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1. INTRODUCTION
DNA, or deoxyribonucleic acid, encodes the architecture
and function of cells in all living organisms. DNA, shown
in Figure 1, is made of a sequence of four bases: thymine
(T), cytosine (C), adenine (A), and guanine (G) (see Fig. 2
for a schematic of each base), attached to a phosphate-sugar
backbone. Any particular sequence forms a single strand of
DNA. Two strands may come together through hydrogen
bonding of the bases A with T (AT) and G with C (GC).
This forms the double helix structure discovered by Watson
and Crick [1].
Apart from its fundamental role in defining the genetic

code of living organisms, DNA’s electronic and self-assembly
properties have been the subject of much investigation over
the past decade. Both properties bear enormous importance
in understanding the functionalities of DNA in living cells
and indicate that DNA could be of use in nanoscience. On
the one hand, the transport properties of DNA are of inter-
est in several disciplines because of their relevance to dam-
age and mutation in DNA [2–13]. On the other hand, the
use of molecules and nanomaterials to develop new ways of
detecting, manipulating, and sequencing DNA is being pur-
sued [14–25]. The charge transport properties of DNA are
central to such developments. For instance, electrochemi-
cal detection of structural changes, due to protein binding
or base mismatches, is currently being examined [26–34]. It
has also been suggested that new read-out schemes on DNA
chips [35], which can detect for the presence of different
DNA sequences, might exploit the electronic properties of

DNA [36]. Finally, understanding charge transport in DNA
can shed new light on the transport properties of other sys-
tems with �–� interactions, that is, molecular crystals and
discotic materials [37–39].
It was suggested early on that DNA could be a conductor

because of the formation of a �-band across the different
bases. Many researchers subsequently looked into this pos-
sibility [40–59]. �-stacking is important in the conducting
properties of several other organic molecules [60–65]. In the
early 1990s, the idea that DNA might conduct started to
be pursued with more vigor. When Murphy et al. [66] sug-
gested that electron transfer through DNA was responsible
for fluorescence quenching of an excited molecule, intense
debate was started over the charge transport properties of
DNA [36, 67–100].
Since these early investigations, many researchers have

looked at the transport properties of DNA and have found
that it behaves as a conductor, semiconductor, or insulator,
in what seems to be contradictory conclusions. The apparent
contradictions have been attributed to the large phase space
in which DNA can be prepared and probed (see, e.g., [36]).
Many experimental conditions and attributes of the specific
DNA used, including base sequence, length, orientation,
counterions, temperature, electrode contact, adsorption sur-
face, fluctuations, and so on, could affect its conducting
properties. As a consequence, although much progress has
been made, DNA’s transport properties are still in question.
Despite the debate on whether DNA conducts or not,

its self-assembly properties are being used to create novel
nanoscale structures. For instance, silver wires and palla-
dium wires were made using a DNA template [101, 102].
Devices that exploit DNA’s complex properties are currently
envisioned as transistors, biosensors, molecular memories,
and complex circuits [103–114].
In this chapter, we will discuss the research done in under-

standing charge transport in DNA, and the novel electronic
structures and devices that have been made using this impor-
tant biological molecule. This chapter is organized as fol-
lows: in Section 2, we discuss the complex structure of DNA
and the different DNA structures used in charge transport
experiments. In Section 3, we review the experiments that try
to identify the transport mechanism in DNA, both directly
and indirectly, and the different theoretical interpretations
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significantly alter the electronic properties of DNA, espe-
cially if charge transport is through a �-channel [89]. The
B-DNA is more stable than A-DNA in aqueous environ-
ments, due to water molecules that bind along the length
of the chain. There are many other forms of DNA, includ-
ing H-DNA, a triple helix whose formation is favored when
there is a single strand of all purine bases (A and G) and a
strand of all pyrimidine bases (C and T).
Single-stranded DNA has a mostly random structure.

However, in some parts of the single strand there can
be a secondary structure if self-complementary regions are
present. In these regions, the DNA can pair up with itself
and form a double helix.
A typical sequence of DNA used in charge transfer

experiments is �-DNA, which comes from a virus called
Phage Lambda. The sequence consists of about 50,000
base pairs, which gives a length of about 16 �m. This is
a complex sequence of DNA. Another natural sequence
of DNA used in such experiments is calf-thymus DNA.
Other common synthetic sequences of DNA are the homo-
geneous sequences, in which one strand is made of just
one nucleotide and the other of its complement. These
can either be poly(dG)–poly(dC) or poly(dA)–poly(dT). The
DNA sequence can be cut to the length required in the
experiment.
Finally, some experimental groups have used synthetic

DNA hairpins to perform fluorescence and charge trans-
fer measurements. Natural DNA hairpins are single strands
of DNA which fold back onto themselves due to a self-
complementary region. The synthetic DNA hairpins used
are two short complementary polynucleotides linked with a
fluorescent organic molecule, which stabilizes the structure.

