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Charge Transport along the l-DNA Double Helix
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We have measured the conductivity s along the lambda phage DNA �l-DNA� double helix at mi-
crowave frequencies using lyophilized DNA in and also without a buffer. The conductivity is strongly
temperature dependent around room temperature with a crossover to a weakly temperature dependent
conductivity at low temperatures. Removal of the water mantle around the double helix leads to reduced
conductivity.

PACS numbers: 87.14.Gg, 72.80.Le
Electronic excitations and motion of electric charges are
well known to play a significant role in a wide range
of macromolecules of biological interest [1]. Electron
transfer involving the DNA double helix is thought to be
important in radiation damage and repair and in biosynthe-
sis; the double helix may mediate charge transfer between
different metal complexes [2–5]. Recent measurements
suggest long-range charge migration [6] with the implica-
tion that DNA can be viewed as a one dimensional (1D)
well conducting molecular wire. This notion nevertheless
has been questioned by recent charge injection experiments
conducted at low temperatures on oriented films [7].

Early attempts to measure the conductivity of the DNA
double helix were performed on pressed pellets [8], and
the results are certainly influenced by charge transport be-
tween the DNA strands in close proximity to each other.
Two probe resistivity measurements on individual strands
have found that DNA is insulating [9] or highly conducting
[10]. These experiments were conducted at room tempera-
ture only, and there are unresolved questions concerning
contact effects and charge injection into the DNA helix. In
contrast, semiconducting behavior was observed for short
oligomers containing identical base pairs [11].

We have used a configuration which does not require
contacts to be attached to the specimen under study and
have measured the temperature dependence of the con-
ductivity associated with the DNA double helix at high
frequencies. The conductivity was evaluated from the
measured loss of highly sensitive resonant cavities oper-
ating at 12 and 100 GHz. The technique and the analysis
which leads to the evaluation of the conductivity from the
measured losses are well established [12]. The material is
placed in the high electric field region of the cavity and
the resulting change in the quality factor Q of the cavity is
measured. Q is inversely proportional to the loss W , and
the loss due to the specimen is evaluated from the change
(decrease) of Q upon the sample being inserted into the
cavity. We treat the DNA strands as thin wires, of 2 nm
diameter. For randomly oriented DNA strands placed in a
uniform electric field the loss W due to the motion of elec-
tric charges along the strands is, to a good approximation,
given by [12]
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where V is the volume of the conducting medium (see be-
low), E0 is the time averaged applied ac field at the position
of the sample, the factor of 1

3 results from a geometrical
average of random orientations of the DNA segments with
respect to the direction of the applied uniform electric field,
and s refers to the real part of the complex conductivity.
Equation (1) was verified by measuring the conductivity of
randomly oriented multiwall carbon nanotubes with known
dc conductivities.

DNA specimens used in this study are lambda phage
DNA �l-DNA� extracted from E. coli and purchased from
Sigma-Aldrich and from BioLabs. The “DNA in buffer”
samples are DNA lyophilized in buffer [13], and the “dry
DNA” samples are purified DNA [14]. In addition, a
lyophilized buffer was also prepared and studied to account
for the buffer loss. The temperature dependence of the cav-
ity losses due to the dry DNA, DNA in buffer, and buffer
alone (at 12 and 100 GHz) are displayed in Fig. 1.

The magnitude of the conductivity of the DNA in buffer
was evaluated at 12 GHz in two different ways: (1) by
using Eq. (1), and calculating E0 from the known cavity
geometry and the position of the sample, and (2) by
comparing the measured loss with the loss measured for
a reference material, Qn�TCNQ�2, for which the electrical
conductivity is known and proceeds along the direction of
a chain structure [12]. We have assumed that the buffer
has the density of 1 g�cm3, while the buoyant density
of DNA is 1.7 g�cm3. The two methods lead to s �
1.3 �V cm�21 and s � 3.5 �V cm�21 with the average,
s � 2.4 �V cm�21 at room temperature. Because of geo-
metric constraints and the small sample size we have used,
we were able only to estimate the magnitude of the
conductivity at 100 GHz, and we have arrived at a
value identical, within a factor of 3, to the value quoted
above. We conclude therefore that the conductivity,
within our measurement accuracy, is independent of
the frequency or is only weakly frequency dependent
in the spectral range covered by us. Therefore we
have normalized the conductivity measured at 100 GHz
to the 12 GHz data. In dry DNA the magnitude of
© 2000 The American Physical Society
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FIG. 1. (a) Temperature dependence of the excess cavity loss
for the cavity loaded with the buffer material and the cavity
loaded with lyophilized l-DNA in buffer [13] measured at 12
and at 100 GHz. Buffer materials prepared in slightly different
ways all display temperature independent loss, but of somewhat
varying magnitude. (b) Temperature dependence of the excess
cavity loss for a cavity loaded with dry l-DNA [14] measured
at 12 and at 100 GHz.

the conductivity as evaluated by comparison with the
reference material N-Methyl Acridinium �TCNQ�2
[Qn�TCNQ�2] was found to be 0.7 �V cm�21 and
0.8 �V cm�21 at 12 GHz at room temperature for DNA
obtained from both Sigma-Aldrich and from BioLabs,
respectively, about 1 order of magnitude smaller than
the conductivity found for the DNA in buffer. For these
samples the calculated values are 0.4 �V cm�21 and
0.46 �V cm�21, respectively.

