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ABSTRACT Studying the structural and charge transport properties in DNA is important for
unraveling molecular scale processes and developing device applications of DNA molecules. Here we
study the effect of mechanical stretching-induced structural changes on charge transport in single DNA
molecules. The charge transport follows the hopping mechanism for DNA molecules with lengths
varying from 6 to 26 base pairs, but the conductance is highly sensitive to mechanical stretching,
showing an abrupt decrease at surprisingly short stretching distances and weak dependence on DNA
length. We attribute this force-induced conductance decrease to the breaking of hydrogen bonds in the
base pairs at the end of the sequence and describe the data with a mechanical model.
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tudying charge transport in DNA
S (dsDNA) is fundamental to understand-

ing relevant biological processes and
developing electronic devices with DNA
molecules.™® Evidence has shown that
charge transport in dsDNA molecules is
mediated by the 7—z stacking interactions
between neighboring base pairs.* ® These
m—m stacking interactions are sensitive to
structural changes in dsDNA molecules,
which can be induced by stretching the
molecules mechanically.'® '? Indeed, it has
been shown that DNA undergoes a structural
transition when mechanically stretched,*~"”
which has been attributed to either a re-
versible configuration change from native
form (B-DNA) to stretched form (S-DNA)
or irreversible force-induced melting.'®~2*
During both processes, the m—m stacking
interactions are expected to be seriously
disrupted, leading to a large change in the
charge transport of DNA. Despite the inten-
sive study of mechanical properties of DNA,
the effect of mechanical stretching on charge
transport in dsDNA molecules has not been
investigated.

Here we describe a study of mechanical
stretching effect on charge transport in
dsDNA molecules using a scanning tunneling
microscope (STM) break junction technique?
in the native aqueous environment of DNA.
The dsDNA molecules are terminated with
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linkers such that they can bridge between
the STM tip (gold) and substrate (gold)
electrodes. Separating the tip and substrate
electrodes, the dsDNA molecule is stretched
while the conductance is continuously mea-
sured. By analyzing the evolution of single-
molecule conductance during electrode
separation, the effect of the stretching transi-
tion on dsDNA conductance is studied for
dsDNA molecules with lengths varying from
6 base pairs (~2 nm) to 26 base pairs (~9 nm).
The dsDNA resistance is found to increase
linearly with the length, consistent with ther-
mally activated hopping transport,? in which
holes hop sequentially along the molecule
via the stacked base pairs. However, the
charge transport in DNA is highly sensitive
to mechanical stretching, showing an abrupt
decrease in conductance at surprisingly
short stretching distances, which is weakly
dependent on the molecular length. These
unexpected observations are attributed to a
force-induced melting mechanism?” and are
consistent with simulations®* and de Gennes'
DNA ladder model® for dsDNA mechanics.

RESULTS AND DISCUSSION

The dsDNA molecules studied here are
all self-complementary strands denoted
as 5-A(CG)yT-3' (N = 2—12). The thymine
and adenine bases at the 3’ and 5’ ends
(respectively) are used to prevent mismatch.
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Figure 1. dsDNA molecular conductance. (a) Cartoon illustrating the STM break junction experimental technique. The top
electrode is an STM tip, and the bottom electrode is an STM substrate. The tip contacts molecules bound to the substrate. The
current is measured while the tip is retracted. (b) Examples of conductance vs tip displacement curves for the 14 base pair
dsDNA molecule. Curves are offset on the x-axis for clarity. (c) Conductance histograms with Gaussian fittings for 5'-A(CG),T-
3/, 5'-A(CG)sT-3', and 5'-A(CG),,T-3' base pair (bottom to top, respectively). Red dotted line intended to guide the eye. (d)
Average resistance vs molecular length for all molecules studied. Red line is linear fitting intended to guide the eye. Inset

shows structure of molecules.

The dsDNA molecules are linked to the gold electrodes
(STM tip and substrate) through an alkanethiol linker,
which attaches to the deoxyribose ring at the 3’ end
(see Supporting Information). As a control experi-
ment, an amine linker is also studied (see Supporting
Information). Details of molecular preparation and
annealing are presented in the Methods section.

