PHYSICAL REVIEW E 73, 031925 (2006)

Single molecule study of DNA conductivity in aqueous environment
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The dc electrical conductivity of double stranded DNA is investigated experimentally. Single DNA mol-
ecules are manipulated with subpiconewton force and deposited on gold nanoelectrodes by optical traps. The
DNA is modified at its ends for specific bead attachments and along the chain to favor charge transfer between
the DNA base pair stack and the electrodes. For an electrode separation of 70 nm we find, in aqueous
environment, electrical resistances above 100 G() indicating that even for weak stretching the double helix is

almost insulating at this length scale.
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The question of electrical conduction through DNA mol-
ecules has recently attracted a lot of interest in biology as
well as in the field of molecular electronics. On the one hand,
charge transfer along the double helix chain is involved in
biological processes like oxidative damage or repairing of
DNA. On the other hand, DNA also appears as an attractive
candidate for molecular wiring, because sophisticated DNA
networks can be realized in a bottom-up approach, using self
assembling by complementary base pairing together with the
molecular biology toolkit for specific DNA preparation and
modification.

Several decades ago, it was suggested that double
stranded DNA could mediate charge transfer due to hybrid-
ization of orbitals between the stacked bases pairs [1]. While
biochemical and electrochemical studies have shown that
charge transfer occurs on short ranges of a few tens of na-
nometers [2], the long range intrinsic conductivity of DNA
still is a controversial subject. Published experimental results
range from insulating to conducting behavior [3]. Such dis-
crepancies may, at least partly, be due to the difficulty of
establishing a contact between the molecule and the elec-
trodes and of controlling the stretching state of the DNA
molecules. Stretching increases the base to base distance and
is thus expected to influence strongly the charge transfer
rates. We believe that the local environment of the DNA also
plays an important role. A recent scanning tunneling micros-
copy (STM) measurement in liquid shows that oligonucle-
otides with periodic sequences are moderatly conducting
with resistances in the range of 10 M() for the poly GC
sequence [4]. In dry or vacuum environments, two major
trends can be distinguished. Most of the electrical investiga-
tions have been carried out on DNA molecules adsorbed on
substrates (mica typically), and DNA is most often found to
be insulating, even in contactless experiments [5]. Such ad-
sorbed molecules result from molecular combing by a reced-
ing meniscus which exerts a high force leading to a signifi-
cant overstretching of the molecule [6], which could
drastically reduce the electronic overlap between the stacked
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bases. Some investigations have been done on DNA bundles
that are not adsorbed on the substrate but suspended between
electrodes; semiconducting behavior is then observed [7].
Such differences could reflect the fact that a too strong inter-
action of DNA with a substrate and/or a too strong stretching
of the molecule could inhibit its intrinsic conductivity, as
suggested by different groups [8-10].

Here we use optical trapping, a single molecule manipu-
lation technique which has been widely used to investigate
the elastic properties of DNA [11], to extend single DNA
molecules with a low calibrated force, and to deposit them
on gold nanoelectrodes for subsequent conductivity measure-
ments. By modifying the stretching force one can induce a
significant variation in the base to base distance and, hence,
in the electronic overlap between the stacked bases. In the
short range tunneling mechanism, the charge transfer rate
should decrease exponentially with the base to base distance.
Moreover, the applied force can also influence the conforma-
tional dynamics that is supposed to be responsible for long
range charge transfer in aqueous solutions [12].

As illustrated in Fig. 1, a double trap allows independent
manipulation of two beads attached to the opposite extremi-
ties of a single DNA molecule and precise alignment and
positioning across the electrodes. The same configuration
also allows for single molecule conductivity measurement in
four point geometry, eliminating the contribution of the con-
tact resistances. As the measurements are done in a liquid
environment, there is no drying step and therefore the
stretching imposed to the molecule is controlled and weak.

FIG. 1. Principle of the experiment. A single DNA molecule is
precisely positioned by optical trap micromanipulation on elec-
trodes under liquid, thus allowing for direct electrical measure-
ments. Disulfide groups are introduced along the chain to enhance
the electronic coupling to the electrodes.
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FIG. 2. Scanning electron microscopy (SEM) images of the gold
nanoelectrodes on oxidized silicon. The bars indicate the scales.
The 160 nm wide electrodes are separated by 70 nm gaps (see Ref.

[13]).

As the Si0, surface charge and the intrinsic charge of the
DNA molecule are of the same (negative) sign, the DNA
joining the electrodes is subject to an electrostatic repulsion
which preserves strong adsorption to this surface. The double
helix should therefore conserve its physiological B-helix
conformation.