Assuming a helix diameter of 2R � 2 nm, the effective
cross section of a helix is A � pR2 � 3 3 10214 cm2

and the conductivity of 1 �V cm�21 leads to a resistance
of a (hypothetical) 6000 A long helix of approximately
R � 5 3 108 ohms, about 2 orders of magnitude larger
than the estimated (10) dc resistance of a DNA. A 17 mm
long l-DNA strand would have a resistance of 1010 ohms,
and would appear insulating in a dc measurement of a
single strand, in agreement with the findings of Ref. [9].

In Fig. 2 we display the conductivity of l-DNA, mea-
sured at the two different frequencies as the function of
inverse temperature, both for the dry DNA products and
FIG. 2. Conductivity of dry l-DNA and l-DNA in buffer ver-
sus inverse temperature as measured at 12 and at 100 GHz. The
magnitude of the conductivity was determined at 12 GHz, and
the 100 GHz data were normalized to the 12 GHz results at
room temperature. The full lines are Eq. (2) with D values as
given in the figure and s0 values as given in the text.

for the DNA in buffer. Several aspects of the measured
conductivity are of importance. First, as discussed above
s is only weakly frequency dependent over a broad spec-
tral range. Second, the overall temperature dependence is
suggestive of two contributions to the transport, a weakly
temperature dependent response at low and a strongly
temperature dependent contribution at high temperatures.
Third, the magnitude of the conductivity at room tempera-
ture and above depends on the chemical surroundings of
the double helix with a buffer environment leading to larger
conductivity.

Several channels may contribute to the charge transport
along the DNA double helix; they include electronic con-
duction along the base pair sequences, ionic conduction
associated with the counterions, and loss due to dipole
orientation processes in the water mantle surrounding the
double helix. While mobile counterions may contribute
to the conductivity at low temperatures, where the con-
ductivity is low and is weakly temperature dependent, the
absence of buildup of charge polarization upon current
flow across the specimens [8] together with the high and
strongly temperature dependent conductivity argue for an
electronic transport mechanism at and around room tem-
perature. The positions of the water molecules in the
layer surrounding the DNA duplex are determined by the
electrostatic interactions between the dipoles and the sur-
rounding charges located on the counterions and on the
phosphate-sugar backbone. Because of these interactions,
the dipole orientations are fixed and losses due to their mo-
tion is unlikely. We conjecture therefore that the loss we
measure is associated with the motion of electronic charges
along the DNA double helix.

Electronic charge transport occurs primarily along
one direction in a variety of materials, and in Fig. 3 we
compare our findings with the electrical conductivity of
1565



VOLUME 85, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 14 AUGUST 2000
FIG. 3. Conductivity of l-DNA versus the inverse temperature
as measured at 12 and 100 GHz, together with the electrical
conductivity of several organic linear chain compounds and an
inorganic superionic conductor.

several organic and ionic so-called linear chain compounds
where the conduction process occurs along linear stacks
of molecules. Tetramethyltetraseleno fulvalene-ClO4,
�TMTSF�2ClO4, is an organic metal [15] with one of the
highest electronic conductivities of any organic conductor
along the direction of the stacking axis of the TMTSF
molecules. In quinolinium�tetracyanoquinodimethan�2,
Qn�TCNQ�2, the conduction process is determined by the
randomly positioned counterions which lead to random
electrostatic potentials along the TCNQ chains and to
an unusual temperature dependence of the conductivity
[16]. NMeAd�TCNQ�2 is an organic small band gap
semiconductor [17], where the temperature dependence
of the electrical conductivity is determined by excitations
across a single particle band gap of D � 0.047 eV.
�CH�x refers to a highly doped polyacetilene �CH�x

polymer [18] where the conduction is also determined by
the dopant carriers and by the random dopant potentials
introduced by doping. In all these cases conduction is
due to motion of electrons, and in the temperature range
displayed the conductivity measured at dc is the same as
or close to the conductivity measured at microwave fre-
quencies with little or no frequency dependence observed.
Finally, the inorganic compound K1.54Mg0.77Ti7.23O16,
called Hollandite, is a superionic conductor where the
conductivity is due to motion of highly mobile Li ions
1566
in a one-dimensional channel [19]. In this latter case the
conductivity is strongly frequency dependent.