The experimental setup is illustrated in Figure 1a.
Briefly, a gold STM tip, coated with an insulation layer,
is brought into contact with a gold substrate in the
presence of the dsDNA molecule. A small bias voltage
applied between the tip and substrate causes a current
between the two electrodes when the separation
between them is small. The tip is then retracted while
the current is monitored. In the absence of a molecule
bridging the tip and substrate, the current decays
exponentially with tip retraction, as expected for a
tunnel junction. However, when a molecule bridges
the tip—substrate gap, a plateau is seen in the current
versus tip displacement, as shown in Figure 1b,
which represents a single-molecule bridging the tip—
substrate gap. Measuring the dependence of the
plateau current on stretching allows us to study the
effect of mechanical stretching on charge transport
in dsDNA. This process can be repeated thousands
of times, and statistical analysis of these current versus
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displacement curves results in a conductance histo-
gram, from which the most probable conductance for
a single molecule is determined (Figure 1c).

Figure 1d shows the dependence of the measured
dsDNA resistance (inverse of conductance) on molec-
ular length ranging from 6 to 26 base pairs. Over
this wide range of molecular length, the resistance is
linearly proportional to molecular length, indicating
a thermally activated hopping process.”® As opposed
to transport through the tunneling mechanism, which
has an exponential dependence on molecular length,
this hopping process is characterized by weak length
dependence, given by?®

Roc k_|_ + k_R + T (1)
where ki () is the charge transfer rate between the left
(right) electrode and the nearest molecular hopping
site and k is the charge transfer rate between hopping
sites on the molecular bridge. The ratio between the
interceptand slope in eq 1, (k" + kg ")k, measures
the relative importance of the contact, that is, hopping
between the electrodes and the nearest molecular
hopping sites. Equation 1 fits the experimental data
well, and the ratio between the intercept and slope
is ~40. This large value suggests that the resistance of
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Figure 2. Molecular junction stretching length. (a) Example conductance vs tip displacement curve for the dsDNA sequence
5'-S(CG),T-3/, illustrating the stretching length measurement technique. (b) Stretching length histogram with Gaussian fit
for octanedithiol. Arrow indicates peak position. (c—f) Stretching length histograms with Gaussian fit for 5'-A(CG),T-3/,
5'-A(CG)¢T-3/, 5'-A(CG)oT-3/, and 5'-A(CG);,T-3' molecules, respectively (dsDNA molecules have 6, 14, 20, and 26 base pairs,
respectively). Drawings of the respective molecular structures are inset to the histograms. Red dotted lines are intended to

guide the eye.

dsDNA, or the rate-limiting step, is determined by
the contact transfer rates, ki) and the base to base
transfer rate, k, is roughly 40 times more efficient. This
observation supports long-range charge transport in
DNA.30'31

The spring constants of dsDNA molecules studied
here range from ~0.5 to 0.1 N/m (for 6 base pairs to
26 base pairs, respectively),>? soft when compared to
the Au—Au bond (~8 N/m), which is known to be the
softest part of the thiol—gold linker.>® Thus, we expect
the dsDNA molecules, rather than the contacts, to be
substantially stretched when separating the two elec-
trodes apart. Considering the transport model above,
one would expect the conductance to decrease as the
dsDNA molecule is stretched because of the increase
in the distance between neighboring bases, which will
be accompanied by a decrease in electronic coupling.
Indeed, as can be seen in Figure 1b, a decrease in
conductance with tip displacement is observed upon
initial stretching in many dsDNA molecular junctions,
suggesting that initially the conductance change
with stretching is caused by the decrease in coupling
between neighboring bases. However, following the
initial slow conductance decrease, there is an abrupt
decrease in conductance, indicating a structural transi-
tion in the electrode—dsDNA—electrode junction.

