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Complementary, single-strands of DNA (ssDNA), one bound to a gold electrode and the other to a gold
nanoparticle were hybridized on the surface to form a self-assembled, dsSDNA bridge between the two gold
contacts. The adsorption of a ssDNA monolayer at each gold interface eliminates non-specific interactions of

the dsDNA with the surface, allowing bridge formation only upon hybridization. The technique used, in addition
to providing a good electrical contact, offers topographical contrast between the gold nanoparticles and the
non-hybridized surface and enables accurate location of the bridge for the electrical measurements. Reproducible
AFM conductivity measurements have been performed and significant qualitative differences were detected
between conductivity in single- and double-strand DNA. The ssDNA was found to be insulating over a 4 eV
range between +2 V under the studied conditions, while the dSDNA, bound to the gold nanoparticle, behaves
like a wide band gap semiconductor and passes significant current outside of a 3 eV gap.

Introduction

While the primary biological function of DNA involves in-
formation storage and transfer, its unique structural properties
can be exploited to build up molecular device structures.
Amongst these characteristics are the specific and reversible
interaction of complementary sequences of DNA oligomers,
and the ease with which DNA can be synthesized and modified
to comprise different lengths or contain functional groups that
allow attachment to various surfaces.> However, an unsettled
issue pertinent to the construction of molecular devices is
precise determination of the electrical properties of DNA
oligomers, and how these properties depend on various para-
meters such as the DNA length and sequence and whether the
DNA is single or double stranded.

These issues were addressed in numerous studies by different
groups.® Nevertheless, the results presented so far are largely
inconsistent with each other, with DNA electrical behavior
characterized as either insulating,“’7 semi-conducting,8 con-
ducting,’!? or super-conducting.'® The reasons for this dis-
parity probably lie in the use of different DNA conformations,
configurations and experimental conditions. In addition, many
of the electrical measurements performed on long DNA oligo-
mers, were done with the DNA lying flat on the surface. The
interactions between the DNA and the surface (via either the ©
electrons of the bases, the phosphate groups or electrostatic
forces) may affect both the DNA conformation and its elec-
trical properties.'* Recently, a review of this work has high-
lighted the length dependence on the electrical properties of
DNA > In all cases in which the DNA displayed charge transfer
behavior, the DNA was less than 40 nm in length. When the
DNA was longer than 40 nm it acted as an insulator. Another
persistent problem in performing conduction experiments is
the nature of the contacts between the molecule and the
electrodes. In many of the studies the contact was only
physical, namely the DNA was lying on the electrodes. There-
fore some of the irreproducibility in the experiments could
stem from the ill-defined electrical contacts.!”

The experimental configuration described here was inspired
by the work of Cui et al. who developed a method for
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measuring conductivity of single molecules.'® They used thiol
groups at both extremities of alkyl chains to make chemical
bonds to a gold substrate on one end and a gold nanoparticle
on the other. Electrical contact to the gold nanoparticle was
made with a gold-coated atomic force microscopy tip. They
demonstrated that having a chemical bond between the mole-
cule and both electrodes is an essential condition to obtain
reproducible and reliable I~V characterization. In the ap-
proach presented here, we have utilized the fact that thiolated
ssDNA oligomers form self-assembled monolayers (SAMs) on
a gold substrate under appropriate adsorption conditions.!” "’
ssDNA can similarly be attached to gold nanoparticles through
the thiol bond.?® When the ssDNA on the nanoparticles is
complementary to that comprising the SAM on the flat gold
substrate, the two strands can hybridize to form a nanoparticle
—dsDNA-gold complex.?’ Therefore, the dsDNA oligomers
are bound on one end to the gold surface (bottom electrode)
while their outer ends are chemically bound to the gold
nanoparticles (top electrode) in symmetrical fashion.

By making a self-assembled monolayer of ssDNA oligomers,
we ensure that the dsDNA is not interacting with the substrate
through the bases or phosphate groups.'®'? In addition, the
thickness of the layer can be easily measured. Location of the
dsDNA is simplified due to the topographic contrast provided
by the distinctive gold nanoparticle features, and accuracy is
ensured as the gold colloids are only associated with the
hybridized DNA.

