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ABSTRACT: In this work, we report a novel strategy to construct
highly efficient molecular diodes using oxidatively damaged DNA
molecules. Being exposed to several endogenous and exogenous
events, DNA suffers from constant oxidative damage, leading to the
oxidation of guanine to 8-oxoguanine (8oxoG). Here, we study the
charge migration properties of native and oxidatively damaged
DNA using a multiscale multiconfigurational methodology
comprising molecular dynamics, density functional theory, and
kinetic Monte Carlo simulations. We perform a comprehensive
study to understand the effect of different concentrations and
locations of 8oxoG in a dsDNA sequence on its charge-transport
properties and find tunable rectifier properties having potential
applications in molecular electronics such as molecular switches and
molecular rectifiers. We also discover the negative differential resistance properties of the fully oxidized Drew−Dickerson sequence.
The presence of 8oxoG guanine leads to the trapping of charge, thus operating as a charge sink, which reveals how oxidized guanine
saves the rest of the genome from further oxidative damage.

1. INTRODUCTION

Recent advances in the field of molecular electronics have
revealed several fascinating phenomena of the quantum-
mechanical tunneling regime, such as negative differential
resistance (NDR),1,2 molecular rectification,3,4 thermoelectric
effects,5 and quantum interference.5,6 The idea of molecular
rectification was first anticipated by Aviram and Ratner in
1974.7 Molecular rectifier devices display asymmetric current−
voltage characteristics (I−V characteristic curves) by favoring
the charge current in one direction and disfavoring the current
in the reverse direction. The ratio of the current in forward
bias, that is, at a positive voltage [I(V)] to the current in
reverse bias; that is, at a negative voltage of the same
magnitude, [I(−V)] is defined as the rectification ratio (RR),
which is generally used to determine the efficiency of a rectifier
device.8 A molecular device with a higher RR is considered to
be an efficient rectifier. The RR can vary as the applied voltage
increases across an asymmetric molecular system. A plethora of
research works have been done to improve the RR of
molecular devices.3,5,9−13 The rectifying properties of mole-
cules are usually induced using asymmetric molecule−
electrode couplings,14 using intercalations in molecular
systems9 or preparing asymmetric molecules.3 A molecular
diode with a high RR greater than 10 is difficult to form, and
only a few works3,4,15 have reported a RR > 102 to 103. In this
work, we demonstrate a strategy to obtain molecular rectifiers

with a record RR of as high as 6 orders of magnitude using
oxidatively damaged double-stranded (ds) DNA molecules.
In the quest for miniaturization of electronic devices,

dsDNA has emerged as a promising candidate to replace the
conventional materials,16−18 owing to its several unique
properties, such as sequence-dependent extensibility,19 self-
assembly characteristics, and multiple charge transport (CT)
mechanisms.20,21 Charge migration in dsDNA is a vast research
area leading to the development of several practical
applications, from the construction of nanoscale biosensors
to an enzymatic tool to detect damage in the ge-
nome.16,18,21−31 dsDNA molecules inevitably suffer from
oxidative damages by reactive oxidative species (ROS),32,33

causing several DNA lesions and diseases such as cancer, and
hold a huge biological significance.33−37 The conversion of
guanine to 8-oxoguanine (8oxoG) is one common defect
produced by the oxidative damage of dsDNA.32,38 These
oxidative DNA repair and damages are often light-induced, and
several efforts39−42 have been made using quantum-mechanical
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calculations to understand these UV-induced charge-transfer
processes in dsDNA components.
An increasing body of works has suggested that the presence

of 8oxoG in DNA sequences acts as a hole sink, which
biologically prevents the rest of the genome from further
damage.43,44 In this context, Burrows and co-workers41,45,46

have done a tremendous amount of work to understand the
mechanistic chemistry of guanine oxidation using free radical
oxidants that play a huge role in cellular chemistry and
highlight the self-repair property of 8oxoG containing DNA
fragments.41 A number of studies exist in the literature which
aim to understand the molecular and electronic structures of
oxidatively damaged dsDNA,45−50 but none of them provides
an account for the charge dynamics in oxidized dsDNA. This
makes the study of CT in oxidatively damaged dsDNA
immensely important. Through this work, our aim is to
enhance the fundamental understanding behind the CT
mechanism in oxidized dsDNA, which helps to understand
the physics behind several interesting physical phenomena
prevalent in nucleic acid systems, namely, rectification and
NDR. Here, we reveal the rectifying properties of oxidatively
damaged dsDNA molecules with a giant RR as high as 106.
Thus, we present a novel strategy to fabricate molecular
rectifiers using oxidatively damaged dsDNA molecules,
pushing forward the ever-developing field of molecular
electronics.
Using a multiscale multiconfigurational methodology

