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In this work, the monolayer of gold nanoparticles within 72 nm gap has been proposed to function
as a DNA sensor. The authors suggest that the nanoparticles in the nanogap could act as hopping
sites which amplify the conductance of hybridized DNA strands. The conductance amplification
between single strand and hybridized DNAs through gold nanoparticles is observed. Various
concentrations of capture and target DNA are discussed for optimal hybridization sensing purpose.
With the help of 1 nM capture DNAs, this sensor is able to analyze target DNA sequences at very
low concentration of 1 fM. Furthermore, by means of adjusting the denature temperature to 60 °C,
even single mismatch hybridization could be discriminated. © 2008 American Vacuum Society.

�DOI: 10.1116/1.3002489�
I. INTRODUCTION

DNA is the most important molecule with genetic infor-
mation in living species. The analysis of gene expression and
the gene analysis of single nucleotide polymorphism �SNP�
are regarded as the major application fields of DNA chip.1.
Today most DNA analyses are performed with an optical
technique. In this case, fluorescence light of an optical
marker molecule attached to the DNA strands is detected.
The instrumentation requires to utilize charge coupled device
camera, optical filters, lenses, and laser light. Furthermore,
the methods described so far, a major challenge in DNA
assay is to avoid the utilization of analyst amplification such
as polymerase chain reaction, so the selectivity and the sen-
sitivity of DNA assay become key points to overcome above
issue. However, a simpler readout principle can be realized
by detection of an electrical current in a comparatively small
setup. According to this, scientists have tried to analyze
DNA through its electronic properties. Among these meth-
ods, biochemical assay systems based on the electrochemical
detection concepts have reported in several studies.2–4. Other
detection methods employing oligonucleotide-functionalized
gold nanoparticles for colorimetric detection have been
developed.5,6. Furthermore, some studies introduce nanopar-
ticles for the enhancement of conductance difference7–9 be-
tween single strand and hybridized double strands. Among
these literatures, direct electronically sensing approach by
various promising devices was always very attractive. How-
ever electrode gap-type sensing devices9–11 required a further
chemical enchantment step �silver ion or multilayer gold
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nanoparticles� to amplify conductance signal. In this study,
monolayer gold nanoparticles were used to self-assemble
into the nanogap devices to measure the conductance varia-
tion without further complicated chemical treatment. Various
conditions of nanogap for concentration changes were dem-
onstrated and analyzed. The effect of specific heating tem-
perature on improving the sensing discrimination for the pro-
posed device was also evaluated.

II. EXPERIMENTAL

All chemicals and solvents were reagent-grade quality
and used without further purification unless otherwise noted.

A. Experimental procedure for DNA biochip
assembly

The analytical concept based on sandwich assay and elec-
trical detection is shown in Fig. 1. The electron shape–beam
lithography was used to fabricate the gold-gap device. Prior
to the assembly of thiol-contain capture DNA strand with
gold nanoparticles, gold nanoparticle monolayer was immo-
bilized onto the device surface. Then, target DNA strands
with both fully complementary and single mismatch were
applied to hybridize, individually. In order to distinguish the
assemble force between fully complementary and single mis-
match hybridizations, the denaturing treatment by 60 °C wa-
ter was applied. The sequences of the oligonucleotides used
in this study are illustrated in Fig. 2.

The use of gold nanoparticles was to amplify the electri-
cal current through nanogap. The gold nanoparticles cannot
only provide a binding site for thiol-containing capture DNA

strands but also a hopping center for electrons when applying
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external voltage. The concentration level of DNA molecules
in nanogap electrodes was varied from the low to high con-
centration of target DNA.

B. Synthesis of gold nanoparticles and fabrication of
nanogap electrode device

Dispersed gold nanoparticles were prepared in aqueous
solution by using a chemical reduction method. The syn-
thetic procedure for the 10 nm gold nanoparticles was simi-
lar with the published paper.12 Briefly, 1 mM HAuCl4
�100 ml� was heated near its boiling point under the vigorous
magnetic stir, and then 35 mM sodium citrate solution
�10 ml� was added. The resulting solution was maintained at
a reflux condition for 30 min. The color of the solution
changed from yellow to brownish red upon the chemical
reduction of HAuCl4 mediated by citrate; this color change
indicated the successful synthesis of the gold nanoparticles.
A scanning electron microscopy SEM image indicated that
the gold nanoparticles we had synthesized was spherically
shaped, and we estimated that the average particle diameter
is near 10 nm.

The fabrication of nanogap structures was depicted in Fig.
3. A silicon wafer was grown with a thickness of 500 nm
silicon dioxide film by plasma-enhanced chemical vapor
deposition. Then, the 400-nm-thick resist was spin coated
onto the silicon dioxide and the electrodes with sub-100 nm

FIG. 1. Schematic of the proposed nanoparticle-based DNA sensor.

