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We determine, by using a tight-binding model Hamiltonian, the characteristic current–voltage (IxV) 
curves of a 5-methylated cytosine single strand poly-GC DNA-like finite segment, considering the methyl 
groups attached laterally to a random fraction of the cytosine basis. Striking, we found that the 
methylation significantly impacts the ohmic resistance (R) of the DNA-like segments, indicating that 
measurements of R can be used as a biosensor tool to probe the presence of anomalous methylation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Theoretical and experimental investigations of the electronic 
and optical properties of biological self-assembled systems have at-
tracted a great interest in recent years (for reviews see Refs. [1–3]). 
In general, within the context of molecular electronics, they 
present a wide range of different effects induced by the electric 
fields due to the unusual quality and quantity of their electric pa-
rameters, as well as a consequence of their chemical modifications. 
[4,5].

As a bold example, the nucleic acids (DNA and RNA) and the 
proteins are not only biologically important polymers but also ba-
sic functional materials, surpassing the conventional one in many 
aspects due to its unique transport properties [6,7]. However, the 
possible manipulation of these biopolymers via their charge trans-
port between two conducting electrodes is still a challenge open 
problem, with several possible applications in the field of nano-
electronic devices (for a review see Ref. [8]).

From the experimental point of view, some previous works 
have addressed the charge flow in DNA segments, unveiling im-
portant issues regarding their electrical conductivity [9–13]. On 
the other hand, theoretical investigations of the charge transport 
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in DNA are being made by using a quantum formalism based on 
a single electron tight-binding Hamiltonian exploring its distinct 
aspects [14–18]. Focusing on the DNA case, the model consider 
Watson–Crick pairs attached to the sugar-phosphate backbone con-
densed into a single nucleotide site. Although it was successful 
employed to describe numerous experimental data [8], it has some 
critical assessment [19]. A relevant consideration is the topology 
of the double-helix, which is not a rigid object, with the different 
constituents of DNA moving relative to each other presenting lin-
ear deformations of its structure in response to the charge arrival 
at this particular site (polaronic effects) [20].

In general lines, the DNA Hamiltonian is constructed by as-
suming that the transmission channels are along their longitudinal 
axis, consisting of a π -stacked array of DNA nucleobases formed by 
a symbolic sequence of a four letters alphabet, namely guanine (G), 
adenine (A), cytosine (C ) and thymine (T ) [21,22]. It is important 
to emphasize that under this formalism, the effective model of real 
DNA segments corresponds to a low-dimensional disordered struc-
ture. Therefore, the electronic eigenstates become localized due to 
the scattering by the intrinsic disorder (Anderson localization), re-
sulting in an insulator-like behavior [23].

Several mechanisms have been considered to provide a good 
understanding of the electronic transport properties of the DNA 
molecule, some of them related to the internal DNA correla-
tions [24,25]. For instance, the presence of long-range correlations 
within the disorder distribution can promote electronic delocal-
ization [26]. However, an instructive debate within the literature 
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suggests that the type of correlations present in real DNA segments 
is not strong enough to play a major role in their electronic trans-
port. Besides, disorder effects in synthetic DNA-segments can be 
minimized, opening up the way to tailor the electronic properties 
required to operate distinct device functions [27,28].

The focus of this work is on the investigation of the electronic 
charge transport properties in a poly-GC DNA segment. Specifi-
cally, we are interested to identify an electrical signature due to 
the presence of methyl groups randomly connected to the cyto-
sine nucleobases in this structure, the so-called 5-methylcytosine, 
a well-studied epigenetic pathway implicated in gene expression 
control and disease pathogenesis. Usually, the 5-methylcytosine-
based DNA methylation occurs through the covalent addition of a 
methyl group at the 5-carbon of the cytosine heterocyclic aromatic 
ring by an enzyme called DNA methyltransferase, a very important 
repressor of transcription in the human genome which contains 
over 60% repetitive DNA, much of which being transposable se-
quences of viral origin that are kept inactive in part by DNA methy-
lation [29,30]. Unfortunately, a growing number of human diseases 
have been found to be associated with aberrant DNA methylation, 
leading to new and fundamental insights about the roles played by 
DNA methylation and other epigenetic modifications on the human 
genome in the form of epigenetic marks that are heritable during 
cell division but do not alter the DNA sequence [31].

One of the most complex and challenging question is how to 
detect small methylation fractions along DNA segments. Consid-
ering that, we set up here a quantum Hamiltonian approach to 
describe electronically a finite poly-GC segment with a variable 
methylation fraction p and nearest-neighbor hopping terms, to nu-
merically compute its density of states, electronic transmittance 
profiles, and the current–voltage (IxV) characteristic curves, look-
ing for a kind of signature that can be useful for the development 
of nanodevices as diagnostics tools for methylation-related dis-
eases.