involving atomistic MD simulations, quantum-mechanical

density functional theory (DFT) calculations, and kinetic
Monte Carlo (KMC) simulations, we study the hole migration
phenomena in different 12 base pairs (bp) of native and
8oxoG-containing dsDNA sequences. By varying the concen-
tration and location of 8oxoG in the Drew−Dickerson
sequence, we report a RR of as high as 6 orders of magnitude.
In the next section, we describe the multiscale multiconfigura-
tional methodology employed to obtain the CT properties of
various nucleic acid systems in this study. This methodology
has been employed in several works18,20,51−54 and aided in
revealing several important aspects of CT in DNA systems.

2. METHODOLOGY

2.1. MD Simulation Details. To understand the variations
of CT properties in a dsDNA sequence when a guanine is
replaced by 8oxoG, we first simulate various biologically
relevant dsDNA sequences for 100 ns using all-atomistic MD
simulations using the AMBER18 software package,55 as shown
in Figure 1a−c. We study a 12 bp long poly-G sequence as an
extreme case where all and half of the guanine gets oxidized
Figure 1d. To study the effect of different concentrations and
locations of 8oxoG, we simulate a Drew−Dickerson sequence,
oxidized in various manners, as shown in Figure 1e. Such
controlled oxidation of guanines in dsDNA has been done in
various in vitro works to study their various biological
aspects.56,57 We build bare dsDNA in the B-form for 12 bp
poly-G [d-(GGGGGGGGGGGG)] and Drew−Dickerson
sequences [d-(CGCGAATTCGCG)] using the nucleic acid

Figure 1. Details of the systems studied in this work. (a) Atomistic model of 12 bp oxidatively damaged dsDNA solvated in water during the MD
simulations. For better clarity, water is shown as a continuous medium, rather than as an atomistic representation. (b) Atomic representation of
guanine and 12 bp native dsDNA, which due to external factors oxidize to (c) 7,8-dihydro-8-oxoguanine (8oxoG), leading to oxidatively damaged
dsDNA. (d,e) List of dsDNA sequences simulated in this study. The bold red O represents the replacement of guanine with 8oxoG.
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builder (NAB)58 tool. The oxidized guanine molecule is
prepared using the parameters provided in the work by Miller
et al.59 We then use the xleap module of the AMBER-
TOOLS1758 to solvate each complex in a large rectangular
box, ensuring a 15 Å solvation shell around the dsDNA
molecule in each direction molecule using the TIP3P60 water
model. Charge neutrality of the simulation box is maintained
by adding appropriate numbers of Na+ and Cl− ions, for which
Joung/Cheatham ion parameters61 are used.
The system is then energy-minimized using the steepest

descent method for 1000 steps, followed by 2000 steps of the
conjugate gradient method, keeping a strong harmonic
restraint of a force constant of 500 kcal mol−1 Å−2 on
dsDNA to allow the water molecules to equilibrate. Then, the
dsDNA is slowly released into the water by reducing the
harmonic restraint on it from 20 to 0 kcal mol−1 Å−2 in 5 cycles
of steepest descent minimization of 1000 steps each. After
energy minimization, the system is slowly heated to reach a
temperature of 300 K in 40 ps at a constant pressure of 1 bar.
To control the temperature, we use the Langevin thermostat,
with a collision frequency constant of 2.0 ps−1. The particle
mesh Ewald method62 (PME) is used to calculate electrostatic
interactions. A long-range cutoff of 10 Å was used for
nonbonding interactions during the MD simulations. The
NVT production run is then performed at a temperature of
300 K and pressure of 1 bar for 100 ns. We use the AMBER
ff99bsc0 and OL15 force fields for modeling dsDNA
molecules. The force-field parameters of 8oxoG are adapted
from the study by Miller et al.59 Bonds involving hydrogen
atoms are constrained using the SHAKE algorithm which
allowed the use of a 2 fs time step. The PMEMD module of
the AMBER1858 software is used for performing the MD
simulations.
2.2. Hopping Transport Calculations. In this work, the

