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nical investigation into the
electronic transport properties of a memantine-
functionalized gold nanopore biosensor for natural
and mutated DNA nucleobase detection

Abhisek Kole and K. Radhakrishnan*

Quantum mechanical studies of the electronic transport properties of a memantine-functionalized gold

nanopore biosensor for natural and mutated DNA nucleobase detection are reported. In this study,

a gold electrode was functionalized with a modified diamondoid structure, called memantine, and the

tunnelling current arising from nucleobases was investigated as it translated through the functionalized

gold nanopore. Non-equilibrium Green's function (NEGF) and density functional theorem (DFT) methods

have been used to analyze and calculate the results. The transmission spectrum for each nucleobase is

presented. In order to justify that the resonance peaks are originating from the nucleobases, the

Projected Densities of States (PDOS) of the nucleobases were plotted and compared with their

corresponding transmission spectra. The electronic wave functions relating to transmission and the

device sensitivity have also been shown. The proposed device is demonstrated to detect various natural

and mutated nucleobases with a sensitivity ranging from 103 to 107. Finally, differential conductance

methods have been found to be effective in detecting nucleobases in the case of overlapping

transmission peaks.
1. Introduction

Increasing rates of malignant diseases such as cancer and other
genetic diseases threaten millions of human lives throughout
the world. Fortunately, aer years of research and improvement
in DNA sequencing techniques, genetics based medicine and
cancer treatments are now close to becoming a reality. Since the
human genome project rst sequenced the human genome,
research and development into inexpensive and fast DNA
sequencing has been extraordinary. The human genome project
was carried out using the classical Sanger method, where the
DNA strands were synthesized from a primer sequence using
dideoxy deoxyribonucleoside triphosphate (dNTP) in such a way
that the last base was known. Then, the strands were separated
using gel electrophoresis for nucleobase reading. However,
ultra-fast low-cost sequencing technology would revolutionize
the eld of genetics treatment.

Recently, it has been proposed that nanopores in a material
can be used to create fast and cheap DNA sequencing tech-
nology.1–3 Graphene4,5 and MoS2 (ref. 6) nanopore-based devices
are two important developments among several reported
proposals. As the DNA bases translate through the nanopores,
AS), School of Electrical and Electronic

ersity, 50 Nanyang Avenue, Singapore

65 67933318
electron tunneling can identify individual nucleobases in
single-stranded DNA (ssDNA) without any amplication. It has
also been reported that ssDNA bases can be identied by
translating the ssDNA through electrode nanopores.7,8 These
kinds of devices involve a nanopore-including brake junction
electrode, which measures the tunneling current during the
translation of DNA nucleobases.9,10,20 Every single nucleobase
gives a different tunneling current signature, and hence DNA
nucleobases can be easily identied through observing the
tunneling current. This method of sensing can be very efficient,
but excellent coupling between the molecule and electrode is
still a big issue.11 Also, the overlapping of the transmission
spectra of different nucleobases is a huge problem in this
method. Recently, it has been reported that modied dia-
mondoid (amantadine) functionalized gold nanopores can be
used to detect nucleobases.12 Modied diamondoid can be used
as a functionalizing molecule to improve the signatures of the
nucleobases. These functionalizing molecules provide
hydrogen bonding bridges for the nucleobases. Consequently,
the coupling between the nucleobases and the electrode
improves, which leads to a better tunneling current and
sensitivity.