FIG. 2. The DNA sequences for the capture, target, and single mismatch

oligonucleotides.
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gaps were patterned by electron beam lithography �Leica
Weprint model 200 stepper, Jena, Germany�. Prior to the
deposition of the 60 nm gold film, a 5 nm titanium film was
sputtered onto the surface to ensure the better adhesion. Fi-
nally, acetone solvent was used to lift-off the resist.

C. Self-assembly of gold nanoparticles onto the
silicon dioxide surface

The linker molecule between silicon dioxide film and gold
nanoparticles within the gap of the drain and source elec-
trodes was 3-mercaptopropyltrimethoxysilane �MPTMS�. At
first, the linker was dissolved in 10 ml of dimethyl sulfoxide
�DMSO� to reach 5 mM concentration. Prior to immersing
the nanogap structures into the linker solution, the solution
was heated to 100 °C. The wafer was removed, carefully
rinsed with DMSO, and blown dry with N2. The wafer was
then immersed into the gold nanoparticles solution and re-
acted for 1 h for the monolayered self-assembly. The

FIG. 3. Detailed fabrication processes for the gold nanogap electrode on
silicon dioxide film.
nanoparticles/MPTMS/SiO2 sandwich structures were stabi-
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lized through specific Au–NH2 interactions.13 Figure 4�a�
shows the gold nanoparticle morphology on a SiO2 /Si sub-
strate by high-resolution scanning electron microscopy �HR-
SEM�. The 10 nm gold nanoparticles have previously as-
sembled onto the sensor by the procedures mentioned above.
Figure 4�b� illustrates that the 10 nm gold nanoparticles are
assembled into the 72 nm gap.

D. DNA hybridization and denature

The sequences of the capture, target, and mismatch oligo-
nucleotides �cDNA, tDNA, and mDNA, respectively� are il-
lustrated in Fig. 2. The tDNA molecule is complementary to
the cDNA. In comparison with the tDNA sequence, the
mDNA contains only one mismatch base pair. A 10 mM
4-�2-hydroxyethyl�-1-piperazineethanesulfonic acid
�HEPES� �J.T. Baker Chem. Co.� solution was prepared.
Buffer �5 mM ethylenediaminetetraacetic acid� was used to

adjust the HEPES to pH 6.6. The 27-mer cDNA �with three

J. Vac. Sci. Technol. B, Vol. 26, No. 6, Nov/Dec 2008

ibution subject to AVS license or copyright; see http://scitation.aip.org/term
concentration levels, i.e., 1 nM, 1 pM, and 1 fM� was deaer-
ated in HEPES buffer. The self-assembled gold-particle
monolayer was immersed in the cDNA solution for 1 h under
room temperature, followed by rinsing with pH 6.5 sodium
phosphate buffer containing sodium chloride �SPSC� buffer
�i.e., 50 mM sodium phosphate and 0.3M NaCl� to remove
noncovalently bonded DNA, and was dried under N2. The
substrates were immersed in tDNA and mDNA solutions for
2 h to hybridize, followed by immersing in a SPSC buffer to
remove excess reagents. The resulting chip was washed with
0.3M phosphate buffered saline buffer to ensure the tDNA
and mDNA hybridization. The chips were then immersed in
de-ionized water for 2–3 s and dried with N2 purge.

After treatment, these samples were put in a desiccator
under vacuum for drying and preservation. Then, the mea-
surable I-V curves of the array biochip were obtained from a
HP 4156A precision semiconductor parameter analyzer in the
voltage ranges from −1 to +2 V with a scan rate of 1 mV /s.

FIG. 4. High-resolution scanning electron microscopic
images of �a� a self-assembled monolayer of 10 nm
gold nanoparticles on the silicon dioxide film and �b� a
self-assembled monolayer of 10 nm gold nanoparticles
in the nanogap.
The denature process was to wash result chip �hybridized� by
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de-ionized water at different temperatures. Then, I-V mea-
surement was taken again. Fully complementary hybridized
double strand DNAs will be denatured at certain tempera-
ture, which is higher than single mismatch one.

III. RESULTS AND DISCUSSION

Prior to optimize the suitable concentrations of capture
and target DNA, the electrical property for 1 nM capture and
hybridized target DNA was evaluated. In Fig. 5, the current-
voltage curve of single stranded capture DNA was flat. This
observation indicated the electrons did not pass through the
single stranded DNA tethering with gold nanoparticles. In
contrast, the current-voltage curve of double strand hybrid-
ized DNA exhibits the nonlinear electrical characteristics,
i.e., pseudo-Ohm’s behavior. The result of conductance en-
hancement through gold nanoparticles verified the effect of
electron tunneling from DNA molecule and was attributed to
the diffusive thermal hopping. Electrons and holes were in-
deed able to shuttle along a single DNA molecule over a
distance of a few nanometers.14–16 The diffusive thermal
hopping process was related to �1� electron tunneling
through AT base pair inside DNAs and �2� thermal activated
electron hoping which occurred between or inside DNAs.
The overall phenomenon of those two mechanisms was simi-
lar as diffusion motion. Since the tunneling process only hap-
pen along AT pair inside the DNA itself,14–16 the thermal
hopping becomes dominate over long range electron trans-
port. In our case, additional gold nanoparticles would act as
hopping site for thermal activate hopping points; therefore,
the diffusive current would increase owing to reduced hop-
ping distance. The nonlinear electrical characteristics might
be attributed to electrons passing through the heterojunction
which existed energy barrier between DNA itself and gold
nanoparticles. In order to discriminate the single and double
stranded DNAs, all the measured conductances were oper-

ated at applied voltage of 2 V.