semiclassical Marcus−Hush formalism20,63 is used to obtain
the I−V characteristics of the dsDNA system. In this theory,
CT is described as incoherent hopping of charge carriers
between charge hopping sites. Several previous theoretical and
experimental studies have shown that CT in dsDNA systems is
mediated through strong π−π stacking of nucleobases.18,20,22,64
Thus, we use DNA nucleobases as hopping sites in this work
by replacing the DNA backbone atoms with hydrogen atoms
for further calculations and optimizations. We use the nearest-
neighbor hopping model where a charge present at any
nucleobase other than the terminal bases has five available sites
to hop to, consisting of four hopping sites from two adjacent
base pairs and the complementary base of the present site.
In Marcus−Hush formalism, the charge hopping rate ωik

from the charge hopping site, i, to the hopping site, k, is given
by20,63

ω
π π

λ
λ

λ
=

| |
[−

Δ −J

h k T
G

k T

2
exp

( )
4ik

ik ik
2

B

2

B (1)

]where Jik is the electronic coupling, also called the transfer
integral, defined as

= <Ψ | |Ψ >J Hik
i

ik
k

(2)

Here, Ψi and Ψk are diabatic wave functions localized on the
sites i and k, respectively. Hik is the Hamiltonian for the two-
site system between which the charge transfer takes place. λ is
the reorganization energy. ΔGik is the free energy difference
(also known as site energy difference) between the two sites, h

is Planck’s constant, kB is the Boltzmann constant, and T is the
absolute temperature.
Previous studies have shown that the CT between two

nucleobases of dsDNA molecules is strongly dependent on
their relative positions and orientations.20,42 In our work, the
electronic couplings between all possible nearest-neighbor
charge hopping base pairs are computed for 100 different
nucleic acid configurations sampled from MD simulations to
account for the effect of dynamic disorder arising due to the
thermal fluctuations. These 100 different MD-simulated
snapshots have been taken from the last 4 ns of the 200 ns-
long MD simulation. To ensure that these configurations are
not correlated with each other, we take the DNA
configurations periodically keeping a time difference of 40
ps, which is higher than the correlation time of the base pair
dynamics.20 We then compute the electronic coupling for each
possible hopping between different nucleobases for each
chosen configuration using DFT and present the average I−
V characteristics in all the graphs.
The reorganization energy, λik, has two parts: inner-sphere

reorganization energy and outer-sphere reorganization energy.
The inner-sphere reorganization energy considers the change
in the nuclear degrees of freedom when the charge transfer
takes place between one charge hopping site to another. This is
defined as

λ = − + −U U U Uik i i k k
int nC nN cN cC

(3)

Ui
nC (Ui

cN) is the internal energy of a neutral (charged) base in
charged (neutral) state geometry.Ui

nN (Ui
cC) is the internal

energy of a neutral (charged) base in neutral (charged)-state
geometry.
To compute the four-point internal energy values (Ui

nN, Ui
cN,

Ui
nC, and Ui

cC) of eq 3, the isolated charge hopping sites are
first optimized to obtain the charged and neutral geometries.
Subsequently, the single-point energies of these configurations
are computed in the charged and neutral states using the
Gaussian09 software package, which can be incorporated in eq
3 to obtain the internal reorganization energy values. The
reorganization of the environment as the charge transfer occurs
is considered using the outer-sphere reorganization. This has
been taken as a parameter (0 eV) in our calculations as the
surrounding conditions for both native and oxidized dsDNA
are the same for all the calculations. It is noteworthy to
mention here that the reorganization energy computed using
this approach does not account for the interaction between
stacked nucleobases in different charged states, which may
affect the reorganization energy between two nucleobases to
some extent.
The total free energy difference between two hopping sites

also consists of two parts: internal site energy difference and
external energy difference. ΔGik

ext is the contribution due to the
external electric field, taken as the potential difference between
the two hopping sites in our calculations. We take uniform
distribution of potential between the base pairs; that is,
consecutive base pairs will have a potential difference of [V/(N
− 1)], while bases of the same pairs will have zero potential
difference, that is,
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Δ =
−

