrical responses of the NWFET sensor with capture DNA immobilized after
using various cleaning methods. The ID–VG curves were recorded at a constant
drain voltage (VD = 0.1 V). The base line curve was recorded for the sample prior
to cleaning but after treatment with PBS (black line). Curves were recorded for the
DNA-immobilized NWFET sensors after washing with DI (green dotted line), IPA
C.-C. Wu et al. / Biosensors an

ptimal conditions of a larger current shift. Stern et al. (2007b)
roposed a p-channel DNA sensor with a backside gate control
esign; the sub-threshold swing (SS) for their device was, however,
bout 1250 mV/decade (ID = 10−13 and 10−9 A at −20 and −25 V,
espectively)—much higher than our value of 450 mV/decade. We
ttribute the high sensitivity of our DNA sensor to the use of the sin-
le crystal n-channel design rule having higher mobility and lower
S characteristic.

The turn-on/turn-off current ratio of this sensor was near six
rders of magnitude when VD was 0.1 V, suggesting improved prac-
icality of the fabricated biosensors. The threshold voltage (Vt),
hich we determined for a drain current at 10−9 A, was ca. −10.8 V.

he dependence of the value of ID on the applied gate voltage
mplies that the fabricated NWFET sensors could be fine-tuned
o optimal conditions to sense molecules that effect a change in
he surface charge. A charged molecule bound onto an NW sur-
ace exerts an electric field in a manner similar to an applied
ate voltage. For example, when the surface receptor contains a
acromolecule of DNA bearing negative charge, specific binding

nteractions will result in an increase in the NW’s negative charge,
nd, hence, a shift to the right for the Vt in ID–VG curve of the NWFET
iosensor (Lin et al., 2009).

.2. Evaluating of cleaning efficiency through fluorescence
maging

The charge carriers in the NWs are affected by the presence
f the immobilized biomolecule; therefore, the variation of their
lectrical signal can be used as the sensing indicator. If the sur-
ace of interest is covered by ambient contaminants, the detection
egion of the NW is blocked by the contaminants, which degrade
he function of the sensor. Conventional bioassays described in the
iterature have been cleaned using piranha solution (Bras et al.,
004; Volle et al., 2003), even though it is not appropriate for sen-
or cleaning when the technology advances to the bio-electronic
ra. For example, piranha solution would corrode all of the metal
ontacts, e.g., the Al–Si–Cu alloys that are the most commonly used
n semiconductor manufacturing. Hence, we sought a relative mild
leaning method that would restore the electrical signal in the NW
evices—one that could be used as a substitute for washing with
iranha solution—in the blooming field of coupling biomolecules
o semiconductor electronics.

A silicon substrate on which stacked with SiO2/Si3N4/SiO2 film
n a low-pressure quartz furnace was employed to test the effi-
iency of the various cleaning solutions. The primary SiO2 film
as a buffer layer to prevent the Si3N4 film from peeling off. The
pper SiO2 film was then patterned to form a line structure, as

ndicated in Fig. 4(a). The content of cleaning solutions and the post-
leaning immobilization procedure were mentioned in Section 2.2.
ecause the immobilization efficiency of DNA on a SiO2 surface

s much higher than that on Si3N4, the immobilization selectiv-
ty of DNA on these materials could be distinguished by using the
ine structure. Prior to immobilizing the 10 nM FITC-labeled cap-
ure DNA, the 1-day ambient exposure samples were subjected
o cleaning with various solutions to test their cleaning efficien-
ies. The intensity of fluorescence signal on the SiO2 surface was
hen characterized to evaluate the cleaning efficiency. Quantifica-
ion of the fluorescence images was achieved by the software of
mage-Pro Plus (Media cybernetic®). Fig. 4(b) displays fluorescence
mages of the samples without cleaning (control) and after clean-
ng with DI, piranha, IPA, and ACE. The intensities of fluorescence