The nanoelectrode samples used in this work each consist
of four gold fingers [length 1 wm, height 40 nm (including
the 8 nm attachment layer), width 160 nm], separated by
70 nm. The samples have been fabricated by metal deposi-
tion and electron beam lithography on silicon wafers covered
by a 100 nm SiO, oxide [13]. As shown in Fig. 2, the ar-
rangement of the four electrodes allows for four-contact
measurements. In order to manipulate DNA molecules above
such an opaque and microstructured surface, we developed a
double optical trap based on an upright microscope with a
fixed stage and a movable long working distance water im-
mersion objective allowing easy access to the electrodes. The
same objective is used for both trapping and imaging of
beads in an open fluid cell. Polarizing cubes permit one to
form two optical traps. The position of the first trap is con-
trolled by a piezomirror to adjust the lateral separation be-
tween the traps from O to 10 um. The laser beam defining
the second trap is imaged on a position sensitive detector to
measure the bead displacement in the trap which is propor-
tional to the stretching force applied to the molecule linking
the two beads. Trap calibration is performed by power spec-
trum analysis of the Brownian motion of a trapped bead. A
more detailed description of this setup can be found else-
where [14].

Thiol functionalization of the ends of small organic mol-
ecules is an efficient way to form strong chemical bonds as
well as good electrical contacts between the molecules and
gold surfaces [4,16]. In our experimental configuration with
a long DNA molecule we need to establish the electrical
contacts along the double strand. Therefore sulphur contain-
ing groups (thiol or disulfide groups) must be introduced
along the molecule. We prepared two types of ten kilobase
double stranded DNA (contour length L=3.3 um) by poly-
merase chain reaction (PCR). The unmodified DNA has at its
ends digoxygenin and biotin groups introduced by 5’ labeled
PCR primers. In addition to these terminal functionalizations
the modified DNA possesses a random lateral amine func-
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tionalization obtained by the incorporation of amine modi-
fied nucleotides during the enzymatic amplification [17]. Af-
ter coupling with a NHS-ester crosslinker which possesses
disulfide groups and reacts with the amines, the DNA be-
comes laterally functionalized with disulfide groups [18].

Two different tests have been carried out to verify that the
disulfide modified DNA sticks specifically on gold surfaces.
For both tests, the protocol was rigorously the same for the
modified DNA and the unmodified one (coupling with the
crosslinker, purification steps). The first test uses colorimet-
ric detection based on distance-dependent optical properties
of gold nanoparticles [19]. After mixing gold nanoparticles
and DNA, the color changes from pink to light purple with
modified DNA, evidencing gold nanoparticles bridging
through disulfide modified DNA, while the color remains
pink for unmodified DNA.

As a second test, we checked the adhesion on gold by
fluorescence microscopy at the single molecule level. A PB
buffer containing the DNA molecules tagged with YOYO-1
fluorophores is introduced by capillary forces between a gold
surface and a cover glass. With unmodified DNA, we ob-
serve that most of the molecules are aligned in the flow di-
rection, the remaining ones appearing as dots. In this case the
molecules stick to the gold surface by one extremity, either
through the digoxigenin protein or because the attachment of
the DNA’s extremities is easier than that of its inner parts
[20]. The molecules are then stretched by the flow and then
stick to the surface by their second end. DNA molecules
reaching the gold surface after the flow stops maintain their
random coil shape and appear as dots. With the modified
DNA, most of the molecules appear as dots. We attribute the
very poor stretching efficiency in this case to the specific
interaction between the disulfide groups and the Au surface.
The molecule sticks entirely as a random coil before being
significantly stretched.

The overall conclusion of these tests is that amine modi-
fied nucleotides are readily introduced within the DNA se-
quence during PCR, and the subsequent coupling efficiently
introduces along the chain disulfide groups which are acces-
sible for coupling to gold surfaces.

The DNA molecules (concentration 1 ng/ul) are incu-
bated for 3 h with 1 wm diameter silica beads coated with
streptavidin or antidigoxygenin. Then 4 ul are injected in a
200 uL volume of PB buffer (10 mM Na,HPO,, KH,PO,)
previously deposited on the gold electrodes. The sample is
observed under microscope and a pair of beads with corre-
lated movements is selected. Each bead is trapped in a dif-
ferent trap. The presence of the molecule linking the beads is
checked by measuring the force/extension curve of the mol-
ecule [14], as the trap to trap distance is increased. A typical
curve is shown in Fig. 3. By translating the sample holder
horizontally the molecule is positioned above the electrodes,
which appears out of focus in Fig. 4(a). The objective is
moved down until the beads touch the surface as shown in
Fig. 4(b). The traps are then turned off. Typically this depo-
sition process is performed with an extension x of 2 um.
This corresponds to a relative DNA extension of x/L=0.6
and a very low force of about 0.1 pN, i.e., the entropic re-
gime of polymer elasticity.