−
−

G
V

N

V
N

1
, for consecutive bases along the helical

axis of DNA along positive volt

0, for base pairs at the same level along helical axis

1
, for consecutive bases along the helical axis of

DNA or along negative volt.

ik
ext

(4)

N is the number of base pairs.
However,

Δ = − + −G U U U Uik i i k k
int cC nN cC nN

(5)

where Ui
cC(Ui

nN) is the internal energy of the base in the
charged (neutral) state and geometry.
The calculation of transfer integrals and reorganization

energies is performed using DFT, which has been carried out
at the M062X/6-31g(d) functional level of theory using the
Gaussian09 software package. The effect of solvation arising
due to the surrounding water medium of the base pairs is
considered using the polarizable continuum model65 (PCM) in
this work. We have used the integral equation formalism PCM
(IEFPCM) version of the PCM for the calculations. It is
noteworthy to mention here that explicit representation of the
surrounding environment has also been done using quantum
mechanics/molecular mechanics methods in the previous CT
studies of DNA.66,67 However, since both the native and

oxidized dsDNA are immersed in a charge-neutral TIP3P
water box of similar dimensions, their environment is similar.43

Thus, changing the method of the representative external
environment should not drastically affect the relative CT
properties of native and oxidized dsDNA. Therefore, we use an
implicit solvation method which has been demonstrated to
approximate the DNA environment with sufficient accuracy in
previous DNA CT works.20,68,69 The VOTCA-CTP54 software
package is used to calculate the transfer integral values for all
possible base pairs.

2.3. Kinetic Monte Carlo. Once we obtain all the hopping
rates, we employ the KMC algorithm to simulate the charge
dynamics of the system by solving the master equation
containing the probabilities of a charge hopping site to hold
charge. In this scheme, initially, a unit charge is assigned to a
random hopping site i, and this instant is taken as the initial
time, that is, t = 0. The waiting time is then computed using
the following relation

τ ω= − − rln( )i
1

1 (6)

Here, ωi = Σk=1
N ωik is the sum of all the hopping rates for the

sites available for charge present at site i to hop, n is the
number of charge hopping sites available for charge at site i, r1
represents a uniform random number between 0 and 1, and k
is the index for the available sites for hopping. Once the
waiting time is calculated, the total time is then updated as t = t
+ τ. To decide the site to which the charge has to hop to, the j

value for which ≤ω
ω

Σ r2
k ik is largest and r2 are chosen, where r2

Figure 2. (a) Schematic representation showing the oxidation of half and all guanines of the 12 bp poly-(G) sequence. (b) Average I−V
characteristics averaged over 100 morphologies of the native and oxidized poly-(G) DNA sequence computed using multiscale methodology. (c)
Occupation frequency of the hole at different nucleobases of dsDNA under (c) reverse bias and (d) forward bias. Clearly, 8oxoG acts as a
bottleneck for CT in half-oxidized dsDNA, explaining the I−V characteristics obtained in (b).
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is another uniform random number between 0 and 1. The
above condition ensures that the site k is chosen with
probability ω

ω
ik . After this, the position of the charge is updated

and the above process is repeated, providing the probabilities
for each site. The current is then found using the following
formula

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
∑ ∑ω ω ω ω= − − + −I e P P P P( ) ( )

i
b b i i ib

i
b b i i ibbp 1 1 1 2 2 2

(7)

Here, e is the unit electric charge, i stands for all the possible
hopping sites which are in the direction of flow of current, and
b1 and b2 are the base stacks of the base pair bp. Hence, the
mean current is average over all base pairs, I = <Ibp>.
Thus, our work employs a multiscale methodology to