Following extensive characterization, we applied conduct-
ing-atomic force microscopy (c-AFM) to qualitatively investi-
gate the electrical properties of the sample. Results on the
characterization of the DNA monolayers are presented as well
as the conductivity measurements.

Experimental section
Gold substrate preparation

Gold evaporation onto silicon wafers: Polished n-type
single crystal (111) silicon wafers (MOTOROLA, resistance:
10-15 ©Q cm~2) were cleaned by boiling in ethanol (Merck,
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Pro-Analysis) twice for 20 min and dried under Nitrogen. The
wafers were immediately placed in an electron beam evapora-
tor (EDWARDS, AUTO 306, TURBO) equipped with a
thickness monitor (EDWARDS FTM7). The deposition was
carried out at a base pressure of 5 x 107° mbar. A 1 nm
chromium adhesive layer was deposited at a rate of 0.01 nm s~ .
The rate of the gold layer deposition (100 nm thick) was
0.01-0.03 nm s~ .

Prior to the DNA adsorption the gold substrates were first
rinsed twice in boiling ethanol for 20 min. After being dried
under nitrogen they were immersed in hot piranha solution
(3:1 H,SO4:H50,) for 10 min (CAUTION: Piranha solution
can react violently with organic material, and should be handled
with extreme caution. Piranha solution should not be stored in
tightly sealed containers). They were then thoroughly rinsed
with ultra pure water (Millipore, 18 MQ). Only substrates that
were perfectly wet by water were used in the DNA deposition.

Gold evaporation onto mica for AFM images and conduc-
tive AFM measurements: a 100 nm thick gold deposition was
carried out at base pressure of 5 x 10~ mbar on freshly cleav-
ed Mica (Ruby mica, ASTM V-1 quality, S&J TRADING
INC) at a rate of 0.01 nm s~ . Prior to the molecular adsorp-
tion, the gold surface was cleaned by passing the sample
through a flame with the gold facing up, followed by immer-
sion in ultra-pure water. The substrate is tested as above for
water wettability, and the flame treatment repeated if neces-
sary. The gold substrate is then dried under nitrogen and
placed into an empty test tube which is heated at 650 °C for
1 min in a flame. After the substrate has cooled down to
ambient temperature, the DNA deposition is performed. This
annealing procedure yields large, atomically smooth Au(111)
terraces, as verified by STM and AFM images (not shown).

DNA adsorption

Reduction of thiolated ssDNA. 3’ thiolated DNA oligonu-
cleotides were kept in their oxidized form-(CHj)3-S-S-(CH,);-
OH in order to protect the thiol group from undesired oxida-
tion products or dimerization. Prior to adsorption, the amount
of DNA needed for adsorption was incubated with 10 mM of
the reducing agent Tris(2-carboxyethyl) phosphine (TCEP) in
100 mM Tris-HCI, pH 7.5. The mixture was incubated at room
temperature for several hours to allow complete reduction of
the disulfide bond. The DNA samples were then passed
through a column (BioSpin 6, BioRad) pre-equilibrated with
the buffer used for the DNA adsorption (0.4 M NaH,PO,, pH
7.4). The high molecular weight DNA molecules were collected
in the flow through in adsorption buffer, while small molecular
weight species (TCEP and the reduction product HS-(CH,)-
OH, the latter may compete with the DNA for binding to the
gold) were captured on the spin columns. The final ssDNA
concentration was adjusted to 10 pM. The flow-through
samples were pipetted immediately onto the clean gold slides.
The DNA sequence used to form monolayer on the flat gold
surface was: 5-CAT-TAA-TGC-TAT-GCA-GAA-AAT-CTT-
AG-3'. The following complementary sequence was used to
form a monolayer on gold nanoparticles: 5'-CTA-AGA-TTT-
TCT-GCA-TAG-CAT-TAA-TG-3'.

ssDNA oligonucleotide adsorption on flat gold surfaces. 10 to
15 pl of the 10 uM reduced DNA solution was pipetted onto
the clean gold surface (either gold on silicon or gold on mica).
The gold samples were then placed in a sealed Petri dish at
100% relative humidity to avoid drying of the DNA solution.
After 2 h of adsorption the samples were rinsed by 20 min
incubation in the adsorption buffer. This rinsing procedure was
performed three times in order to remove excess DNA. The
samples were then thoroughly rinsed with sterile ultra-pure
water in order to remove excess salt remaining on the surface.
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Samples were kept in sterile ultra-pure water and were dried
under nitrogen just prior to characterization.