Four natural nucleobases, namely adenine (A), thymine (T),
cytosine (C), and guanine (G), and two epigenetic markers, 5-
methylcytosine (5 mC) and 8-oxoguanine (8oG),13 were investi-
gated in this study. In 1948, Rollin and Hotchkiss14 discovered
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Functionalized gold electrode device configuration for
quantum mechanical transport property calculations. (b) The struc-
tures of the nucleobases investigated in this report: cytosine (C),
thymine (T), adenine (A), guanine (G), 5-methylcytosine (5 mC), and 8-
oxoguanine (8oG).
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the presence of a methyl group at the 5th position of the cyto-
sine ring. Cytosine methylation during DNA synthesis15–17 is due
to the transfer of a methyl group from S-adenosylmethionine
(donor) to the h position of the cytosine ring. The trans-
formation from natural cytosine to 5-methylcytosine has an
enormous impact on reducing gene expansion. This kind of
methylation can lead to severe consequences in the develop-
ment of human malignancies. In our investigation, a modied
diamondoid structure, called memantine,18,19 has been used to
functionalize gold nanopores to detect nucleobases. We have
functionalized both electrodes to obtain optimal coupling
between the electrodes through the molecules. For this reason,
we have observed very sharp resonance peaks in the trans-
mission spectra, with a specic energy level for each nucleo-
base, which directly leads to less overlapping of transmission
spectra and greater resolving capabilities for the device. Also, we
have observed a transmission probability in the order of at least
0.3, which indicates excellent coupling between the molecules
and the electrodes. The quantum transport properties have
been calculated using non-equilibrium Green's function
formalism (NEGF) and the density functional theorem (DFT).

In this work, the transmission spectrum for each nucleobase
and the respective projected density of states (PDOS) have been
shown. The physics behind these resonance peaks and the
electronic wave function have also been investigated. In addi-
tion, the molecular-projected self-consistent Hamiltonian
(MPSH) eigenstates of the nucleobases have also been deter-
mined. The sensitivity of the device has been examined, which
indicates how well it can perform in detecting a particular
nucleobase over other nucleobases. Finally, we have analyzed
the differential conductance of the device with respect to the
gate voltage, in order to resolve the overlapping transmission
spectra for various nucleobases.

2. Model and methods

Computer simulations were performed to investigate the
quantum mechanical transport phenomenon through mem-
antine functionalized gold electrodes and nucleobases. The
tunneling currents arising from various nucleobases were
analyzed, and very distinct patterns were observed for each of
the nucleobases. A semi-innite gold (111) electrode was used,
and thememantine was attached to the gold surface with a thiol
group. The device conguration and the nucleobase structures
investigated are shown in Fig. 1(a) and (b), respectively. Since
the nucleobases mainly inuence the tunneling current and
transmission spectra, the phosphate backbone and other
factors are not considered in this report. This will also help to
minimize the computation time.

The quantum transport calculations were carried out using
the Atomistix Toolkit package (ATK) based on non-equilibrium
Green functions (NEGF)21,22 and density functional theory
(DFT).23–25 For the exchange-correlation (XC) functional, the
generalized gradient approximation (GGA) of Perdew–Burke–
Ernzerhof26–30 was used. A mesh cutoff energy of 150 Ry and a 5
� 5 � 100 k point mesh with a Monkhorst–Pack scheme were
used to obtain better matching between the Fermi level of the
This journal is © The Royal Society of Chemistry 2017
electrodes and the central region of the device. While double-z
polarized (DZP) basis sets were used for nitrogen, hydrogen,
carbon, oxygen and sulphur atoms, a single-z polarized (SZP)
basis set was employed for gold atoms. The geometry optimi-
zation and structural relaxations of the central region were
performed with sufficient vacuum spacing (a minimum of 12�A)
to prevent interactions between the periodic images. The
relaxation procedure was carried out to ensure that the Hell-
mann–Feynman force acting on the atoms became less than
0.02 eV �A�1.

A molecular device consists of a molecule and two contacts.
The molecule is sandwiched between the source (le electrode)
and the drain (right electrode) contacts. As can be seen in Fig. 1,
we have included some part of the contact in the central region.
This is called the extended molecule (EM). mS and mD are the
chemical potentials of the source and drain contacts, respec-
tively. Under zero-bias conditions, the electro-chemical poten-
tials of the source and drain are always equal, mD ¼ mS. This can
be considered as an equilibrium system. But, as soon as bias is
applied between the contacts, the system enters a non-
equilibrium state, with mD s mS.