compute the CT properties of dsDNA molecules, which can be
summarized as follows. We first perform a 200 ns-long MD
simulation to obtain the atomic morphologies of dsDNA
systems under aqueous conditions. From the last 4 ns of this
simulation, we choose 100 morphologies (atomic coordinates)
of the full dsDNA system. For each of this dsDNA
morphology, we then remove the backbone atoms and add
hydrogen atoms to complete the nucleobase valency. Thus, at
this stage, we have 100 different sets of arrangements of a
ladder-like structure of nucleobases between which the charge
can hop. After that, we employ the DFT method to compute
the hopping rate between the nearest-neighbor nucleobase
pairs. The Hamiltonian of the two-site systems and the diabatic
wave functions of the individual nucleobases mentioned in eq
2 are computed using these DFT calculations to obtain the
electronic coupling values. Once the hopping rates for each
possible charge hopping combination for each of the 100
morphologies is obtained using eq 1, we then use KMC
simulations to obtain the charge dynamics of each morphology.
Thus, we have 100 different I−V characteristics for each
studied dsDNA sequence. We then present the average of the
I−V characteristics for these 100 morphologies in the Results
section.

3. RESULTS

We have studied the 12 bp poly-G dsDNA sequence by
oxidizing all the guanine bases of the DNA chain in one case
while oxidizing only the middle half of the sequence in the
other case, as shown in Figure 2a. In this dsDNA sequence, we
find that the native dsDNA exhibits the highest conductance
relative to the oxidized dsDNA, while fully oxidized dsDNA
shows higher conductance than half-oxidized dsDNA. This can
be explained based on the charge dynamics in different DNA
sequences (Figure 2c,d). As shown in Figure 2c,d, the charge
gets trapped in the half-oxidized DNA at the point where the
charge must hop between the oxidized and the native guanine
base. However, for a native dsDNA or a fully oxidized DNA,
such consecutive sequence mismatch is not present. It is
precisely the emergence of this charge trapping in 8oxoG bases
what explains, from a molecular point of view, the lower
conductivity in half-oxidized poly-G dsDNA. Indeed, such
trapping of holes at the 8oxoG sites has been reported earlier
and has found a huge biological significance.70 Based on
experimental evidence, it has been demonstrated that the
8oxoG in the dsDNA sequence acts as a hole sink and saves
the rest of the genome from further oxidative damage.71 Our

comprehensive analysis based on KMC simulations shows that
the hole indeed gets trapped at the 8oxoG sites, giving rise to
the concomitant effect of lower conductivity in oxidized DNA.
The energetics of 8oxoG and native guanine bases are largely

responsible for the trapping of charge in oxidized dsDNA. To
verify this, we have computed and compared the reorganiza-
tion energy and the site energy differences of both guanine and
8oxoG with other nucleobases using the M062X level of theory
using the 6-31g(d) basis set. We find that 8oxoG requires
significantly higher reorganization energies and site energy
differences to hop to other nucleobases, compared to that
required for the native guanine for the same (Table 1). This

energy difference reduces the probability of hopping of
oxidized guanine, and hence, the charge gets trapped. To
make sure that this observation is not an artifact of the basis
sets used for the calculation of the energies, we use different
basis sets as shown in Table 1 and find that the relative trend
remains the same for the oxidized and native guanine
molecules.
Having built a thorough understanding of the charge

dynamics and energetics in native and oxidized dsDNA, we
then ask the question of whether this knowledge can be used
for molecular electronic applications. For this, we study the
Drew−Dickerson dsDNA sequence and replace the guanine
nucleobases at different locations and concentrations, as

Table 1. Reorganization Energy and Site Energy Difference
of Guanine and 8oxoG to Different Nucleobases for
Different Basis Sets

to A to T to C to G to O

basis set: 6-31 g(d)

reorganization
energy (in eV)

from G 0.615 0.595 0.502 0.684 0.678

from O 0.64 0.62 0.527 0.709 0.703

site energy difference
(in eV)

from G −0.408 −0.774 0.769 0.0 0.355

from O −0.763 1.129 −1.124 −0.355 0.0

basis set: 6-31 g(d,p)

reorganization
energy (in eV)

from G 0.57 0.59 0.49 0.66 0.66

from O 0.60 0.62 0.52 0.687 0.686

site energy difference
(in eV)

from G −0.41 −0.78 0.78 0.0 0.35

from O −0.77 1.13 −1.13 −0.35 0.0

basis set: 6-311++g(d,p)

reorganization
energy (in eV)

from G 0.56 0.61 0.52 0.66 0.67

from O 0.59 0.64 0.55 0.69 0.70

site energy difference
(in eV)