JVST B - Microelectronics and Nanometer Structures
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In order to observe the electrical characteristic of hybrid-
ization, the nanogap devices with monolayered gold nano-
particles were assembled on various concentrations of cap-
ture DNAs, and then applied different concentrations of
target DNAs to hybridize. The conductance for various con-
centrations was shown in Fig. 6, and all the conductance data
were observed at applied voltage of 2 V. Interestingly, the
sample from the higher capture DNA concentration exhibited
higher conductance. In addition, with the 1 nM target DNA
concentration, the conductances were 4�10−12, 2�10−12,
and 0.8�10−12 S for 1 nM, 1 pM, and 1 fM capture DNAs,
respectively. The reason for the playing role of DNA mol-
ecule was explained in the following. The DNA was a
charged molecule. Charge transfer via stacked aromatic
bases ��-� stacking� for DNA had been proposed.17,18 Hy-
bridized double-stranded DNA owned more compact �-�
stacking which contributed to electron delocalization. Gold

FIG. 5. Current-voltage characteristic of single- and
double-stranded DNA sensor �assembly by 10 nm gold
nanoparticles� in the nanogap. The recording rate is
1 mV /s.

FIG. 6. The relationship of conductance with respective to various target

DNA concentrations for various concentration levels of capture DNA.
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nanoparticles provided an extra hopping site in the gap, and
therefore, amplified the conductance for double-stranded
DNA.19 The higher capture DNA concentration led to more
binding on gold nanoparticles, therefore, more target DNAs
could be attached for hybridization. However, with higher
capture DNA concentrations, for example, 1 nM, the con-
ductance of hybridized DNAs tended to saturate with in-
creasing target DNA concentrations in Fig. 6. In contrast, the
1 pM and 1 fM capture DNA samples exhibited the linear
conductance relationship with target DNA concentrations.
The reason of saturation of high capture DNA concentration
was attributed to the limitation of binding sites of gold nano-
particles.

The limit of detection for DNA molecule in Fig. 6 is in
the femtomolar range and demonstrates the better analytical
detection limit than the nanowire-based, mass spectroscopic
and piezoelectric sensors.20–22 Hybridization discriminated
ability can be described as the conductance deviation be-
tween capture DNA and hybridization DNA. The 1 fM cap-
ture DNA was applied on the nanogap, and the measured
conductance was 0.1�10−12 S. However, the conductance of
hybridization DNAs with 1 fM target DNA was also 0.1
�10−12 S. This observation suggests that the case of 1 fM
capture DNA hybridized with 1 fM target DNA fails to dis-
criminate single-stranded and hybridized double-stranded
DNAs. In contrast, the conductance of hybridization sample
with 1 nM capture and 1 fM target DNAs still had 3.2-fold
higher than single stranded capture DNA. This result indi-
cated that the capability of this sensor was operated under
1 nM capture DNA by 1 fM target DNA hybridization detec-
tion.

The effectiveness of DNA sensor was evaluated not only
on the detection of small sample volume but also to the
capability of discriminating the single base pair mix match
through temperature treatment.7 In Fig. 7, the conductance of
the fully complementary DNA and single mismatch samples

FIG. 7. The obtained conductance under various assembling conditions for
complementary DNA �gray region� and mismatch DNA �white region�
samples.
for each experimental step was shown. Prior to hot water
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washing, the conductance signals for both samples are al-
most the same. However, after 60 °C water treatment, con-
ductance of mismatch hybridized DNA decreased. This con-
firmed that only single-strand DNA existed on the sensor
surface. In contrast, fully complementary sample remained
the same conductance. Furthermore, the water washing at
70 °C removed the second stranded DNA. The conductance
signal from the sensor demonstrated only capture DNA on
the surface. Hence, single base pair mismatch target DNA
can be discriminated through the 60 °C water treatment.7

This finding suggested the potential application of the devel-
oped biosensor to the field of SNP identification in the future.

IV. CONCLUSIONS

In this study, a DNA sensor for SNP identification through
temperature treatment is successfully developed. The sensor
uses the gold nanoparticles within nanogap to amply the
electrical signal. The limit of detection for the DNA biochip
is near 1 fM, which provides a sensitive and label-free diag-
nosis biosensor for future rapid disease detection. In addi-
tion, single mismatch hybridization can be discriminated by
means of adjusting the denature temperature to 60 °C.
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