It must be noticed that the system is charge neutral. Now, if
we apply a voltage across the device, there will be a shi in the
spectrum, and also a potential prole will develop over the
extended molecule. The potential must match the lead at the
boundary of the EM. If this does not happen, then a disconti-
nuity will appear at the boundary and scattering will be gener-
ated. Thus, in order to avoid this problem and to obtain
excellent coupling, we need to include some part of the lead in
the central region (le and right electrode extension) as shown
in Fig. 1(a). Now, the wave function in the lead has the form of
a normal plain wave, which can be easily calculated. But, the
RSC Adv., 2017, 7, 8474–8483 | 8475
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main problem is in describing the scattering of the plain wave
from the source to the drain through the extended molecule.
This can be calculated with the Green's function method.

The contacts are assumed to be defect free metals with
a regular periodic structure, and the unit cells are in the
direction of transport. The Hamiltonian of the whole system
can be written as, H , which is also a Hermitian matrix. Here, it
is important to introduce the concept of a principle layer (PL).
The PL is the smallest cell that repeats itself periodically in the
direction of transport, in such a way that it only interacts with
the nearest neighboring PL. The source and drain contacts can
be divided into (N ¼ 1, 2, 3.) principle layers. Here, HS and HD

are an N � N matrix, which describes the interaction inside
a PL. Since we are using the same metal for both contacts, HS ¼
HD. Similarly, Hs,S and Hs,D are the interaction terms in between
the two PLs. Also, Hs,S ¼ Hs,D. The matrix HMol describes the
Hamiltonian for the extended molecule (EM), which is an M �
M matrix. HS–Mol(N � M) is the Hamiltonian that describes the
interaction between the source PL and the EM. Similarly,
HD–Mol(M � N) is the Hamiltonian for the drain PL and the EM.
Hence, the total Hamiltonian can be written as

Ĥ ¼ Ĥ SS + Ĥ S–Mol + ĤMol–Mol + Ĥ Mol–D + Ĥ DD
Ĥ ¼

0
BBBBBBBBB@

⋱ / / / / / / / / / /
/ 0 H

†
s;S HS Hs;S 0 / / / / /

/ / 0 H
†
s;S HS HS�Mol 0 / / / /

/ / / 0 H
†
S�Mol HMol H

†
D�Mol 0 / / /

/ / / / 0 HD�Mol HD Hs;D 0 / /
/ / / / / 0 H

†
s;D HD Hs;D 0 /

/ / / / / / / / / / ⋱

1
CCCCCCCCCA

30þS SS � H SS 30þS S�Mol � H S�Mol 30þS SD � H SD

30þS Mol�S � H Mol�S 30þS Mol�Mol �HMol�Mol 30þS Mol�D � H Mol�D
30þS DS � H DS 30þS D�Mol � H D�Mol 30þS DD � H DD

0
B@

1
CA�

GR
SS GR

S�Mol GR
SD

GR
Mol�S GR

Mol�Mol GR
Mol�D

GR
DS GR

D�Mol GR
DD

0
B@

1
CA ¼

0
@I 0 0

0 IMol 0

0 0 I

1
A

Similarly, we also have the overlap matrix S , similar to this
matrix. It must be noticed that H (calligraphic) is an innite
matrix and H is a nite matrix.

In the NEGF + DFT31–36 method, the Hamiltonian of the
central region is not known in advance. Thus, it has to be
30þS SS � H SS 30þS S�Mol � H S�Mol 0

30þS Mol�S � H Mol�S 30þS Mol�Mol � H Mol�Mol 30þS Mol�D � H
0 30þS D�Mol � H D�Mol 30þS DD � H

0
B@

8476 | RSC Adv., 2017, 7, 8474–8483
computed using the self-consistent DFT loop for the charge
density matrix. Generally, H^is expanded in terms of localized
basis sets, which means the overlap between two localized
functions, fm(r � R1) and fn(r � R2), will be zero if they are
separated far enough away from each other. In other words,
when |R1 � R2|> a certain distance, the overlapping matrix