from G −0.38 −0.73 0.77 0.0 0.32

from O −0.7 1.05 −1.1 −0.32 0.0

basis set: cc-PVTZ

reorganization
energy (in eV)

from G 0.58 0.61 0.52 0.66 0.67

from O 0.61 0.64 0.55 0.69 0.70

site energy difference
(in eV)

from G −0.39 −0.77 0.8 0.0 0.33

from O −0.72 1.11 −1.13 −0.33 0.0

basis set: aug-cc-PVDZ

reorganization
energy (in eV)

from G 0.54 0.58 0.50 0.63 0.64

from O 0.59 0.61 0.53 0.67 0.67

site energy difference
(in eV)

from G −0.38 −0.74 0.78 0.0 0.32

from O −0.70 1.06 −1.1 −0.32 0.0
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explained in Figure 1e. We will now discuss the feasibility of
8oxoG to construct molecular rectifiers using Drew−Dickerson
dsDNA as a case study.
In Figure 3, we first study the effect of oxidation of a single

guanine nucleobase at different locations in Drew−Dickerson
dsDNA. In one case, we replace the second nucleobase from
the 5′ end of dsDNA with 8oxoG (Figure 3a), while in the
other case, the nucleobase at the 12th site is replaced (Figure
3e). Figure 3b,f shows the comparison of I−V characteristics of
native dsDNA with dsDNA oxidized at the 2nd and 12th sites,
respectively. We find strong rectification behavior in both the
cases. While the dsDNA oxidized at the 2nd site shows 3
orders of magnitude lower conductance (RR = 1.4 × 10−3) in
forward bias, a 12th-site oxidation in dsDNA leads to similar
dip in conductance in reverse bias (RR = 61.2). It is fascinating
to note here that oxidation in only a single guanine base of the
whole sequence leads to such drastic changes. The decrease in
the conductance certainly comes from the charge dynamics
and energetics of nucleobases, which is related to the hopping
rates near the 8oxoG bases. In Figures 3c,d,we compare the
charge dynamics in the second-site oxidized dsDNA and native
dsDNA for both forward and reverse biases. While the
probability of finding the charge at each site is similar in
reverse bias (Figure 3c), there is an uptick in the charge
occurrence at 8oxoG in forward bias (Figure 3d). This is
because in the case of oxidation at the second site, the
oxidation site is closer to the positive electrode in forward bias,
causing a disruption in the flow of holes through the dsDNA.

This increased occupation leads to a decrease in conductance
in second-site oxidation in forward bias. Similarly, for 12th site
oxidation, as the oxidized site is closer to the positive electrode
in reverse bias, the occupation frequency of charge is higher at
8oxoG in reverse bias (Figure 3g), leading to lesser
conductance in the reverse bias configuration. In the forward
bias, the occupation frequency graph is similar to that of native
dsDNA (Figure 3h), leading to a strong overall rectification
behavior in the circuit. Thus, by varying the position of
oxidation in dsDNA, one can obtain direction-dependent
rectification properties in single-molecular circuits made up of
dsDNA molecules.
To further check the effect of concentration of oxidation on

dsDNA CT properties, we replace the two guanine bases near
the 5′ end of one strand with 8oxoG (Figure 4a). Like the
single-oxidation case, upon inspecting the I−V characteristics,
one can immediately observe a very strong rectification
behavior in the oxidized dsDNA sequence with a high RR of
around 6 orders of magnitude at 1 V (RR = 7.8 × 10−6). This
RR is computed as the ratio of current at +1 V (in forward
bias) to the current at −1 V (in reverse bias). According to the
results shown in Figure 4b

+ = × −I( 1 V) 3.25 10 A18 (8)

− = × −I( 1 V) 0.4 10 A12 (9)

= +
−

= × −I
I

RR
( 1 V)
( 1 V)

7.8 10 6

(10)