Animportant parameter that characterizes the struc-
tural transition is the distance over which the junction
can be stretched before the abrupt decrease in con-
ductance or simply stretching length, as illustrated
in Figure 2a. As a control experiment, we first examine
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the stretching length for octanedithiol molecules, con-
sisting of a saturated carbon chain terminated with
two thiol linkers that bind to the tip and substrate
electrodes. Figure 2b shows that the stretching length
for octanedithiol follows a Gaussian distribution with
an average value of ~0.23 nm, close to the distance
required to break a gold atomic contact.>® Previous
studies have indeed shown that the Au—Au bond at
the contacts breaks first when stretching an octane-
dithiol junction.3* This is because the Au—Au bond is
the softest and weakest link in the octanedithiol
molecular junction. However, analysis of the stretching
length for dsDNA molecules yields several surprising
observations. First, as shown in Figure 2c, the average
stretching length is about 0.14 nm for a 6 base pair
dsDNA, much smaller than the length required for
breaking the Au—Au bond. This short stretching length
shows that, in the case of dsDNA, the thiol—gold linker
is not responsible for the abrupt decrease in conduc-
tance. Instead, the unique mechanical properties of
dsDNA must be responsible for the remarkable short
stretching length. To confirm this, we perform a second
control experiment by measuring the stretching length
of amine-terminated dsDNA molecules. The amine—
gold bond is much weaker than the thiol—gold bond
and for alkanedithiol molecules has been shown to
have much smaller step lengths.>® However, the mea-
sured stretching length of amine-terminated dsDNA is
similar to that of thiol-terminated dsDNA (see Support-
ing Information), confirming that the unanticipated
short step length is due to stretching the dsDNA
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molecule. The second surprising observation is that
the stretching length of dsDNA depends on molecular
length weakly (see Figure 2c—f). While dependence
on the molecular length is consistent with mechanical
stretching of the dsDNA, rather than the contacts,
the stretching length increases by only ~0.03 nm from
6 to 26 base pairs, which is counterintuitive based
on the following consideration. According to eq 1,
the mechanical stretching-induced resistance change
is proportional to molecular length (N) given by

ARo< (N —1)A% (2)
indicating that the stretching length scales with mo-
lecular length. This is in contradiction with the experi-
mental data, which reveal very little dependence of the
stretching length on molecular length.

The above model assumes that the mechanical
stretching is evenly distributed along the dsDNA chain,
which we believe is the reason for its discrepancy
with the experimental observations. Alternatively,
de Gennes?® developed a DNA ladder model to show
that the shear force in dsDNA molecules is distributed
over only a few base pairs at the end of the sequence
(Figure 3a). This way, if we assume that most of the
stretching takes place at the base pairs near the two
ends of the dsDNA molecule, the change in resistance
depends on both the base—base transfer rate (k) and
the electrode—base transfer rate (k, = kg = Keng) SO that
eq 2 can be rewritten as
v —3al

ARo< 2N
end k

3)

where the first term represents change in the resis-
tance due to the stretching of the end base pairs and
the second term is the change in the middle section
of the dsDNA. When the stretching is large enough, one
of the end base pairs ruptures first (the first term of eq 3),
causing the abrupt conductance decease observed
here. This model explains naturally the experimental
observations, as the stretching length is a measure of
the displacement needed to reach the threshold base
pair rupture force and is also supported by experiments,
simulations, and theories of mechanical properties of
dsDNA. For example, Hatch et al.?® used force spectros-
copy to show that the shear force is distributed mostly at
the end of dsDNA sequences. In addition, simulations by
Nath et al.%* recently showed that ~50% of the stretch-
ing was localized at the last base pairs at the ends.

On the basis of the above analysis, we use a spring-
in-series model, in which the end springs, representing
the end base pairs, have a smaller spring constant than
the middle. From this model, the stretching length can
be expressed as

2 N —
Az = { + 3}F (4)
Olend a
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Figure 3. Molecular length effect. (a) lllustration of the
evolution of dsDNA molecules during stretching using the
de Gennes model. From left to right, the molecular junction
is created (1), then stretching initially distorts the base pairs
in a non-uniform way (2) until the base pairs at the end
break, decreasing the conductance (3). (b) Average stretch-
ing length vs molecular length for dsDNA molecules studied
showing small increase with distance. Red line is fitting of
data to a spring-in-series model.

where 0 is the end base pair spring constant, aLis the
spring constant associated with the middle base pairs,
and F is the force applied to the molecule. In this
model, the measured stretching length is equal to Az
when the force reaches the threshold for breaking the
end base pairs, causing the abrupt decrease in con-
ductance. Figure 3b shows the measured stretching
length of dsDNA versus molecular length and fitting
of the experimental data to eq 4. The fitted ratio of
the spring constants between the different sections,
0/0eng, is found to be 70, agreeing with the assump-
tion that the end base pairs are much softer. Assuming
the spring constant for middle base pairs measured by
Noy et al.3? (~2.8 N/m per base pair), we find that the
force applied to the molecule when the conductance
decreases is ~3 pN. The threshold force estimated in
this way is in good agreement with the force required
to break the hydrogen bonds between base pairs, as
has been measured with force spectroscopy methods
by Hatch et al.?°

Based on the above model, the breaking of the
hydrogen bonds of the base pairs near the ends by
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the external shear force will abruptly decrease the
coupling between the dsDNA hopping sites and the
electrodes, resulting in a decrease in the electro-
de—molecule transfer rate (k. in eq 1) and a sudden
decrease in conductance. Thus, the stretching length
is a measure of the distance required to break the
end base pairs of the dsDNA molecule. The small tip
displacement required to achieve the abrupt decrease
in conductance and the weak dependence of stretch-
ing length on molecular length are a result of the
uneven distribution of the displacement across the
dsDNA molecule and the relatively weak hydrogen
bonds in the end base pairs.