ssDNA adsorption on gold nanoparticles (GNP). The GNP
(Aldrich — nominal 10 + 3 nm diameter) were rinsed with
deionized water by two centrifugations at 8000 rcf. After the
water surfactant was removed, 200 pl of 10 uM of reduced
thiolated ssDNA diluted in sterile deionized water was added
to the GNP. The mixture was stirred overnight at room
temperature. Following incubation, the GNP were rinsed with
water and Tris (0.025 M)-NaCl (0.2 M pH 7.5) buffer by one
centrifugation cycle at 10 000 rcf. The GNP labeled ssDNA
(GNP-ssDNA) in 0.2 M buffer was agitated for 4 hours at
room temperature, followed by rinsing twice in Tris (0.025 M)—
NacCl (0.4 M). GNP-ssDNA solutions were kept in the same
buffer at 4 °C.

DNA hybridization on the surface

10 to 15 pl of the GNP-ssDNA diluted in a Tris (0.025 M)-
NacCl (0.4 M) buffer were dropped onto the ssDNA monolayer
on gold. The sample was then placed in a sealed Petri dish at
100%-relative humidity as above. After 12 h of incubation
each sample was rinsed three times for 20 min, with the Tris
(0.025 M)-NaCl (0.4 M pH 7.5) buffer to remove excess of
GNP-ssDNA. Prior to characterization, each sample was
rinsed with sterile deionized water to remove excess salt.

Radioactivity measurements

In order to characterize the density of the ssDNA on the
surface, radioactive phosphate was used to label the DNA
at its 5’ end, following a published procedure.?! After 2 h of
incubation the monolayers were rinsed by incubating 3 times
for 20 min in the adsorption buffer and 3 times for 20 min in
sterile water. The specific activity of each DNA sample is
defined as the amount of radiation produced by a mole of that
DNA. This number was determined by dropping 1 pl samples
of radioactive DNA on a gold reference slide. These calibration
samples were allowed to air dry without any washing, followed
by phosphor-imaging (BAS-2500, Fuji). The amount of pixels
at each spot was divided by the amount of pMoles pipetted,
yielding the specific activity of the samples.

AFM measurements

The monolayer was imaged in air under ambient conditions
(22 °C and 60% relative humidity) using a Digital Instruments
NS IIla Multimode AFM operating in Tapping Mode™. The
silicon probes (Olympus OTESP) used possessed a resonance
frequency of 280-380 kHz and a nominal force constant of 30
N m~'. For c-:AFM measurements an NT-MDT P47 Solver
was used. The conducting, Pt-coated silicon probes (Mikro-
Mash CSC12/Ti-Pt), had a range of force constants. The stiffer
of these cantilevers, possessing nominal spring constants of
0.4-2 N m ™' and resonance frequency of 60200 kHz could be
used in both contact and intermittent-contact modes (here,
intermittent-contact and Tapping Mode™ are used inter-
changeably).

In order to measure current flow between tip and sample, an
electrically conductive probe at the input of a current-voltage
amplifier is scanned over the DC-biased sample surface. Typi-
cally, this measurement is made in contact mode while the
feedback loop keeps the deflection of the cantilever and hence
tip-sample force constant. Measuring current when the oper-
ating mode is intermittent-contact is problematic: The current
amplifier is relatively slow and can only detect currents in the
time regime from DC up to several kHz. It is therefore not
useful for measuring an intermittent current which may exist
during the brief contact part of the cycle in intermittent-contact
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mode, for the probes used here with typical resonance frequen-
cies over 100 kHz. As described in more detail below, under
sufficiently low setpoint (larger average force), a pseudo-DC
current can be measured to give current mappings together
with the intermittent-contact image.

In addition to current mappings, c-AFM allows measure-
ment of local current—voltage (/~V) curves using the spectro-
scopy mode. These are performed at a single surface spot by
ramping the tip-surface bias while recording the current and
without any sideways motion of the tip which could cause
damage on the surface through shear.