Figure 3. Effect of single guanine oxidation on CT properties of dsDNA. (a) 3-D structure of the Drew−Dickerson dsDNA sequence oxidized at
the second site. 8oxoG is shown in the van der Waals (VDW) representation. (b) I−V characteristics of the native Drew−Dickerson sequence
compared to that of oxidized dsDNA with guanine at the 2nd site from the 5′ end replaced with 8oxoG. The occupation frequency of the charge
during the KMC simulations for (c) reverse bias and (d) forward bias. Clearly, a sharp increase at the 8oxoG site is seen in the oxidized guanine in
the forward bias at 8oxoG, giving rise to rectifying behavior of the molecule. The guanines replaced with 8oxoG are highlighted in red on the x-axis
of the curves. (e) 3-D structure of the Drew−Dickerson dsDNA sequence oxidized at the 12th site. (f) I−V characteristics of the native Drew−
Dickerson sequence and that oxidized with the guanine at the 12th site from the 5′ end of dsDNA replaced with 8oxoG. The occupation frequency
of the charge during the KMC simulations for (g) reverse bias and (h) forward bias.
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This signifies a 6 order of magnitude rectification in the
double oxidation case of the Drew−Dickerson sequence. A
sharp spike in the occurrence frequency in the forward bias in
double-oxidized dsDNA marks the trapping of charge on
8oxoG sites. However, the two sequences qualitatively have
similar I−V characteristics for the reverse bias. This is because
of the asymmetry in the sequence, which results in higher
energy differences in the forward bias, as the site energy
difference increases in the direction of flow of charge. The high
RR of around 3 orders of magnitude makes such dsDNA
sequences perfect candidates for molecular switches.
Next, we replace four guanine bases of the two strands at the

same end with 8oxoG bases in one case (Figure 4e) and
opposite ends in the other (Figure 4i). In the quadruple
oxidation at the same end, the I−V characteristics signify that
the oxidized dsDNA sequence shows a rectifying behavior with
a high RR of 2.3 × 10−4. In the forward bias, the charge gets
trapped on the two oxidized guanines, as evident in Figure 4g,
and cannot traverse through these oxidized guanines because
of the vast energy difference. In reverse bias, as a voltage is
applied at the end of the DNA sequence having normal

guanine bases, the energy disparity between the oxidized
guanines in the two strands decreases. Therefore, the I−V
characteristics of the native and oxidized DNA are similar in
the reverse bias.
In quadruple oxidation at opposite ends, the dsDNA

conductance decreases up to 2 orders of magnitude upon
oxidation in both forward and reverse biases. This is because of
the trapping of charge at the oxidized guanines in both reverse
(Figure 4k) and forward (Figure 4l) bias conditions. However,
as both the 5′−3′ strands of the dsDNA sequence are
symmetric to each other in this case, no rectification behavior
is seen.
Finally, we study the Drew−Dickerson sequence with all the

guanine bases oxidized to 8oxoG (Figure 5). We find that the
conductance decreases by an order of magnitude and the
trapping of charge at the oxidized guanine sites is higher
compared to the native dsDNA (Figure 5a). Notably, since the
sequence is completely symmetric in this case, the charge gets
highly trapped on the 8oxoG sites. It is noteworthy to mention
here that the charge gets trapped in the same guanine locations

Figure 4. Effect of double and quadruple guanine oxidations on CT properties of Drew−Dickerson dsDNA. (a) 3-D structure of double-oxidized
Drew−Dickerson dsDNA at the 2nd and 4th sites. 8oxoG is shown in a VDW representation. (b) I−V characteristics of the double-oxidized
dsDNA. The occupation frequency of the charge during the KMC simulations for (c) reverse bias and (d) forward bias for double oxidation. (e) 3-
D structure of quadruple-oxidized Drew−Dickerson dsDNA at the same end. (f) I−V characteristics and the occupation frequency of the charge
during the KMC simulations for (g) reverse bias and (h) forward bias for quadruple oxidation at the same end. (i) 3-D structure of quadruple-
oxidized Drew−Dickerson dsDNA at opposite ends. (f) I−V characteristics and the occupation frequency of the charge during the KMC
simulations for (g) reverse bias and (h) forward bias for quadruple oxidation at opposite ends.
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in the sequence, where the occupation frequency was higher in
the native dsDNA case as well (Figure 5b,c).
In Figure 5a, one can clearly see that the conductance of the