To further ensure that the abrupt decrease in con-
ductance of dsDNA is caused by the rupture of the end
hydrogen bonds and not a structural transition in the
dsDNA molecule like the B—S transition, we developed
a method to stretch and compress single dsDNA
molecules repeatedly while monitoring conductance
(Figure 4). First the STM break junction method is used
to create a molecular junction and then stretch the
DNA molecule over a relative short distance, stopping
at a position marked by red circle in Figure 4a.>® After
the tip is pushed back toward the substrate (gray line)
to compress the molecule, it retracts again to stretch
the molecule (black line), by a distance greater than
0.15 nm, until it breaks down, as marked by a red arrow.
The tip is then pushed (gray line, Figure 4b) and
retracted (black line, Figure 4b) again. The experiment
shows that the conductance is reversible if stretching
the dsDNA over a short distance. However, the process
is irreversible if the molecule is stretched over a large
distance such that the abrupt conductance decrease
takes place.

The observation above is supported by statistical
analysis of ~50 measurements, plotted as a two-
dimensional histogram in Figure 4c, showing three
distinct sections. In the first section (“1"), the conduc-
tance changes exponentially with the tip—substrate
separation, signaling that the transport is dominated
by tunneling through the solvent when the tip is
extremely close to the substrate. Similar characteristics
for region | are found for other dsDNA molecules and
octanedithiol (see Supporting Information). The sec-
ond section (“II") is the plateau region, corresponding
to the formation and stretching of the molecular
junction. This plateau behavior is consistent with the
slowly decreasing conductance associated with the
initial elongation of the dsDNA molecules discussed
above, before the abrupt decrease in conductance.
Upon sufficient stretching, however, it enters the third
region (“lI"), in which the conductance decreases
abruptly and irreversibly. For a conformational B—S
transition, we would expect the conductance changes
to be reversible during the second compression/
stretching cycle.'®'93738 The lack of reversibility
further indicates that the process responsible for the
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Figure 4. Reversible stretching and compressing for
5’-A(CG)sT-3'. (a) Example conductance vs tip displacement
curve during the first compressing/stretching cycle. The red
dot signifies the starting position. The molecular junction is
then compressed (gray portion of curve) and stretched (black
portion of curve). Once pulled beyond the starting position,
the current drops, signifying the breaking of the dsDNA (red
arrow). (b) Second cycle of compress/stretch experiment
showing the compression (gray portion of curve) and stretch-
ing (black portion of curve) cycle. The drop in conductance
for dsDNA molecular junctions is irreversible, supporting the
force-induced melting model. (c) Two-dimensional logarithm
of conductance vs tip displacement histogram showing three
distinct regions of conductance behavior. The junction is
either compressed (1), stretched (ll), or broken (ll).

abrupt decrease in conductance is force-induced
melting of the hydrogen bonds in the end base pairs.

CONCLUSION

In summary, we have investigated the effect of
mechanical stretching on charge transport in dsDNA
in an agueous environment. The resistance of dsDNA is
found to be linearly proportional to molecular length
over a wide range, which supports the thermally acti-
vated hopping model, and the relatively small slope
indicates long-range charge transport in DNA. The dis-
tance over which a dsDNA can be stretched before an
abrupt decrease in the conductance is short and its
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dependence on molecular length is weak. Furthermore,
by repeatedly stretching and compressing the molecule,
we have found that the abrupt decrease in conductance
is an irreversible process. These observations indicate
that mechanical stretching in dsDNA is localized near
the ends of the molecule, and breaking of the hydrogen
bonds in the end base pairs is responsible for the