ignal for control and the samples cleaned using DI, piranha, IPA,
nd ACE are 4.2 ± 0.2, 7.4 ± 0.3, 45.8 ± 1.5, 21.5 ± 0.9, and 33.5 ± 1.4,
espectively. Obviously, the samples cleaned using piranha and
CE displayed clear fluorescence images, suggesting that these two
olutions were effective surface cleaning agents. Moreover, the flu-
(gray dotted line), and ACE (blue dotted line). The curve recorded for the sample
after ACE cleaning but without DNA immobilization (red dotted line) was recorded
to confirm the influence of the cleaning process. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

orescence appeared only on the SiO2 patterns, indicated that DNA
immobilization was unfavorable on the Si3N4 surfaces. In contrast,
the weak fluorescence images of the surfaces washed with either DI
or IPA indicate that they were not cleaned effectively; i.e., the con-
taminants remaining on the surface affected the immobilization of
DNA. Despite its superior cleaning efficiency, piranha solution is
very reactive and will corrode interconnect metals. The mild ACE
cleaning solution appears to be a good substitute for the traditional
piranha solution when cleaning NWFET biosensors.

We also characterized the immobilization efficiency in terms
of the electrical properties of the NWFET biosensors. Fig. 4(c)
illustrates the ID–VG curves recorded at a constant drain voltage
(VD = 0.1 V) for various resulting NWFET sensors. The threshold
voltage of the base line (prior to cleaning and immobilization of
capture DNA) was −10.80 V. It appears that the surfaces washed
with DI and IPA was not cleaned effectively; only a few DNA strands
bound to the NW, causing small rightward shifts of the threshold

voltage (0.15 and 0.42 V, respectively). In contrast, surface cleaning
was effective when using the ACE mixture (rightward shift of 0.63 V
for the curve); this clean surface allowed more DNA strands to self-
assemble, consistent with the fluorescence images in Fig. 4(b). To
clarify the influence of the ACE cleaning process, we also measured



8 d Bioe

t
o
i
t
D

3

o
D
G
f
s
t
t
C
a
g
m
c
t

F
m
l
D
t
a
m
g
t
p
f
t

24 C.-C. Wu et al. / Biosensors an

he electrical properties of the sample after ACE cleaning but with-
ut DNA immobilization. In this case, the ID–VG curve was almost
dentical to that of the sample prior to cleaning, implying that the
hreshold voltage shift arose mainly as a result of immobilizing the
NA strands on the NW surface.

.3. Using the NWFET to detect a mutated gene

To detect BRAFV599E mutation genes, we cleaned the surface
f the NWFET with ACE and then immobilized a 30-mer capture
NA strand, having the sequence 5′-AAATATATTA-TTACTCTTGA-
GTCTCTGTG-3′, onto the surface. This capture DNA sequence is

ully complementary to that of the target DNA which is partial
equence of the BRAFV599E mutation gene (Liao et al., 2009). Hence,
he capture DNA on the NW surface formed a molecular probe for
he detection of target DNA having the specific gene sequence 5′-
ACAGAGACC-TCAAGAGTAA-TAATATATTT-3′. Fig. 5(a) reveals the
bility of the NWFET biosensors to detect cancer-related mutation

enes. The threshold voltage for the capture DNA-modified NWFET,
easured in PBS buffer solution, was −10.16 V (base line). Various

oncentrations of the target DNA, containing the BRAFV599E muta-
ion gene, were adsorbed onto the surface of the NWFET device,

ig. 5. (a) Concentration-dependent electrical response of the capture DNA-
odified NWFET sensor when detecting target DNA. The ID–VG curve of the base

ine was obtained in PBS buffer (black line); PBS buffer solutions containing target
NA at various concentrations (10 fM, 1 pM, 100 pM, 10 nM) were injected, respec-

ively, and the ID–VG curves recorded. The de-hybridized samples were obtained
fter treatment of the dsDNA with hot DI water (90 ◦C); the ID–VG curves were then
easured (red dotted line). Inset (I): fluorescence image of 10 nM FITC-labeled tar-

et DNA bound to the capture DNA. Inset (II): fluorescence image of the FITC-labeled
arget DNA after de-hybridization. (b) Voltage shift (from n = 4) of the NWFET sensor
lotted with respect to the target DNA concentration. The voltage shift was extracted
rom (a) at a constant drain current (ID = 1 nA). (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of the article.)
lectronics 25 (2009) 820–825

providing a further rightward shift of the ID–VG curve, indicating
the successful hybridization of the complementary mutation gene
with the capture DNA. The fluorescence image in inset (I) confirms
the successful hybridization of the 10 nM FITC-labeled target DNA
to the capture DNA.

