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We report an electrical scheme to detect specific DNA. Engineered hairpin probe DNA are
immobilized on a silicon chip between gold nanoelectrodes. Hybridization of target DNA to the
hairpin melts the stem nucleotides. Gold nanoparticle-conjugated universal reporter sequence
detects the open hairpins by annealing to the exposed stem nucleotides. The gold nanoparticles
increase charge conduction between the electrodes. Specifically, we report on a hairpin probe
designed to detect a medically relevant mutant form of the K-ras oncogene. Direct current
measurements show three orders of magnitude increase in conductivity for as low as 2 fmol of target
molecules. © 2009 American Institute of Physics. �DOI: 10.1063/1.3152768�

Individual genetic mutations can predispose a cell or tis-
sue toward cancer. High throughput screening has identified
altered genes in many spontaneous as well as hereditary
cancers.1,2 For example, mutations in base 12 of the K-ras
gene are implicated in over 90% of pancreatic carcinomas,
and it is also considered a prognostic indicator for lung can-
cer patients.3 Specific mutations in such genes can thus be
used as diagnostic indicators for the susceptibility of disease,
aiding in early detection and treatment.4

Microarrays are a common method to screen for the
presence or absence of particular genomic sequences. Mi-
croarrays use single stranded DNA probes attached to chips
to capture fluorescently tagged genomic DNA. The fluores-
cent markers are excited for detection. Fluorescent tags,
however, can affect the stability and fidelity of the probe-
target interactions, thereby reducing reliability.5 To overcome
this �and other� inherent limitation�s�, we report an alterna-
tive probe and detection method—hairpin DNA probe in-
stead of single stranded linear DNA, and electrical detection
instead of fluorescent detection, with single-base mismatch
sensitivity down to 2 fmol of target DNA. Previous experi-
ments along these lines have demonstrated the potential of
hairpin probes to improve reliability and fidelity of microar-
rays. In addition, a number of alternative detection mecha-
nisms have been reported with the detection limits between a
few nmol and 1.8 fmol:6–8 impedance measurements,9 ca-
pacitance detection,10 cyclic voltammeter measurements,11

and calorimetric measurements.
We attach a hairpin probe to a silicon oxide surface lo-

cated between two isolated nanoelectrodes �Fig. 1�. The loop
of the hairpin and one stem forming segment is complemen-
tary to the DNA of interest. The other side of the hairpin
stem is complementary to an engineered reporter oligonucle-
otide �called GNP-reporter�. The GNP-reporter is conjugated

to a gold-nanoparticle �GNP�. When the DNA of interest
hybridizes to the loop, the stem of the hairpin probe destabi-
lizes and melts. Electrical detection of the hairpin opening is
conferred upon the system by the ability of the GNP-reporter
to conduct electricity between the nanoelectrodes upon an-
nealing to the exposed stem.

The DNA oligonucleotides used in this study �Table I�
were purchased from Sigma Aldrich �Saint Louis, MO�. The
oligonucleotides are given the names “hairpin probe,”
“PC-target,” “MM-target,” and “GNP-reporter” based on
their roles. Hairpin probe consists of a three nucleotide
spacer, a 12 nucleotide loop, and a six base pair �bp� stem.
The target DNA, PC-target and MM-target, are identical to
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FIG. 1. �Color online� Schematics showing reporter sequence carrying the
gold nanoparticle �yellow star� binding to the hairpin probe after comple-
mentary DNA �PC-target, red� interacts with the loop �green� of the hairpin.
The PC-target starts with GGCAA and covers the whole loop. Black portion
depicts the part of hairpin that formed the stem before opening.
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each other except at one position �marked in bold in Table I�.
PC-target, the mutated version of the oncogene, is perfect-
complementary to the hairpin probe loop and one stem form-
ing side. MM-target is the 18 bp wild type DNA taken from
K-ras oncogene. The MM-target is unable to open and hy-
bridize the hairpin probe while PC-target �the mutant� opens
the hairpin structure and forms a duplex �Fig. 1�. The seven
base GNP-reporter increases the detection limit of the system
by increasing electrical conductance across the nanoelec-
trodes when the hairpin is in the open configuration. Our
approach can be used, in principle, to electrically detect any
specific oncogene or mutation.