METHODS

DNA Sample Preparation. HPLC-purified oligonucleotide mol-
ecules used in this study were purchased from Integrated DNA
Technologies. The oligonucleotide samples under investigation
here ranged in length from 6 to 26 bases. The nucleic acid
sequence for the molecules studied is 5'-A-(CG)y-T-3/, where
N ranged from 2 to 12, and was purchased with a thiol linker
(3’-thiol modifier C3 S—S). This thiol linker was protected with
a mercaptopropanol disulfide group during shipment and
storage. Upon receipt of the samples, the oligonucleotides were
suspended in 18 MQ DI water for a concentration of 100 uM.
This sample was then stored at —20 °C. Prior to conductance
experiments, phosphate buffer solution (pH = 7.0) was prepared
with 100 mM Na* and 10 mM tris(2-carboxyethyl)phosphine
(TCEP) concentration. The target molecular sample was added
to this solution to reach an oligo concentration of 20 4M and
allowed to react for ~3 h at room temperature. The sample
was then transferred to a spin column (Roche Applied Science
quick spin column sephadex G-25) and centrifuged to remove
the TCEP and mercaptopropanol. Phosphate buffer (pH = 7.0)
containing 10 mM Mg?* was then added to the deprotected
sample to get a final oligo concentration of 10 uM. Mg** can
help prevent the formation of hairpin structures for long DNA
sequences, as was seen using 10% native polyacrylamide gel
electrophoresis (see Supporting Information). As a result, it was
not possible to measure conductance in samples longer than
14 bases without adding magnesium before annealing. The
samples were then annealed in a thermal cycler by heating to
95 °C and cooling gradually to 4 °C over 4 h. The samples were
kept at 4 °C until break junction measurements were per-
formed. All break junction experiments were performed in
phosphate buffer containing 10 mM Mg>" and 10 uM dsDNA
target molecule at room temperature.

STM Break Junction Sample Preparation and Measurement. The STM
substrates used here were prepared in-house by thermally
evaporating 1300 A of gold (99.9999% purity, Alfa Aesar) onto
freshly cleaved mica slides and annealed in vacuum to produce
Au(111) surfaces. These substrates were transferred into indivi-
dual vials and stored under vacuum until prior to measurement.
Prior to adding the sample, the substrates were flame-annealed
to clean and anneal the surface with a hydrogen flame. The STM
tips used were produced by mechanically cutting gold wire and
coating with Apiezon wax to reduce the leakage current during
measurements in the aqueous environment.

The break junction experiments were performed using
a Digital Instruments Nanoscope IIIA controller. A Molecular
Imaging STM head and scanner were used to collect current
and control tip motion. For all experiments described here,
the current preamplifier used had a gain of 10 nA/V and the
piezosensitivity in the z-axis was 3.9 nm/V. A custom-designed
Labview (National Instruments) program, installed on an external
computer, was used to perform the break junction experiments
and collect the data discussed in this report. During all break
junction and stretching—compression cycle experiments, the tip
was moved at a ramp rate of 5 V/s, resulting in a stretching rate
of ~20 nm/s. For break junction experiments, the STM tip was
approached to the surface until the measured current reached
the amplifier maximum (~100 nA). After reaching this current,
the tip was further extended toward the surface for ~30 ms in
order to make contact between the tip and surface. The tip was
then retracted while measuring the tip—substrate current to
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force-induced abrupt conductance decrease. Our results
are in good agreement with experiments, theories, and
simulations of mechanical properties of dsDNA. On the
basis of this model, we found that the shear force to
break the hydrogen bonds in the end base pairsis ~3 pN,
and the spring constants of the end base pairs are ~70
times softer than the those in the middle of the dsDNA.

produce conductance versus tip displacement curves. The
stretching—compression cycle experiments were carried out
using an algorithm to detect molecular junctions in real time,
which is described elsewhere 3 The stretching length is mea-
sured by processing the break junction data (conductance
vs tip displacement decay curves) in a home-built Labview
(National Instruments) program which measures the length of
the molecular conductance plateau within a preset range.
Molecular conductance histograms were constructed using all
conductance versus tip displacement curves which showed a
plateau; that is, the stretching length is not considered as
a selection parameter for the conductance histogram. In con-
structing the stretching length histogram, the plateau lengths
of molecular junctions which have conductance values within
the full width at half-maximum of the conductance histogram
are analyzed. The resulting stretching lengths for thousands
of molecular junctions were then added into a histogram.
Gaussian fittings for all histograms were performed in Origin
8.0 (OriginLab). Conductance and stretching length histograms
were measured at least three times for each molecule studied,
and the mean value among the different experiments was
used for the molecule conductance (stretching length), with
the standard deviation between different measurements used
as the error in Figures 1d and 3b.
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