Results and discussion
System characterization

In order to approach the idealized junction configuration
depicted in Fig. 1 several requirements have to be fulfilled:
The original ssDNA coverage on the surface should be dense
enough to prevent nonspecific interactions of the dsDNA
backbone with the metal after hybridization;'®!>*> however
it should be loose enough to allow efficient hybridization with
the complementary strand bound to the GNP.?* A well-defined
oligomer conformation at the surface requires binding through
the thiol linkage. The adsorbed ssDNA oligomers on the gold
substrates were characterized by AFM in tapping mode as well
as by radiolabeling.

The kinetics of thiolated ssSDNA adsorption on gold was
reported in previous works.!*?*?3 It was shown that the DNA
oligomers adsorb in a two-step process, the first 30 min of
adsorption are characterized by rapid adsorption, followed by
an adsorption, desorption and diffusion (ADD) stage.'” For
long adsorption times the ssDNA coverage corresponds to the
high coverage not suitable for the purpose of hybridization, as
the hybridization yield is highly dependent on the density of the
immobilized ssDNA.? Our radio-labeling experiments per-
formed with ssDNA 26 bases long indicated that a density
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Fig. 1 Schematic of a single-strand DNA (ssDNA) monolayer on
gold electrode and the double-strand DNA (dsDNA) bridge between
the gold substrate and the gold nanoparticle formed through hybridi-
zation.

of 3 &+ 0.4 x 10" molecules cm ™2 had been reached after 2 h
of adsorption, compared to 1.2 + 0.5 x 10'2 molecules cm™>
for the non-thiolated ssDNA. Hence, the non-specific binding
(nucleotide—gold interaction with no chemisorption via the
thiol group) corresponds to less than 4% of the adsorbed
DNA. Fig. 2 shows a 1 pm®> AFM image of a gold surface
exposed for 2 h to a 10 uM ssDNA solution in phosphate
buffer 0.4 M, pH 7.4. The surface is homogenous (Fig. 2a) and
displays close-packed protrusions with an apparent diameter
of 20 nm (Fig. 2b). The apparent diameter of the structure
reflects the size and shape of the tip. The peak to peak vertical
roughness indicated in the cross-section is ca. 1 nm. This
structure is consistent with an adsorbed monolayer film of
the oligonucleotides.?®’

Fig. 3 shows a 1 pm-wide image of the previous sample after
incubation of the ssDNA monolayer with the GNP labeled

1.0 nm

0.5 nm

nm

Fig. 2 (a) Tapping mode AFM (TM-AFM) scan of a pure ssDNA monolayer adsorbed on Au(111) on mica surface, xy scale 1 pm and z scale
8 nm. The adsorption time for the monolayer formation is 2 h. (b) Cross section of a 300 nm line segment revealing typical vertical roughness of 1 nm.
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Fig. 3 TM-AFM image of a ssDNA-modified gold substrate after
incubation with gold nanoparticle-labeled with the complementary
strand (Au-dsDNA-GNP). Average gold nanoparticle number density
=450 ym 2.

with the complementary ssDNA. This image was taken after
rinsing the surface with Tris—NaCl buffer for 1 hour, which is
sufficient to remove GNPs which are not bound by hybridiza-
tion. Initially, a brief rinse with water was performed to remove
the excess salt left on the surface from the buffer. Thus, the
number of gold particles detected on the surface reflects the
hybridization yield.?® In most of the cases the GNP density on
the surface was too high for the c-AFM measurements, where
isolated GNPs are needed. Further rinsing with water washes
off more GNPs by denaturing the double stranded DNA. After
5 min of rinsing, the GNP density corresponds to an average of
450 gold nanoparticles per 1 pm? suitable for our measure-
ments (Fig. 3). No agglomeration of the gold nanoparticles is
observed indicating that the non-specific interaction between
the ssDNA modified nanoparticles on the surface is minimized.
Control experiments, whereby the gold nanoparticles were
modified with non-complementary ssDNA strands, displayed
very few gold nanoparticles on the surface, on the order of 5
gold nanoparticles per pm? (see below). Here, the water rinse
was very brief to avoid washing away all the GNPs.

The mechanical stability of the bound GNPs provides a
further concern: a series of experiments (not shown) showed
that scanning in contact mode did not remove the ssDNA
monolayer adsorbed on the flat gold but completely swept
away the gold nanoparticles. The lateral force applied during
the contact mode scan was estimated to be several tens of nN.
This value is higher by over an order of magnitude from the
previously estimated 150 pN required for breaking the hybri-
dization in an isolated dsDNA molecule.® 3! These results
demonstrate why the conventional conductive AFM technique
performed with a constant contact force is not appropriate for
the measurements proposed here.