Thermodynamically, the probe DNA forms a strong hair-
pin loop structure with stem size of six bp having �Gprobe of
−4.42 kcal /mol at 25 °C.12 PC-target binds to the probe
molecule with �GPC of −24.45 kcal /mol. MM-target has
calculated �GMM of −21.20 kcal /mol. The reduced �G for
MM fails to overcome the hairpin conformation, indicating
hairpin structure has a lot more free energy penalty to over-
come for a MM than what is calculated by standard formu-
las. The equilibrium equations associated with PC and MM
interactions with a hairpin probe in closed loop form
�PR� can be written as PC+PR→PCduplex and MM+PR
→MMduplex �with respective reaction free energies �GPC
and �GMM�.10

The equilibrium constants for PC �KPC� and MM �KMM�
can be calculated from ln KPC=ln��PCduplex� / �PC��PR��
=−��GPC /RT� and ln KMM=ln��MMduplex� / �MM��PR��
=−��GMM /RT�. Setting �MM�= �PC� yields the energy cri-
teria −�GPC�0 and −�GMM�0. This model is directly veri-
fied with the introduction of GNP-reporter as a way to mea-
sure inability of MM to open the hairpin probe.

The chips with nanoelectrodes were fabricated in two
steps of lithography. On the first layer Ti /Au �thickness
50 /150 Å� metal pads 500 nm apart were made using
e-beam lithography and lift-off. In the second step, optical
lithography was done to fabricate probing pads to contact the
nanoelectrodes. Bare silicon chips were used to test the at-
tachment and detection schemes prior to using nanoelectrode
chips.

The chips were cleaned in oxygen plasma at 200 W in
Ar+O2 and Piranha solution, followed by surface attachment
of probe DNA in a nitrogen glovebox with controlled ambi-

ence and temperature, as previously reported.13 The surface-
attached probe molecules were heat cycled in TE buffer three
times to ensure all molecules formed hairpin loop structures.
The GNP-reporter conjugates were prepared using thiol-gold
chemistry.14 The functionalized chips were immersed in TE
buffer �pH 7.4� containing target DNA, either PC-target or
MM-target, at a concentration of 2 fmol /�l for 24 h at
40 °C, followed by rinse with methanol and de-ionized wa-
ter. Chips were then incubated in TE solution containing
GNP-reporter. The GNP-reporter binds to the stem region of
the probe toward the chip surface when it becomes available
on binding of PC with probe �and is unavailable otherwise�.
In addition to the “PC” and “MM” chips, two control chips
were used: �1� probe-functionalized chips not exposed to any
target and �2� chips lacking probe and exposure to target
DNA �i.e., silane SAM surface chemistry only�. Control
chips were incubated with GNP-reporter sequence as above.
Neither control chip showed attachment of the GNP-reporter
sequence.

The GNPs on the surface of control, MM, and PC ex-
posed bare silicon chips were visualized by scanning elec-
tron microscopy �SEM� and manually counted using ImageJ
software.15 The GNP count data were normalized as number
of GNPs per square micron in Table II. The data clearly
shows an order difference in the number of GNPs captured
by the probe in case of PC-target than for MM-target, and a
negligible number for control chips �Inset to Fig. 2�.

Probing of control, MM, and PC nanoelectrode chips
with the Agilent 4155C semiconductor parameter analyzer
with a sweep of −1 to +1 V showed a significant difference
between the PC and MM chips �Fig. 2�. The current-voltage
�I-V� measurements on MM chips showed a slight increase
in conductivity �within the same order� in �3% of the nano-

TABLE I. DNA sequences and their modifications.