Smn ¼
ð
fmðrÞ*fnðrÞd3r ¼ hfmjfni ¼ 0

Therefore, the interaction between the central region and
the electrodes is constrained to a limited part of L and R.
Hence, the Hamiltonian matrices H S–Mol and H Mol–D are also
nite. Direct tunneling from source to drain is also negligible.
By using the localized basis set, we can write the Green's
function matrix asX

m

�
30þSnm �Hnm

�
GR

mnð3Þ ¼ dmn:

Aer dividing our device into three parts, source, drain and
extended molecule, the Green's function matrix for the system
becomes
Here, we are neglecting direct tunnelling from source to
drain. Hence,

30+S SD � H SD ¼ 30+S DS � H DS ¼ 0

where 30þ ¼ lim
d/0

3þ id:
Mol�D

DD

1
CA�

GR
SS GR

S�Mol GR
SD

GR
Mol�S GR

Mol�Mol GR
Mol�D

GR
DS GR

D�Mol GR
DD

0
B@

1
CA ¼

0
@I 0 0

0 IMol 0

0 0 I

1
A

This journal is © The Royal Society of Chemistry 2017
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Therefore,
S Mol–Mol and HMol–Mol are nite matrix terms (extended mole-
cule:M �M). Also, GR

Mol–Mol is a nite matrix, and H SS and H DD

have the diagonal form. From the above matrix equation, we
can write

GR
Mol�Mol ¼ ½30þSMol�Mol �HMol�Mol � SSð3Þ � SDð3Þ��1

SSð3Þ ¼ ð30þS Mol�S � H Mol�SÞg 0
SS
ð30þS S�Mol � H S�MolÞ

SDð3Þ ¼ ð30þS Mol�D � H Mol�DÞg 0
DD

ð30þS D�Mol � H D�MolÞ
g 0

SS
¼ ½30þS SS � H SS��1

g 0
DD

¼ ½30þS DD � H DD��1

g 0
SS and g 0

DD are called surface Green's functions, and they are
very much different from GR

SS and GR
DD.

The matrix elements of the Hamiltonian of the system are
not known initially. But they are functions of the charge density
r. Hence we obtainH ¼H [r], which can be calculated using the
DFT method. When the device is considered without bias
(equilibrium), the Hamiltonian of the system can be easily
found using standard DFT calculations. But when bias is
applied across the contacts, the Hamiltonian of the EM will
change, as both the net charge and the polarization are affected
by the bias. This will lead to a completely new electrostatic
potential prole for the extended molecule. However, since the
contacts are charge neutral, the Hamiltonian of the contacts
will not change. The Hamiltonian of the extended molecule is
given by

HMol–Mol ¼ HMol–Mol[r(r)]

The total density matrix of the molecule region is given by

r ¼ 1

2pi

ð
d3G\

Mol�Molð3Þ

As the Green's function has poles in the real energy axis, the
integral of the total density is difficult to calculate. But this
integral can easily be calculated by adding the two separate
parts, rNon-equlilibriumMol–Mol and requlilibriumMol–Mol .

So,

G\
Mol�Molð3ÞNon-equlilibrium ¼ i

�
GR

Mol�Molð3ÞGSð3ÞGA
Mol�Molð3Þ

�
f ð3� mSÞ

þ i
�
GR

Mol�Molð3ÞGDð3ÞGA
Mol�Molð3Þ

�
f ð3� mDÞ

r
Non-equlilibrium
Mol�Mol ¼ 1

2pi

ð
d3G\

Mol�Molð3ÞNon-equlilibrium

r
Non-equlilibrium
Mol�Mol ¼ 1

2p

ð
d3
��
GR

Mol�Molð3ÞGSð3ÞGA
Mol�Molð3Þ

�
f ð3� mSÞ

þ �
GR

Mol�Molð3ÞGDð3ÞGA
Mol�Molð3Þ

�
f ð3� mDÞ

�

G\
Mol�Molð3Þequlilibrium ¼ �2iIm�

GR
Mol�Molð3Þ

�
f ð3� mÞ
This journal is © The Royal Society of Chemistry 2017
r
equlilibrium
Mol�Mol ¼ 1