Conductivity measurements

To overcome the inability to use traditional contact mode
c-AFM measurements, intermittent-contact mode was used.
In order to perform conduction measurements within the time
response limitations of the current measurement, the setpoint
in the intermittent-contact mode was significantly reduced so
that during most of the oscillation cycle the tip was in contact
with the surface. The physical meaning of such experimental
conditions is that shear forces are eliminated since the tip lifts
briefly from the surface during each oscillation cycle, yet the
tip is in intimate contact with surface most of the time, so that
an averaged, DC current is measured. Although these
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Fig. 4 Intermittent-contact c-AFM image of the Au-dsDNA-GNP

sample using a conducting tip at a low setpoint; (a) height, (b) current
response at +2.8 V sample bias.

measurements allow a qualitative mapping of the conductivity,
the current magnitude is a complicated convolution of the
amplifier response time, frequency of oscillation, and unknown
time period of the contact. Therefore, the current magnitudes
shown in Figs. 4-6 cannot be compared with current magni-
tudes observed for /-V curves under constant contact force
(vide infra). Topography and current images of the ssDNA
monolayer incubated with the gold nanoparticles labeled with
the complementary strand are shown in Figs. 4a and 4b,
respectively. In the topography image one can easily distin-
guish 5 isolated gold nanoparticles bound to the flat gold
surface via the dsDNA. Here, the quality of the topography
images is degraded relative to Figs. 2 and 3 due to the extra tip
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Fig. 5 Intermittent-contact c-AFM image of a DNA-modified gold
substrate after incubation with gold nanoparticle-labeled non-comple-
mentary DNA; (a) height, average gold nanoparticle density = 2-3 per
500 x 500 nm?, (b) current response at a +2.8 V sample bias.
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Fig. 6 (a) TM-AFM image of a mixed ssDNA/6-mercaptohexanol monolayer on Au(111). The adsorption solution was composed of 50% of each
component at 10 pM concentration, scan size = 200 nm; (b) cross section of a 500 nm scan revealing domains with a difference in height of 2 nm; (c)
intermittent contact-c-AFM image of the mixed monolayer after incubation with 10 nm gold nanoparticle-labeled non-complementary ssDNA; i -

current response at +2.8 V sample bias, ii - height.

bulk caused by the metal coating. The corresponding current
image (Fig. 4b) shows that current flows only at locations of
the gold nanoparticles. In-between the gold nanoparticles no
current signal was recorded. As a control, the same experiment
was performed on a sample where the gold particles are coated
with non-complementary ssDNA (Fig. 5a). It can be seen that
there are less gold nanoparticles on the surface, compared to
the previous sample where the two DNA strands were com-
plementary (compare Fig. 5a to Fig. 3). In the corresponding
current image (Fig. 5b) no current was detected above the
noise level.

From the measurements displayed in Figs. 4 and 5, we
conclude that current is measured only when the GNPs are
labeled with a strand complementary to the one adsorbed on
the flat gold surface.

We now address the question of whether the DNA remains
double stranded under the conditions used for the AFM
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measurements. A stable dSDNA requires bound counter-ions
and water molecules as part of the helical structure. It has been
shown recently that these structural parameters hold even after
drying under desiccant.?? Since the present studies were per-
formed at ambient temperature with humidity reaching 60%, it
is safe to assume that enough water molecules and counter ions
are left to keep a helical structure. Furthermore, reports
concerning DNA characterization by STM under vacuum
show that one can clearly distinguish between single and
double stranded DNA.*® Finally, and most importantly, had
the DNA been denatured upon drying of the sample, there
would not have been such a difference in the current images of
complementary and non complementary GNPs.