2. Theoretical model

Our theoretical model consists of a quantum one-dimensional 
tight-binding Hamiltonian describing a methylated single-strand 
poly-GC DNA sandwiched between two metallic electrodes, namely:

H =
∑

n

εn|n >< n| +
∑
(n,m)

tn,m(|n >< m| + c.c) + H L + H R . (1)

Here, εn represents the on-site energy related to the poly-GC seg-
ment, (n, m) represents a sum over nearest-neighbor sites, and 
tn,m is the hopping term between the poly-GC DNA basis. Also 
H L and H R mean the quantum Hamiltonian describing the left 
and right metallic electrodes, respectively. Following [32], we will 
consider these electrodes as metallic systems whose Hamiltoni-
ans have diagonal ionization energy term εE = 5.36 eV and non-
diagonal internal hopping tE = 12 eV. The coupling between the 
methylated single-strand poly-GC DNA and the semi-infinite metal-
lic electrodes is measured by a hopping amplitude tE P = 0.63 eV. 
The on-site distribution of the poly-GC segment is, from the the-
oretical point of view, an alternate sequence of cytosine (C ) and 
guanine (G) basis, whose ionization energies (hopping amplitudes) 
are εC = 8.87 eV and εG = 7.75 eV (tC G = 0.282 eV and tGC =
0.144 eV). The 5-methylcytosine-based DNA methylation, taking 
into account the attachment of methyl groups in the 5-carbon of a 
random fraction p of the cytosine basis, is characterized by an ion-
ization energy (hopping term) εM = 7.02 eV (tMG = 0.145 eV and 
tGM = 0.210 eV).

Having defined the Hamiltonian model, we now briefly describe 
the methodology employed to investigate the electronic transport 
in a finite methylated synthetic poly-GC DNA segment with N ba-
sis, starting from the calculation of the electronic density of states 

of long segments (D O S) by using the Dean’s method [33]. To do 
that, we solve the secular equation det(HGC − E I) = 0, where E is 
the eigenvalue, I is the identity operator, and HGC is the Hamilto-
nian of the methylated poly-GC DNA segment, i.e., the Hamiltonian 
of eq. (1) without the electrodes terms.

Defining a polynomial gm(E) (with m = 1, ..., N , N being the 
number of nucleobases), such that gN (E) = det(HGC − E I), the use 
of the co-factors method yields hm(E) = E −εM −t2

MG/hm−1, where 
hm = gm(E)/gm−1(E). The integrated density of states (I D O S) then 
follows by taking into account the signal changes in the set of the 
hm functions. Furthermore, the density of states (D O S) is thus 
obtained by using a simple direct numerical derivative D O S =
d(I D O S)/dE .

Due to the random nature of methylation of cytosine sites, the 
electronic eigenstates become exponentially localized (Anderson 
localization) on very long single strand DNA’s geometry, strongly 
suppressing its electronic transmission spectrum. However, finite 
transmission can still be achieved in shorter DNA’s segments as-
sociated to the presence of resonant states. In what follows, we 
will explore the electronic transmission spectra by considering a 
shorter DNA’s finite segment with N = 30 bases, closer to the real-
istic size of a DNA primer, which is a short single strand structure 
that serves as a starting point for the DNA synthesis. For such 
realistic DNA’s segments, the DOS is composed of a sequence of 
delta-like peaks signaling the eigenstates of the finite Hamiltonian 
matrix.

The transmission coefficient is computed by considering a plane 
wave being injected at one of the ends of the methylated poly-
GC single strand segment. The transmission coefficient T N (E), that 
gives the transmittance spectra through the chain and is related to 
the Landauer resistance, is then defined by [21]:

T N(E) = (4 − X2(E))

[
−X2(E)(P12P21 + 1)

+ X(E)(P11 −P22)(P12 −P21) +
∑

i, j=1,2

P2
i j + 2

]−1

,

(2)

where X(E) = (E − ε j)/t j , and Pi j are elements of the transfer 
matrix P = M(N + 1)M(N − 1) · · · M(2)M(1)M(0), with [34]

M( j) =
(

X(E) −t j−1/t j
1 0

)
. (3)

Here the matrix M( j) is computed using the methylated poly-GC 
segment. Also, M(0) and M(N +1) represent the local transfer ma-
trix related to the contacts at the ends of the poly-GC DNA model. 
For a given energy E , T N(E) measures the level of backscattering 
events for electrons (or holes) transport through the chain.

The transmission coefficient T N (E) is a useful quantity to de-
scribe the transport efficiency in quantum systems. However, from 
the experimental point of view, the electronic transport properties 
are more easily investigated by measuring their current–voltage 
(IxV) characteristics curves. The theoretical calculation of the IxV 
curves can be done by applying the Landauer–Büttiker formulation 
[35,36], i.e.:

I(V ) = 2e

h

+∞∫
−∞

T N(E)[ f L(E) − f R(E)]dE, (4)

where f L(R)(E) is the Fermi–Dirac distribution at the left (right) 
side of the electrodes, i.e.:

f L(R) =
[

exp [(E − E F ∓ eV /2)/kB T ] + 1
]−1

. (5)
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