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DNA microarray chips are designed to facilitate large-scale Ala) {b)
nucleic acid analysis enabling the simultaneous analyses of a thiol i
number of DNA sequencég.However, the instrumentation of these oo : decanedithiol
chips usually requires the use of sophisticated optical devices and (c) Aul
elaborately designed fluorescence-labeling molecules, which often 90 a9

. . . L glass - “alt

make these techniques unstable and costly in practical applications. "
In comparison to these techniques, molecular electronic devices (d) ¥ @
promise a straightforwardness in signal interfacing and in the {*‘332_ e Al ign
fabrication of nanosized integrated systems. We have assembled a - - R &
nanogapped electrode system using a gold particle and successfully 0 %@
applied this system to a label-free electronic DNA sensing device. r'e

To construct an electronic sensing device, the conductance of a
receptor-target molecule complex has a crucial importance. Al-
though native double-strandlg) DNA had been regarded as an
insulator, some recent studies suggestedsitimterlapping between
adjacent base pairs makeésDNA superconductivé,conductive}
or semiconductivé On the basis of the conductivity mechanism,
some attempts of detecting DNA hybridization have recently been
made using a multistep processHowever, no reports about the
on-chip electronic analysis of DNA hybridization have appeared
in the literature. In this communication, we discuss the fabrication
of such a system.

Model illustrations of a nanogapped electrode are given in Figure _ ) o .

S igure 1. (A) Sensor preparation procedures-¢g; (a) interdigital electrode
1; a Au particle is adsorbed on both the glass and Pt electrode, ancﬁ)ne pair on the chip; each row consists of a 65-tooth comb), and (g) side
a bridge molecule (decanedithiol) was used to make a gap betweenjiew and (h) top view of Au nanoparticle film. (B) AFM images of the
each particle. In the present study, a gold nanopatrticle (ca. 80 nmelectrode (a) before and (b) after the modification with Au particles.
in diameter) was prepared by the literature procedukeguantity
of 10 mL of 3.0% citric acid as a reducer was added to 200 mL of that the film was composed of evenly spaced monolayered particles
0.028% aqueous chloroauric acid, and the mixture was stirred at (Figure 1B)1°-2 The resistivity of the film (452 cm) under a I
80 °C for 20 min to produce a dispersion of 0.14 g'LThe Au atmosphere was comparable to the value 2@8m) reported for
nanoparticle film was prepared as follows: An interdigital Pt nonanedithiof?
microelectrode with a &m gap (NTT-AT, Japan; Figure 1Aa) was The particle was modified with thiolated probe DNA by applying
electrochemically cleaned by repeated potential sweep0(25 5 uL of a TE buffer (pH 7.4; ionic strength, 1.0) containing 500
to +1.3 V versus AgAgCI) in 0.1 M H,SO,.6 The electrode was ~ pmol of a 12-base single-strans( DNA (5'-HS-TCT CAA CTC
immersed in 5 mM ethanolic decanedithiol for 30 min (Figure 1Ab), GTA-3'’; Nisshinbo, Japan) on the Au film, and then the electrode
then immersed in the Au dispersion at 221 °C for 10 min to was allowed to stand for 30 min. The electrode was thoroughly
anchor the Au particle on the electrode (c). The modified electrode rinsed with a TE buffer to remove the excess probe and dried under
was immersed again in the dithiol solution (d) and then in the a N, stream. To measure the base resistangd, &f a TE buffer
dispersion (e) to obtain a film on the glass. Then, the electrode was applied on the film. After the resistance became steady, a 5
was immersed in the dithiol (f). A thorough rinsing with ethanol uL TE buffer involving samplesDNA (500 pmol) was added over
followed each thiol-dipping procedure. The procedures>(d and the film for hybridization. The resistance was monitored af@5
e — f) were repeated until a desired resistane€@0 Q) was with a digital multimeter (Hewlett-Packard model 34401A, applied
obtained (g). Although the algebraic estimation suggests that thecurrent: 1 mA) using a standard two-probe configuration. The
complete coverage of the glass surface with the Au particle in this sensor was immersed in water at 8D for 3 min to denature the
fashion requires~30 dipping sequences, five times were enough hybridizedsDNA for the next measurement. All the experiments
to obtain a film ready for use. Adsorption of particles on the glass, were repeated at least 3 times, and the resistance values reported
found at an early stage of the dipping by SEM, would have for the DNA sensing had an accuracy£6.01 Q.
accelerated the film formation. AFM and SEM observations showed  The film resistance depended on the dithiol concentration and
t Osaka Prefecture University. the length of its a!kyl chain. as well as thg n}meer of immersion
*Yamaguchi University. sequence¥13 An increase in the decanedithiol concentration led
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Figure 2. (A) Resistance changes by hybridization of the probe with (a)
11-base (3CCC CCC CCC CCC, (b) 4-base (3AGA GTT AAC TCT-