The conductivity of l-DNA at low temperature is com-
parable to that of a good ionic conductor, and thus, ionic
conduction due to counterions may be the primary contri-
bution to the conductivity also in case of the double he-
lix. Such ionic conduction, however, cannot account for a
strongly temperature dependent and large conductivity we
observe around room temperature and above. As in several
other 1D conductors, here we find that the conductivity is
well described by the form

s � s0e2�D�2kT�, (2)
which implies temperature driven charge transport pro-
cesses. A fit to the experimental data, given by the
full lines in Fig. 2, lead to D � 0.33 eV and s0 �
1.2 3 103 �V cm�21 for l-DNA in a buffer environment,
and D � 0.3 eV and s0 � 1.9 3 102 �V cm�21 for the
dry l-DNA. The prefactor s0 found for DNA in buffer
is comparable to what is observed for several organic
semiconductors, shown in Fig. 3, where the exponential
temperature dependence is due to carrier excitations
across single particle gaps or is due to temperature driven
hopping transport processes.

Various models have been proposed to describe charge
transfer and charge transport along the DNA double helix.
First, our findings rule out simple tunneling as the source
of charge propagation [20] as tunneling would lead to tem-
perature independent electron transfer rates, and conduc-
tion. There are several mechanisms which would lead to
strongly temperature dependent electron transport. One
possibility is that there is an energy gap for single particle
charge excitations which are responsible for the electric
current, with the magnitude of the gap determined either
by band structure (band semiconductor) or interaction ef-
fects [21]. Because of the inherent one dimensionality of
the problem, fluctuations are expected to turn a well de-
fined, sharp gap into a smeared, so-called pseudogap [22]
but Eq. (2) remains a good approximation at high tempera-
tures. A simple semiconducting gap, however, is unlikely,
as the energy scale we find is significantly smaller than the
main absorption band of the DNA helix in solution, and
smaller than the HOMO-LUMO gap of 6 eV observed in
proteins in general. Alternatively, a behavior close to that
given by Eq. (2) would occur when phonon assisted po-
laron hopping [23] or base pair fluctuation limited trans-
port [24] is responsible for the conduction process. Given
the soft DNA chain such distortions are likely and the con-
sequences have to be explored in detail. Neither of these
models address the issue of the origin of charges respon-
sible for the conductivity, and these models also do not
take into account the inherent disorder associated with the
random base sequences, and also the random potentials
along the DNA double helix arising from the randomly
positioned positively charged counterions. Such disorder
may have several consequences. First, it may introduce
(charged) impurity states into the base pair stacks— these
may be responsible for the availability of charges for the
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conduction process. Second, it is well established that all
electron states are localized by disorder [25] and the con-
duction under such circumstances proceeds by thermally
assisted hopping trough random barriers [26]. At high tem-
peratures hopping occurs between nearest neighbor sites
and Eq. (2) is a good approximation [25], with the “gap”
reflecting the magnitude of the average of random poten-
tials. Using a model with localized electron states, the
charge transport along the DNA helix was calculated re-
cently [27], assuming random transfer integrals along the
helix, representing random base pair sequences. While the
magnitude calculated is in excellent agreement with the
room temperature value we measure, it remains to be seen
whether such calculation leads also to the temperature de-
pendence found by us. The different magnitude of the
conductivity observed for the DNA in buffer and in a dry
environment is in broad agreement with this conjecture.
DNA in a buffer is in a water rich environment, while for
the dry DNA studied by us, there are approximately five
water molecules per base pair [14]. The different water
content also leads to different DNA modifications, and also
different amounts of disorder along the double helix, with
more disorder—and consequently more effective charge
localization, and thus smaller conductivity— in a dry en-
vironment [28].

Finally, some comments on other measurements of the
charge transport are in order. The DNA duplex with
random base pair sequences and significant coiling we
have investigated is fundamentally different from the short
oligomer (built of identical base pairs) studied by Porath
et al. [11] for which band theory may apply. Second, in
view of this disorder the dc conductivity may be orders of
magnitude smaller than the transport as measured at high
frequencies. In addition to these differences, it is impor-
tant to recognize that, in view of the one dimensionality
of the charge transport, the conductivity is expected to
be extremely sensitive to imperfections, and to the local
surroundings of the DNA helix. One expects therefore a
large variation of the conductivity from different DNA ex-
tractions and origins. Experiments involving other DNA
helixes, counterion exchange, DNA intercalation, and in-
tentional damage through irradiation are expected to shed
further light into the conduction process, and such experi-
ments are underway.
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