fully oxidized Drew−Dickerson sequence shows traits of NDR,
that is, the conductance decreases with increasing voltage. To
understand the reason behind this observation, we present the
occupation frequency graph at different applied potential in
reverse bias (Figure 5e) and forward bias (Figure 5f). We see
that as the voltage increases, the charge gets more and more
trapped on two 8oxoGs in both the biases. This is because as
the potential bias increases, the difference between the site
energies of 8oxoG and other nucleobases increases, and the
charge has nowhere to escape than getting trapped at two
8oxoGs. Similar traits of NDR can be seen in the forward bias
configuration of quadruple oxidation at the same end (Figure
4f). Here as well, as seen in Figure 4h, the charge gets trapped
at two 8oxoGs, which increases as the potential bias increases.
Thus, a complete understanding of the flow of charge in
dsDNA molecules can be made by analyzing the charge
dynamics. This provides a unique tool to control/tune the flow
of charge in a dsDNA sequence.
In this work, we have discussed and proposed the potential

of using oxidized dsDNA in molecular electronics applications.
We have first presented the I−V characteristic curves for the 12
bp poly-G dsDNA sequence having different concentrations of
8oxoGs at different locations of dsDNA. We see that the
dsDNA conductance decreases upon oxidation (Figure 2),
which is explained based on the larger reorganization energy
and site energy differences required for the charge hopping
from 8oxoG relative to native guanine (Table 1). To harness
this understanding in building molecular electronic devices, we
study different cases where we replace various native guanines

of the Drew−Dickerson sequence with 8oxoG. When a single
guanine is replaced with 8oxoG, we find that oxidized dsDNA
shows rectifying properties due to the asymmetry induced in
the dsDNA structure upon oxidation (Figure 3). This is
evidenced by the occurrence frequency plots where we observe
that the charge gets trapped at the oxidized site when the
electrode is closer to the oxidation site. When two guanines in
the Drew−Dickerson sequence are replaced by 8oxoG, we see
similar rectifying properties (Figure 4a−h). However, when
the dsDNA is symmetrically oxidized with four guanines, we
do not see any rectification behavior. However, a significant
decrease in conductance is observed in this case (Figure 4j).
Interestingly, when all the guanines of the Drew−Dickerson
sequence are oxidized, we find that dsDNA shows a NDR
effect; that is, the current decreases as the voltage increases.
This is because of the complete trapping of charge at 8oxoG in
this case (Figure 5). Thus, in this work, we have presented a
unique tool to control/tune the flow of charge in a dsDNA
sequence.

■ CONCLUSIONS
In conclusion, we have presented a novel strategy to construct
a molecular rectifier with record RR of 106 using oxidatively
damaged dsDNA molecules. The ability to harness the power
of rectifying ability of oxidized dsDNA opens doors to
numerous practical applications such as molecular switches,
bioelectronic sensors, molecular diodes, and so on. Using a
multiscale methodology that combines MD, DFT, and KMC
simulations, we find that an oxidized guanine acts as a charge
trapping barrier, leading to lesser electronic conduction in
oxidized dsDNA relative to the corresponding native dsDNA.
This work provides a fundamental understanding of the charge

Figure 5. Effect of replacing all guanines of the Drew−Dickerson sequence with 8oxoG on its CT properties. (a) I−V characteristics of the native
Drew−Dickerson sequence compared to that of oxidized dsDNA with all the guanines replaced with 8oxoG. The occupation frequency of the
charge during the KMC simulations for (b) reverse bias and (c) forward bias. (d) 3-D structure of the Drew−Dickerson dsDNA sequence with all
the guanines oxidized. The 8oxoGs are shown in a VDW representation. The variation of the occupation frequency for different applied voltages in
(e) reverse bias and (f) forward bias. Clearly, as the voltage increases, the charge gets more and more trapped on the two 8oxoGs in all-oxidized
dsDNA, leading to NDR phenomena.
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dynamics in oxidatively damaged dsDNA sequences and a
novel strategy to use DNA molecules in electronic applications.
This study will motivate further experimental works to explore
the tunable rectifying properties of DNA using state-of-the-art
single-molecule experimental techniques72 such as scanning
tunneling microscopy break junction (STM-BJ) and mechan-
ically controllable break junction (MCBJ) setups. Having a
huge biological significance, an elementary understanding of
the CT processes in oxidized dsDNA is essential to study their
role in countless cell functions and will ultimately aid to cure
numerous diseases.
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