2pi

ð
d3G\

Mol�Molð3Þequlilibrium

¼ � 1

p

ð
Im

�
GR

Mol�Molð3Þ
�
f ð3� mÞd3

Thus,

rMol–Mol ¼ requlilibriumMol–Mol + rNon-equlilibrium
Mol–Mol

As the density matrix, rMol–Mol, is known, we can nd out the
electron density rMol–Mol(r) of the molecular region, which is
necessary to calculate the new HMol–Mol[r(r)]. So,

rMol�MolðrÞ ¼
X
m

X
n

f*
m½rMol�Mol�mnfn

HMol–Mol[r(r)] ¼ hfm|H
K–S(r)|fni

where HK–S is the Kohn–Sham Hamiltonian from the DFT loop.
The steady state current through the central region can be
written as

I ¼ � 2e2

h

ðN
�N

T ð3; vÞ½f ð3� mSÞ � f ð3� mDÞ�d3

where T (3,v) is the transmission probability for the electron to
transmit from the source to the drain with the energy 3, and mS

and mD are the chemical potentials of the source and drain,
respectively. The transmission probability is given by

T (3,v) ¼ Trace[GSG
R
Mol–MolGDG

A
Mol–Mol]

GS,D ¼ i[SS,D(3) � S†
S,D(3)]

GS,D(3) describes the broadening due to coupling between the
central region and the source and drain. GA

Mol–Mol is the
advanced Green's function, which can be written as

GA
Mol–Mol ¼ [GR

Mol–Mol]
†

From GR
Mol–Mol, one can also dene the projected density of

states (PDOS) of any molecule as

DOSmoleculeð3Þ ¼ �1

p
Im

�
Tracemolecule

�
GR

Mol�Molð3þ idÞSMol�Mol

��

Tracemolecule means that the trace has been performed only on
the selected part of the molecule. The zero-bias conductance
was investigated for various gaps between the two electrodes. It
is noticed that there is signicant conduction when the gap is
less than 3�A, and this sharply decreases as the gap is increased
up to 5.5�A, and nally this goes to zero for large values. In the
device, the distance between the two electrodes was kept at 24�A.
Hence, no direct tunneling was expected from the source to the
drain. Two thiolate memantine molecules were attached to the
gold electrode and then the structure was relaxed until the force
acting on the atoms became less than 0.02 eV �A�1. Hydrogen
RSC Adv., 2017, 7, 8474–8483 | 8477
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bonds were created with both the functionalized molecules by
placing the nucleobases in a favored position. Similarly, the
structure was relaxed again.
3. Results and discussion

The fully relaxed structures of the memantine functionalized
gold electrode and the nucleobases adenine (A), thymine (T),
cytosine (C), guanine (G), 5-methylcytosine (5 mC) and 8-oxo-
guanine (8oG) are shown in Fig. 2. The hydrogen bonds between
the memantine and the nucleobases can be clearly observed. It
is also evident that there are no covalent bonds between the
nucleobases and the functionalized atoms. The fully relaxed
geometry is one of the most important conguration steps in
the calculation of quantum mechanical transport phenomena
through molecular devices, as it exhibits the optimum coupling
Fig. 2 Relaxed geometry structures of functionalized electrodes with th
methylcytosine, and (f) 8-oxoguanine.

Fig. 3 Transmission spectra and PDOS are plotted for all the nucleobase
methylcytosine (5 mC), and (f) 8-oxoguanine (8oG).

8478 | RSC Adv., 2017, 7, 8474–8483
between molecules and electrodes. All the calculations have
been achieved based on these device congurations.