For de-hybridization, we washed this dsDNA sample with hot
DI (90 ◦C) to separate the target DNA from the probe surface; the
curve returned to almost the same level as that of the base line.
To ensure de-hybridization, we also used the FITC-labeled DNA
to trace the reaction pathway of the molecule of interest on the
surface. The fluorescence image of the sample obtained after de-
hybridization of the FITC-labeled target DNA [inset (II)] reveals that
the target DNA was completely separated from the NW surface after
de-hybridization.

Fig. 5(b) reveals the exponential relationship between the volt-
age shift of the NWFET sensor and the target DNA concentration.
The voltage shift for the NWFET sensor under various target DNA
concentrations of 10 fM, 1 pM, 100 pM, and 10 nM was 0.22 ± 0.03,
0.45 ± 0.05, 0.69 ± 0.04, and 0.81 ± 0.04 V, respectively. The rela-
tionship between the response of a nanobiosensor and the DNA
concentration has been reported previously (Nair and Alam, 2008)
to be

S(t) ∝ ln[�0]

where S(t) is the sensor response, which is either a voltage or
current shift, and [�0] is the DNA concentration. This equation
suggests that the response of a nanoscale sensor should exhibit
a logarithmic dependence on the DNA concentration, consistent
with our finding. The linear fitting for the calibration curve is
y = 0.119 × log(x) + 1.8817 from 10 fM to 100 pM with correlation
coefficient of 0.988. The detection limit, which is defined as the min-
imal mutation gene concentration that gives a voltage shift which
is three times the standard deviation, is estimated to 0.88 fM from
the calibration curve. In addition, the relative standard deviation of
threshold voltage shift for the target DNA is less than 12%.

Fig. 6 reveals the specific detection of target DNA using our
NWFET. We investigated the behavior of mismatched target
DNA strands (concentration: 10 nM) containing one and five
mismatched bases; their DNA sequences were 5′-CACAGAGACC-

TCAAGTGTAA-TAATATATTT-3′ and 5′-CACAGAGACC-TCAAG-
TACGG-TAATATATTT-3′, respectively. The latter exhibited the
same response as that of the base line, whereas the former exhib-
ited a rightward shift but could still be distinguished from the

Fig. 6. Electrical response of the capture DNA-modified NWFET sensor when detect-
ing mismatched target DNA. The ID–VG curve of the base line was recorded in PBS
buffer (black line); PBS buffer solution containing one- or five-base-mismatched
target DNA strands (10 nM) was injected and the ID–VG curves were recorded. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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omplementary sample. These results suggest that the single-
ase-mismatched target DNA hybridized to a small degree, but the
ve-base-mismatched DNA barely reacted with the capture DNA.

similar result has been reported for three-base-mismatched
utant genes, which interacted nonspecifically with an NW

ensor, but could be quantified and distinguished from their
orresponding wild-type genes (Hahm and Lieber, 2004).

. Conclusions

Using a cleaning solution prepared from a mixture of acetone
nd ethanol allowed us to develop an NWFET device that behaved
s a biomolecular sensor for an oncogene. We used the state-of-
he-art semiconductor line to fabricate label-free NWFET devices
aving line widths of 60 nm. Connecting the NWs to source and
rain electrodes fabricated on the SOI wafer provided function-

ng ohmic contacts without the problem of contact resistance. The
WFET exhibited n-channel depletion characteristics that allowed
etection of the hybridization and de-hybridization of a BRAFV599E

utation gene from a cancer cell, as well as the ability to distinguish
etween complementary and mismatched target DNA. The detec-
ion limit of the NWFET biosensor for the sensing of the mutation
ene was in the sub-femtomolar regime. Because this label-free
WFET sensor displayed the ability to detect the oncogene, such
evices are potentially useful tools for biological research and
enetic screening.
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