3. CHARGE TRANSPORT IN DNA

3.1. Indirect Measurements of Charge
Transport in DNA

In the early 1990s, Murphy et al. suggested that charge is
transferred through DNA from an excited donor to an elec-
tron acceptor [66]. The donor and acceptor used in the
experiment were metal complexes intercalated in a 15-base
pair double-strand DNA. The intercalated donor complex
was photoexcited in solution; in the absence of the acceptor,
it would emit light. However, in the presence of the accep-
tor, the luminescence was found to be quenched at a high
rate, suggesting that DNA carries charge from the donor
to the acceptor. This was extraordinary since the estimated
distance that charge was supposed to travel was about 4 nm.
In similar experiments, Brun and Harriman et al. used

organic donors and acceptors [59, 115, 116]. They found
that charge-transfer rates drop off fast as the length of the
DNA increases; this is opposed to the findings of Murphy
et al. [66]. Later on, Lincoln et al. conducted experiments
with the metal complexes used by Murphy et al. [117] and
modeled the data. The results suggested that the metal
complexes must cooperatively bind onto the DNA, which
explains the fast rate of charge transfer and its small “dis-
tance dependence” [117, 118]. After these reports, more
experimental and theoretical research was done, adding to
the seemingly contradictory results [96–100].

The contradictory results were attributed to various fac-
tors, including base sequence and how the charge was
injected in the system (i.e., using intercalated metal com-
plexes rather than intercalated organic molecules, etc.).
More recent measurements [119, 120] were performed
under more controlled conditions, and the sequence depen-
dence of charge transfer has been systematically investi-
gated. In many of these experiments, holes were injected
into a GC pair; three GC pairs, with the G’s on one strand
(GGG), were the acceptors. The main findings are that
DNA transfers charge over long distances of up to hundreds
of angstroms [120]. However, the rate of transfer strongly
depends on the base sequence. The rate of charge transfer
between a hole injector (e.g., organic chromophore) and a
GC pair, separated by a small number of AT pairs, drops
off exponentially with the number of AT pairs. However, the
rate stays relatively constant with increasing number of AT
pairs when there are more than four AT pairs. This has been
attributed to a change of transfer mechanism from coherent
tunneling to hopping, which will be discussed in Section 3.3.
Henderson et al. covalently attached an anthraquinone

derivative to a 60-base pair DNA oligomer [121]. The
anthraquinone derivative was irradiated with ultraviolet
light, which produces a radical cation on the GC pair
attached to the quinone. The cation can then migrate down
the length of DNA, where there are GG sequences in sev-
eral places. The location of the charge can be detected as
strand scission at these places with treatment of piperidine.
This yields an exponential dependence of the charge trans-
fer up to about 18 nm of DNA length, with a very large
decay length.
Using stilbenedicarboxamide (SA) linked to a DNA hair-

pin, Lewis et al. examined the distance dependence of
charge transfer [73]. The experiment consisted of attaching
SA to the end of one sequence of T’s and one sequence of
A’s. A GC pair was substituted for one of the AT pairs. This
GC pair behaved as an acceptor. It was found that, if the
GC pair was directly attached to the SA, the fluorescence of
the photoexcited SA was quenched. If the GC pair moved
away from the SA, the quenching rate decreased. When the
GC pair had four AT pairs separating it from the SA, there
would be very little quenching. This suggests a strong dis-
tance dependence of the quenching rate when there are a
few AT pairs separating the donor and acceptor. However, it
was found that if there are long sequences of DNA with only
AT pairs, there would be thermal hopping through the AT
bridge. The A base would carry the holes since it has the sec-
ond smallest ionization potential [122]. Giese et al. observed
that the amount of charge on a GGG triplet transferred
across a bridge of n AT pairs decreases rapidly as the num-
ber of AT pairs increases from one to three [123]. However,
a further increase in the number of AT pairs would only
slightly reduce the amount of charge transferred [123–125].
This can be explained by the formation of the highest occu-
pied molecular orbital band across the AT pairs, which low-
ers the energy barrier for hole transfer. We will discuss this
mechanism in more detail in Section 3.3.
More recently, contactless measurements of the conduct-

ing properties of DNA have indicated that this molecule is
not a conductor [126–130]. These experiments have been
designed to minimize contact effects. The contacts could
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