The transmission spectra over the energy range of �1.5 eV to
0 eV, obtained using the DFT + NEGF method, for all the
nucleobases are plotted in Fig. 3 along with the PDOS. The very
distinct tunneling current signature can be easily observed for
all the nucleobases. It is observed that the resonant peaks ob-
tained for different nucleobases are not only different in energy
levels but also in transmission probability, T(E). The resonant
peak occurs for Cytosine at E ¼ �1.27 eV with T(E) ¼ 0.94, for
thymine at E ¼ �1.184 eV with T(E) ¼ 0.97, for Adenine at E ¼
�1.16 eV with T(E)¼ 0.82, for guanine at E¼�1.42 eV with T(E)
¼ 0.407, for 5-methylcytosine at E¼ �1.22 eV with T(E) ¼ 0.654,
and for 8-oxoguanine at E ¼ �0.616 eV with T(E) ¼ 0.34. The
transmission probability reduces to the range of 0.0001 to
0.0003, which is far away from the resonant peak of the corre-
sponding nucleobases.
e nucleobases: (a) cytosine, (b) thymine, (c) adenine, (d) guanine, (e) 5-

s: (a) cytosine (C), (b) thymine (T), (c) adenine (A), (d) guanine (G), (e) 5-

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Transmission eigenchannel electronic wave functions, for (a) cytosine at �1.27 eV, (c) thymine at �1.184 eV, (e) adenine at �1.16 eV, (g)
guanine at �1.42 eV, (i) 5-methylcytosine at �1.22 eV, and (k) 8-oxoguanine at �0.616 eV, are plotted corresponding to the resonant peaks. All
isosurfaces have the same value for clarity. The isosurface plots the absolute value of the wave function and the color plots the phase. The
transmission pathways for (b) cytosine at�1.27 eV, (d) thymine at �1.184 eV, (f) adenine at�1.16 eV, (h) guanine at �1.42 eV, (j) 5-methylcytosine
at �1.22 eV, and (l) 8-oxoguanine at �0.616 eV are also plotted. The color indicates the weight of electron flow and the arrow indicates the
direction of flow.
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The projected densities of states (PDOS) are projected for the
nucleobases in Fig. 3 in order to justify that the resonant peaks
are originating from the effects of the nucleobases. By directly
comparing the transmission spectrum and PDOS for each
nucleobase, it can be concluded that the resonant peaks are
originating from the introduction of the DOS from the nucleo-
bases to the system. Precisely, the DOS is the contribution from
the combined effect of each eigenchannel from the trans-
mission matrix. This result directly leads to the detection of the
nucleobase signature.

The transmission eigenchannel wave functions (corre-
sponding to the eigenvalues) relating to the resonance peaks of
the transmission spectra are plotted in Fig. 4 for all the nucle-
obases. The transmission eigenchannel wave functions are
complex in nature. The same isovalue has been used to plot all
the wave functions relating to the nucleobases. The isosurface
shows the absolute value of the electronic wave function, and
the color of the isosurface shows the phase. The phase change37

in the wave function is due to scattering in the eigenchannels.
The periodic color map is used to indicate phase. If a close
inspection is made of the electronic wave function, one can see
from Fig. 4 that the EWFs38 spread from the source to the drain
This journal is © The Royal Society of Chemistry 2017
through the molecule, which indicates very decent coupling
over the whole device. It is also shown in Fig. 4 that the trans-
mission pathway for the nucleobases corresponds to the reso-
nance peak in the transmission spectrum. The transmission
pathway helps in understanding the exact path of electron ow
through the molecule. The arrows in the pathway show the local
direction of the ow between two atoms, and the color indicates
the magnitude of the electron ow through a path. For example,
in the case of thymine, it can be clearly seen in Fig. 4(d) that
most of the electrons are owing through a very dedicated path,
and the red and violet arrows identify the path. It may also be
noted that the electronic wave function shown in Fig. 4(c)
follows the same route in transmitting the wave function from
source to drain.