5), (c) 1-base (BAGA GTT GAG CCT-58) mismatched sample strands,
and (d) complementary oligonucleotide’-@GA GTT GAG CAT-5);
sample addition is indicated by the arrow mark. Model illustrations for
electron transfer with (B) 1-bp mismatched and (C) complementary strands.

to a decrease in the film resistance, which leveled outBt3 Q

at 5 mM. The decrease would be attributed to the formation of a
totally conducting network and therefore led to less Au-thiol
immersion cycles to obtain a sensor filfnThe presence of a i\l
(399.0 eV) peak in X-ray photoelectron spectroscopy confirmed
the immobilization of the DNA probe on the Au surfadeThe
result also suggests that the probe (ca. 4 nm in length) would be
overlaid between two Au particles, which are separated ca. 1.3 nm
with dithiol (see Figure 2B,C).

Upon sample addition, a resistance decrease was immediatel
observed witt§N ratios above 40, followed by a steady state within
2 min (Figure 2A). The magnitude of the response depended on
the number of the mismatched base pair (bp) in DNA, and the
largest among the samples was the complementary strand (0.1
Q). An increasing number of mismatches led to a decrease in the
magnitude, and the 11-bp mismatched DNA showed the smallest
response (0.08). It should be noted here that the resistance change
behaved in a nonlinear fashion with respect to the number of
mismatches. The behavior can amplify the presence of a 1-bp

mismatch and be characterized as an important diagnostic advantag

on detecting single nucleotide polymorphism (SNP). A linear
response was found in a DNA concentration range-0180 uM
(25—500 pmol). We also carried out experiments using probes with
five different sequences, and the obtained results were similar to
that shown in Figure 2.

The bare electrode had resistances of 12Q Ehd 390 K2 in
dry N; and a TE buffer (pH 7.4, ionic strength, 1.0). Modification
with a Au film significantly decreased the resistance to 173.18 and
172.88Q in N, and the buffer, respectively. Therefore, the large
decrease (120 to 173.18Q) can be attributed to electron

transfer between the Au particles. By assuming that as an equivalent

circuit, three resistors responsible for the leak (12Q)}Velectron
transfer, and buffer ion migration are connected in parallel and that
the total migration current does not change with the film formation,
we evaluated the film and migration resistances to be 17296
and 391 K2, respectively, in the buffer. Accordingly, ionic
migration has only minor effects on DNA sensing.

Therefore, the resistance changes in Figure 2 can be due to the (11) Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.; Malik,

conductivity of thedsDNA wire, which can be explained in terms
of - overlapping between adjacent base p&ifd>16The presence

of a mismatch would produce a defect for electron transfer, which

y

Dekker et al. reported that the conductivity @$DNA when
measured on an 8-nm-gap electrode fell into a semiconductor region,
while the use of a 40-nm-gap led to an extremely high resistance
(more than 10 R).517 Their results suggest that a much narrower
gap 8 nm) would be required to detect a small resistance change
caused by a mismatch. Consequently, it can be emphasized here
that our straightforward technique adopted for preparing a smaller
gap (1.3 nm) can successfully be applied to detect such a small
change. However, the use of a bridge molecule shorter than
decanedithiol led to a smaller sensitivity because of a substantial
decrease in the base resistance. To obtain the highest sensitivity
and reproducibility for a particular length of an oligonucleotide
sample, some parameters, such as the length of the thiol molecule
and size of the Au particle, can be optimized.

To make the conduction mechanism clearer, we have studied a
dithiolated 12-bp probe, both ends of which were modified with
thiol. In this case, the dithiolate¥DNA functions as both the bridge
and probe molecules. With this film, the complementary strand gave
a resistance change of 0.88 which was much greater than that
for the monothiolated probe (0.X9). The greater response suggests
that the dithiolated probe is located more efficiently across Au
particles, while some of the singly thiolated probes could not
efficiently participate in electron transfer due to the lack of a
covalent affinity to a Au particle at the unmodified end.

To verify that the hybridization causes the resistance changes,
we studied the effect of DNase | (frofBovine pancreas an
enzyme that randomly breaks down DNA strands at their phos-
phodiester bonds.After hybridization with the complementary
strand in the same manner as beforeul0of 10 mg/mL DNase

d with 5 mM MgCI, was added on the film. As decomposition by

the enzyme occurred, the resistance recovered in 40 min to the
value before hybridization. Little resistance change observed in the
absence of Mg indicated that the recovery was due to the
enzymatic decomposition of DNA. Although the ionic strength of
the solution decreased ca. 7 times due to the dilution caused by
ghe addition of the enzyme solution, the resistance does not change
appreciably in this range of the ionic strengthQ(05 €2).

In summary, a nanogapped particle film has been successfully
applied for fabricating a label-free DNA sensing device, which can
amplify a single base pair mismatch required in an SNP diagnosis.
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