We now consider the possibility that the current is ionic. In
the case of non-complementary oligomers (Fig. 5), in order not
to remove all the gold nanoparticles, the water rinsing was kept
to a minimum. Under these conditions, the amount of salt left

Phys. Chem. Chem. Phys., 2004, 6, 4459-4466
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from the buffer is higher than for the sample with the com-
plementary strands, where the rinsing was extensive. Because
we do not detect any current signal from the ssDNA mono-
layer at 60% humidity (with a few experiments at 40%
humidity showing similar behavior), it is therefore safe to
conclude that there is no ionic current. We can also rule out
direct tunneling between upper (tip) and lower (substrate)
electrodes as providing the difference between ss and dsDNA:
Considering the exponential dependence of tunneling current
on distance for a planar tunnel junction,** larger current would
imply a smaller barrier width for the dsDNA. In fact, the
measured distances are similar in the two cases, and the
thickness of the ssDNA monolayer, measured by ellipsometry,
was found to be 33 + 5 A, which presents an exceptionally wide
tunneling barrier. As a consequence, the current must be
transferred through the dsDNA strand.

To demonstrate that the absence of current is an intrinsic
property of the ssDNA and not due to changes in tip con-
ductivity, an additional control experiment was performed.
Measurements were made on a mixed monolayer formed by a
2 h immersion in a solution of 50% ssDNA and 50% 6-
mercaptohexanol at a total concentration of 10 pM. This film
exhibits clear domain separation into the two components as
seen in the height image and zoomed-in cross-section of Figs.
6a and 6b, with domains of the DNA oligomers rising about 2
nm higher than those of the 6-mercaptohexanol. Fig. 6¢c
presents topography and current images measured simulta-
neously with a conductive tip on this sample. The two gold
nanoparticles present on this surface are covered with the non-
complementary strands. Current is present in the domains of
the short thiols, but not on the ssDNA domains, as seen by the
correspondence of current flow (bright regions) with lower
topography. The current flow is by tunneling, as the height of a
6-mercaptohexanol oriented normal to the surface is only 8 A.
No current can be detected where the gold nanoparticles are
located on the surface. This control experiment further con-
firms that in order to detect any current flow, double stranded
DNA is required.

Although the above experiments show that the presence of
dsDNA is essential for current flow, they do not provide any
quantitative indication of the current or resistance of the
system. In order to obtain spectroscopic information on a
particular surface site, without brushing the gold particle away,
experiments were performed where a nanoparticle was first
centered in a small scan zone. The system was then trans-
formed smoothly from intermittent into contact mode without
any lateral motion which would disrupt the surface by shear.
Directly after making this soft contact, I~V spectroscopic
measurements were made. In Fig. 7 consecutive I~} curves
are shown, measured on one GNP bound to the gold substrate
through the hybridization process. The two consecutive -V
curves measured show significant current flow above a bias of
+1.5 V (Figs. 7a and 7b). At 2 V the current reaches 4 nA and
the resistance measured from the slope of the curve at 1.8 V is
ca. 0.4 GQ. Between £1 V the resistance is nearly two orders of
magnitude larger (ca. 10 GQ). This behavior was reproducible
for up to 6 consecutive /- measurements on a single GNP.

Considering the constraints placed on the number of DNA
molecules that can hybridize between the surface and the GNP
due to molecular length, monolayer height, and the size and
shape of the GNP, we can estimate an upper limit for the
number of molecules that form the bridge. Geometrically, it is
reasonable to estimate that only the bottom 1/3 of the total
area of the GNP is available for hybridization. This corre-
sponds to an area of 105 nm?, therefore for 100% hybridiza-
tion, 30 such DNA bridges could exist (3.33 nm? molecular
cross-section). In reality, the percent hybridizing will be much
lower: Peterson et al. found a maximum of less than 50% for
3 x 10'? probes cm™2.3° Here, the packing density is more than
ten times this value, and radioactivity measurements indicate

Phys. Chem. Chem. Phys., 2004, 6, 4459-4466

hybridization efficiencies of ca. 10% due to more stringent
space restrictions. Since the GNP introduces further steric
constraints, a maximum of 10% hybridization efficiency could
be considered. Thus the average number of dsDNA under each
GNP is ca. 3. Consequently, the current that flows through
individual dsDNA is between 0.2 and 1.4 nA per dsDNA at
voltage bias of 1.5-2 V. This result agrees well with previous,
preliminary values obtained for short oligomers in the experi-
ments of Porath er al.,> Watanabe et al.' and Shigematsu
et al.'' obtained under less stringent control of current path
and quality of molecular contact.