At a first glance a difficulty appears, namely in our ex-
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FIG. 3. Force vs extension curve of a single DNA molecule in
aqueous environment, measured with the double optical trap. The
dashed line shows a calculation based on a modified Marko-Siggia
wormlike chain model (see Ref. [15]), using the following fit pa-
rameters: a contour length of 3.5 um, a persistance length of
50 nm, and an elastic modulus of 1000 pN.

perimental geometry the probability for a DNA molecule to
encounter the electrode surface may be low since the radius
of the beads (R=0.5 um) strongly exceeds the electrode
height (2=40 nm). However, as shown by the following the-
oretical consideration, the room temperature thermal motion
of the DNA is expected to be sufficient to assure that the
central part of the extended molecule touches the surface on
a typical time scale of a few seconds, while the delay be-
tween the deposition and the conductivity measurement is
about 10 min.

We consider the case where the DNA molecule joins the
two beads at equatorial positions. This is the typical geom-
etry obtained after DNA trapping and extension, provided the
beads are sufficiently uniform in shape and scattering prop-
erties that the small torque (~0.1 pN 0.5 um=50 pN nm),
that develops when a molecule attached to a nonequatorial
point on a bead is extended, suffices to induce rotation in the
trap. If such rotation does not occur the situation is more
favorable for DNA electrode encounter to occur since then at
least one of the attachment points often is close to the sur-
face. Recently optical trapping of spherical beads was used
to form a plectonemic superhelix by DNA braiding at linear
forces of up to 30 pN [21]. With a compaction of at least
35 nm for each additional turn, this corresponds to a torque
above 30 pN 35 nm= 1000 pN nm, which suggests that also
in our case the beads do not rotate in the optical trap.

For the characteristic time 7 of our thermally activated
process we consider the relation

AG
= vexp(— kITT>, (1)

with an energy barrier of height AG and an attempt fre-
quency v. To touch the surface the DNA has to be extended
from the initial length L, to L:\/L§+4R2. For Ly=2 um,
R=0.5 um, F=0.1 pN, we get an extension of 240 nm and a
barrier height of AG=F (L-L,)=6ksT. To estimate the at-
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FIG. 4. Optical microscope images of the deposition of a mol-
ecule linking two beads on the electrodes. The beads are (a) later-
ally positioned above the electrodes which appear unfocused, then
(b) down translated to the surface. Because the beads are trapped
and imaged by the same objective, they are always in focus.

tempt frequency v, we use a hydrodynamical description of
the transverse excursion z(7) of the DNA,

0z 2R
—=F,=F—, 2
g&t ‘ L @

where ¢ is an effective friction coefficient for transverse mo-
tion of the DNA molecule and F, is the transverse compo-
nent of the fluctuating stretching force F. The friction coef-
ficient of a rigid rod (length L, diameter b) for motion
perpendicular to its axis, given by &, =47nL/In(L/b), can
be used to estimate the & value for the transverse DNA mo-
tion. For our 10 kb DNA we thus get £=1.85X 107 N s/m,
a value close to the result of 1.75X 107 that is obtained
when the value of 7 X 107 measured by Meiners and Quake
for N DNA single molecules (48 502 bp) is rescaled to our
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DNA length [22]. We evaluate Eq. (2) for an amplitude
Az=R and find

L
vl=Ar= &L 0.02 s. (3)
2F

From Eq. (1) we finally obtain the characteristic time
7=7.5s. This result indicates that the extended molecule
touches the surface on a time scale (seconds) that is short
compared to the delay between the deposition and the con-
ductivity measurement (about 10 min) and therefore suggests
that the reaction between the deposited DNA molecule and
the gold electrode can occur as anticipated. The presented
model is appropriate to estimate the DNA motion for the
experimentally used forces of 0.1 pN or above, but should
not be used in the zero force limit where the force is too
small to significantly perturb the molecule (in our case a few
femtonewtons or below).

We limit the voltage applied between two electrodes to
low values (60 mV rms) in order to avoid redox reactions at
the electrode/electrolyte interfaces which would otherwise
give rise to significant parasitic current and could ultimately
even destroy the electrodes. To circumvent the ionic conduc-
tivity of the electrolyte itself, we work at very low frequen-
cies using numeric lock-in techniques. In this case, the elec-
tric field in the volume of the liquid is completely screened
by the double layers close to the metallic surfaces. In other
words, the capacitive impedance due to the double layers on
the electrodes is much larger than the electrolyte bulk resis-
tance [23].