In a molecular device, coupling between the molecule and
the electrode is necessary to calculate the quantum transport
properties through the molecule. To understand and visualize
the energy levels of nucleobases in the presence of electrodes,
MPSH39 eigenstates were calculated. The nucleobases and the
functionalization molecule were included in calculating the
MPSHs. The HOMO and LUMO states of a free nucleobase
do not change with its angular orientation. But, when the
RSC Adv., 2017, 7, 8474–8483 | 8479
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Fig. 5 Transmission eigenchannel electronic wave functions for (a) cytosine at�1.27 eV, (c) thymine at�1.184 eV, (e) adenine at�1.16 eV, and (g)
guanine at �1.42 eV. The corresponding MPSH eigenstates are plotted in the lower panels as (b), (d), (f) and (h), respectively.
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nucleobase interacts with the functionalized electrode, there
will be strong interaction and hybridization between the
molecular orbital of the nearest atoms of both the nucleotide
and the functionalized molecules. Therefore, the DNA nucleo-
base will increase the transient local density of states. Conse-
quently, the resonance peak in the transmission spectrum can
be seen at the specic energy level. The dominant transmission
peaks in the spectrum are also observed to be dependent on the
molecular angular orientation. This dependency is due to non-
trivial interaction of orbitals between the DNA base and the
functionalized molecule. In Fig. 5 (only the natural nucleobases
are shown), one can see an excellent resemblance between the
transmission eigenstates of the nucleobases and their corre-
sponding MPSH eigenstates, which also correspond to the
HOMO states of the nucleobases.

In the following section, a proposal is made for detecting the
resonance peaks for all the nucleotides in a real device. A
molecular eld effect transistor (FET)40,41 device is one of the
perfect candidates for this kind of application. A simple sche-
matic diagram of a molecular FET is shown in Fig. 6(a). The
molecule is sandwiched between two contacts, the source and
Fig. 6 (a) A simple schematic diagram of a three-terminal molecular FE

8480 | RSC Adv., 2017, 7, 8474–8483
the drain. It provides a path for electrons to ow from source to
drain. There is also a third contact, serving as the gate terminal,
which is completely separated from the central molecular
region by an insulator. It is capacitively coupled with the central
region and forms a single plate capacitor with the molecule and
the terminal. The purpose of the gate is not to transfer charge to
the central molecule but to tune the Fermi energy level of the
central molecule in such a way that the resonance peak is
pushed in between the chemical potential of the drain and the
source. As the gate voltage increases, the energy levels of the
molecule start to shi relative to the chemical potential of the
source and the drain. At a particular applied gate voltage, when
the resonance peak energy level is in between the source and
drain chemical potentials, an absolute increment of current can
be observed. If the gate voltage is increased further, the current
will suddenly decrease sharply as the energy levels leave the
potential window. Fig. 6(b) shows this scenario graphically
where j represents the electronic wave, r is the reected wave, t
is the transmitted wave, VGS is the gate voltage, VDS is the source
to drain voltage, and mS and mD are the chemical potentials of
the source and drain contacts, respectively. Here,
T and (b) its working principles.

This journal is © The Royal Society of Chemistry 2017
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mS � mD ¼ �eVDS.

Hence, it is possible to detect nucleotides by tuning the
Fermi level of each nucleobase through applying a gate voltage.
For example, Adenine can be detected by adjusting the Fermi
level to VGS ¼ �1.16 eV. The gating conductance can be written
as a function of VGS in the following fashion:42

GðV GSÞ ¼ 2e2

h
T ð3Þ

The sensitivity can be written for a specic nucleobase with
respect to another nucleobase at a particular gating voltage as,

S ðVGSÞ% ¼
����Gnucleobase � Gother

Gother

����� 100

where Gnucleobase and Gother are the conductances of the nucle-
obase to be detected and that of other nucleobases at the same
gate voltage, respectively. This conductance can be written
using the transmission resonant peak for the nucleobases from
the previous formalism.