Identical I~V curves were also obtained when the measure-
ments were done on different gold nanoparticles on the same
sample and on different samples. The small current hysteresis
around 0 V is due to a capacitive coupling in the measuring
system, which is seen on all samples measured and varies with
the rate of the bias sweep.

The first I~V curve measured on a GNP often shows
insulating behavior between —2 and +2 V. This could be due
to slight contamination residues on the tip, which are removed
upon application of a voltage sweep,*® or penetration of the tip
into the ssDNA layer present on the GNP in order to make a
good electrical contact. Whereas this initial conditioning re-
sponse is assigned to improvement of the electrical contact
between the AFM tip and the GNP, the next 4-6 consecutive
measurements remain invariant, as represented in Figs. 7a and
7b, showing that no irreversible damage of the dsDNA bridge
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Fig. 7 (a, b) Consecutive /- curves characteristic of the Au-dsDNA-
GNP bridge measured by c-AFM (see text). (¢) I~V curve measured
directly on the ssDNA monolayer. Note the expanded current scale
relative to a, b.
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Fig. 8 (a) I-V curve obtained on the Au-dsDNA-GNP after 6 consecutive I~V scans (as measured in Fig. 7a,b). The current amplifier saturates
above 20 nA. Topography image and horizontal cross section of the GNP before (b) and after (c), the series of I~V curve measurements.

occurred at this stage. After this, the -V curve of Fig. 8a is
obtained, indicating a direct electrical contact between the tip
and the gold substrate, with resistance of ca. 3 MQ around 0 V
bias. This transition can be understood from the images of
Figs. 8b,c. Here, the topography and cross-section of the GNP
directly before (b) and just after (c) the 6 consecutive , I-V
curves were measured. The apparent height of the probed GNP
decreased from 10 to 4 nm. The current transition can thus be
ascribed to the force applied by the tip on the gold nanopar-
ticle, which pushes the nanoparticle till it touches the flat gold
surface. This topographical change could be an indicator for
damage to the dsDNA bridge. We are confident that this
damage occurs only after the I-V curves of Fig. 7a,b because
of the preliminary, repeatable experiments shown both in Figs.
4 and 5, and on the mixed monolayer described on the bottom
of page 13. In addition, we note the repeatability of the I~V
curves on the dsDNA, until the catastrophic failure seen in Fig.
8a. When comparable measurements are taken directly on the
ssDNA monolayer, no current is detected within the range of
+2 V (Fig. 7c) confirming the fact that the ssDNA monolayer,
is an insulator under the present experimental conditions.
This behavior was invariant for repeated I~V curves on the
same spot.

The results confirm that the detected current flows only
through the dsDNA. An exciting observation is that the sharp
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peaks in the conducting region are reproducibly obtained and
may point to distinct electronic states. This point is currently
under closer study.

Conclusion

This paper describes how the interaction between two com-
plementary DNA strands can be exploited in order to self-
assemble a DNA bridge between a flat gold surface and a gold
nanoparticle. A ssDNA is adsorbed onto the flat gold surface
while the complementary strand is chemisorbed onto the gold
nanoparticle. The final structure is formed through the hybri-
dization of the two single strands into a double strand. The
specific binding of functionalized dsDNA to both gold electro-
des is made via the chemical thiol-gold linkage.

After hybridization, the dsDNA molecules stretch away
from the surface within a monolayer of insulating ssDNA.
Therefore any non-specific interaction between the dsDNA
and the gold surface is sterically prevented by the ssDNA mono-
layer. This has enabled accurate, repeatable measurements of
the conductivity of isolated double stranded DNA molecules,
revealing meaningful differences between the conductivity of
single- and double-strand DNA. The ssDNA was found, under
the present experimental set-up, to be insulating over a 4 eV
range of £2 V, while the dsDNA passes significant current
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outside of a 3 eV gap. These results are in qualitative agreement
with the predicted gap in DNA.%’

The novel approach described here provides the opportunity
to investigate the influence of different parameters on DNA
charge transfer properties under experimentally repeatable
conditions. For example, as has been shown in previous
reports, the DNA length can dramatically modify the electrical
properties of the DNA by increasing the probability of defects
within the chain. Furthermore, one of the more exciting issues,
still requiring experimental quantification, is the influence that
the DNA base sequence has on its charge transfer properties.
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