Prior to the introduction of DNA in the buffer, we
checked that below 100 Hz the device is essentially capaci-
tive (capacitance C about 0.6 nF) and that the current modu-
lus increases linearly with frequency f in the range
0.01-100 Hz. We choose to work at f=0.01 Hz to reduce
this capacitive current as much as possible (in the 10 pA
range) to get a better sensitivity. At these long time scales
(lock-in integration constant of 300 s), a small drift of the
device is observed. This drift being more important after the
cleaning step [24], the device is incubated overnight under
buffer to stabilize the electrochemical state of the surface.

The electrical measurements are first performed in the PB
buffer containing the molecular construction but prior to the
molecule deposition. The beads concentration is low enough
that a spontaneous deposition on the electrodes is unlikely.
Then a molecule is brought from the volume of the buffer
and deposited on the electrodes as explained above. The
electrical measurements follow immediately the deposition
process with unchanged experimental conditions (tempera-
ture, pH, ionic strength). As divalent magnesium is thought
to play a major role in the conduction of wet DNA [3], we
have performed these measurements either in a PB buffer or
in a PB buffer containing 1 mM of magnesium. We mea-
sured about 50 current-voltage characteristics. Typical char-
acteristics are shown in Fig. 5, with and without magnesium,
both preceeding or following the molecule deposition.
Within the experimental error, the current modulus is the
same with and without the deposited DNA molecule and the
current remains 90 deg out of phase with the voltage. There-
fore, even in the presence of magnesium, the deposition of
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FIG. 5. Two-contact I(V) characteristics measured at 0.01 Hz in
aqueous environment for the sample before and after deposition of
a DNA molecule. The buffer is either PB 1X or PB 1X with 1 mM
MgCl,. Current modulus (bottom) and current phase (top) are
presented.

the DNA molecule does not introduce any significant contri-
bution to the conductance of the device. We have also done
these measurements on unmodified DNA and find the same
result.

As any small contribution of DNA in current should ap-
pear in phase with the applied voltage, i.e., 90 deg out of
phase with the main capacitive current of the device, the
most sensitive experimental parameter is the phase. In Fig. 5
the phase remains equal to 90 deg within error bars of about
+5 deg. Therefore any variation of the phase larger than
5 deg should be clearly resolved experimentally. For our ex-
perimental parameters this corresponds to [27fC tan(5°) ]!
=300 GQ). We thus conclude that the dc-resistance of the
70 nm long DNA double strand is higher than 100 G() in
liquid [25]. We applied different stretching forces between
0.1 and 1 pN, but always observed such high resistance.
Since the electrical response is governed by the liquid and
not by the DNA molecule, the four probe configuration does
not provide an advantage in this high resistance regime.
Therefore two adjacent probes have been used in the mea-
surements.

It is interesting to compare our results with those obtained
in another configuration where the influence of the surface is
reduced, i.e., free-hanging DNA in air or in vacuum. For
10 nm long poly(G)-poly(C) DNA oligomers [26] a resis-
tance above 1 T() was measured at moderate bias, while the
current rises rapidly above a threshold of a few volts, indi-
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cating a large band gap semiconductor behavior. This high
voltage range cannot be investigated under liquid, since elec-
trochemical reactions at the electrodes must be avoided.
Conductance measurements performed in aqueous solution
on double stranded DNA oligomers of less than 5 nm in
length [4] have shown a resistance that increases linearly
with length for periodic (GC),, sequences (30 M) for n=7),
and a sharp increase of resistance for more complex
GCGC(AT),,GCGC sequences with an exponential
dependance on m (3 GQ for m=2). Our observation that
R>100 GQ for a 70 nm long random sequence is in agree-
ment with these results.

In conclusion, we have performed electrical measure-
ments on single DNA molecules in mild environmental con-
ditions. The molecule is maintained in aqueous environment
to preserve its helix B conformation. The molecule has been
gently elongated for deposition across the electrodes, but sig-
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nificant stretching which could affect the base stacking and
therefore the charge transfer through the coupling of the
bases-bonds is avoided. A statistical lateral functionalization
of the molecule has been done to optimize the electrical con-
tacts between the DNA molecule and the gold electrodes.
Under these experimental conditions, the molecule appears
to be insulating in aqueous environment (R> 100 G{) for a
70 nm distance).
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