Sequence Name Oligonucleotide �5� to 3�� Modification

Hairpin Probe AAAGGCAATTTCGCCGCCGCCATTGCC 5� C12 Amine
PC-target GGC AAT GGC GGC GGC GAA None
MM-target GGC AGT GGC GGC GGC GAA None
GNP-reporter TGCCTTT 5� Thiol and GNP

TABLE II. Count of average number of GNPs on silicon surfaces.

DNA Complexes
Mean number

of particles/�m2
Standard
deviation

Hairpin Probe+PC-target+GNP-reporter 11.62 5.60
Hairpin Probe+MM-target+GNP-reporter 0.86 0.76
Hairpin Probe+GNP-reporter �Control� 0.10 0.09
Silane SAM+GNP-reporter �Control� 0.01 0.00

FIG. 2. Comparison of I-V data for a representative nanogap before hybrid-
ization of PC-target and probe �circles� and after exposure and hybridization
of probe to PC-DNA and GNP-reporter �triangles�. Insets: Left image shows
chip with probe+MM-target+GNP-reporter. Right image shows chip with
probe+PC-target+GNP-reporter. The inset to right micrograph shows the
details of GNP-reporter payload on bare silicon chips �scale bar: 400 nm�.
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electrode pairs. On the other hand, more than 70% of nano-
electrode pairs showed a robust increase in conductivity on
the PC-exposed chips. There were three orders of reduction
in the resistance between the nanoelectrodes for PC-DNA
�and amplified by GNP-reporter�. The presence of GNPs pro-
vide charge-hopping sites to carriers, thus acting as a trans-
duction block for the binding of PC with the probe. The
tunneling current in a system of the nanogap electrodes with
insulator �vacuum� between them can be approximately de-
scribed by the Simmons formula as

J = � �

�z
2���̄ exp�− A�z

	�̄� − ��̄ + eV�exp�− A�z
	�̄ + eV�


where �=e / �4�2	2
�, A=2		2m /
2, �̄ is the average
barrier height relative to Fermi level of the negative elec-
trode, �z is the barrier width, and eV represents the applied
voltage across the nanoelectrodes.16 	 is the dimensionless
correction factor, e and m are the charge and mass of
electron respectively, and 
 is Dirac’s constant. At small
voltages when �̄�eV, the Simmons formula
simplifies as J= ��	�̄V /�z�exp�−A�z

	�̄�, where �

= �e	2m� / �4	�2
2�. In the case of small voltages, the barrier
height �̄ becomes independent of the applied voltage and the
tunneling current becomes linearly dependent only on the
applied voltage.17 The tunneling current characteristic can
thus be modeled as two electrodes with high resistance be-
tween them. As the PC-target binds between these electrodes
and GNP-reporter brings in GNPs, electrons find a lower
barrier and thus start tunneling efficiently. Such framework
shows the potential of electrical conductivity in microarrays.

The SEM imaging of the MM and PC nanoelectrode
chips also confirmed the validity of the I-V measurements
�Fig. 3�. The images showed clusters of GNPs on PC-target
chips between the nanoelectrodes, which provided the path-
ways for increased current through otherwise insulating elec-
trodes. SEM micrographs also showed a negligible number
of GNPs on the surface of MM-DNA chips. The few GNPs
on the MM chips can be attributed to physical adsorption.

In summary, we present that the DNA-of-interest target
molecules can be electrically detected using engineered hair-
pin probes. The detection of hybridization events can be am-
plified by using a GNP-reporter sequence complementary to
stem region of the hairpin probe. The presence of GNP be-
tween electrodes enhances the conductivity between other-
wise insulated nanoelectrodes. The GNP-reporter can be
modeled as a circuit breaker demonstrating electrical quanti-
fication of the molecular interactions. The device has the

potential to function as a traditional microarray but without
the need to directly tag either the probe or target molecules.
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FIG. 3. SEM micrographs of nanoelectrode chips show side by side com-
parison of the amount of GNP in case of MM-target �left� and PC-target
�right�. There is a distinct difference in the GNP densities. Inset to right
image shows closeup images of GNPs bridging the gap between the nano-
electrodes, causing the increase in conductivity for PC-target �scale bar:
400 nm�.
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