In Fig. 7, sensitivity (%) data at various gate voltages are
plotted for different nucleobases. This illustration will help to
understand how well the device can detect a specic nucleobase
at a particular gate voltage. It can be observed that the device
sensitivity ranges from 103 to 107. That means that detecting
a particular nucleobase at a specic gate voltage is 3 orders of
magnitude more resolved than for the other nucleobases at that
same gate voltage. In Fig. 7(a), the sensitivity for cytosine is
plotted over other nucleobases with a gate voltage of �1.27 V. It
can be seen that the sensitivity for cytosine is at least three
orders of magnitude higher than for other nucleobases. Thus,
the device can easily detect cytosine. Similarly, in Fig. 7(b), the
sensitivity toward Thymine at a gate voltage of �1.18 V is found
to be at least three orders of magnitude higher than for A, G, C,
5 mC and 8oG. In Fig. 7(f), the sensitivity for 8-oxoguanine is
Fig. 7 The device sensitivity is plotted with different gate voltages in figu
log scale.

This journal is © The Royal Society of Chemistry 2017
observed to be larger at a gate voltage of �0.62 V, with the
sensitivity spread between 106 and 107. So this device can also
quickly detect 8-oxoguanine. Moreover, the sensitivity for 5 mC
is four orders of magnitude more resolved than for the natural
nucleobase cytosine, enabling this device to distinguish
between regular nucleobases and an epigenetic marker.

In order to understand the physics behind the plots in
Fig. 7, one can examine Fig. 7(a) for cytosine at a gate voltage of
�1.27 V, and the rest of the plots also follow the same logic. In
Fig. 8, all the transmission eigenchannel EWFs for the nucle-
obases have been plotted for the gate voltage of �1.27 V. Thus,
the EWFs for all the nucleobases can be seen at the same
voltage. It can be observed that the EWFs cover the whole
scattering region of the device only for cytosine at the applied
voltage, indicating excellent coupling between the electrodes,
the diamondoid and the Cytosine. This behavior will result in
transmission resonance, leading to an increase in the current.
But for the other nucleobases, the EWFs are mainly concen-
trated around the source, and the contributions to the nucle-
obases are almost negligible. In other words, there will be
minuscule transmission for other nucleobases, providing an
almost negligible amount of current. The transmission
pathway (not shown here) for all the nucleobases has been
investigated in this report. A dedicated path was observed for
cytosine, but this was found to be negligible for the other
nucleobases. From this analysis, it can be concluded that this
device will be able to detect all normal and mutated nucleo-
bases separately.

Up to this point, we have showed the detection of nucleo-
bases through tuning the gate voltage for respective nucleo-
bases. In this section, we will introduce another possible way to
detect the nucleobases in terms of the differential conductance,�
dG
dVg

�
. The transmission coefficient T (3) can be written as the

sum of all n eigen-channels for a certain energy level as follows:
res (a) to (f) with respect to other nucleobases. All the plots are in semi-

RSC Adv., 2017, 7, 8474–8483 | 8481
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Fig. 8 A comparison of the electronic wave functions at �1.27 V for (a) cytosine, (b) thymine, (c) adenine, (d) guanine, (e) 5-methylcytosine, and
(f) 8-oxoguanine.
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T ð3Þ ¼
Xn

i¼1

T ið3Þ

The conductance can be written as

G ¼ G0T ð3Þ ¼ G0

Xn

i¼1

T ið3Þ

where G0 ¼ 2e2

h
¼ 7:748091733 � 10�5 S. This is called the

quantum conductance. It is clear from the above equation that�
dG
dVg

�
can be expressed in terms of T (3). The differential

conductance gives us the resolving capability when the peaks
are not easily distinguishable. From Fig. 3, we can observe that
the transmission peaks for cytosine, thymine, and 5-methyl-
cytosine are very close to each other, and sometimes they
overlap with each other. In Fig. 9, we have shown a well resolved
plot of the differential conductance for T, C, and 5mC. It is clear
that the differential conductance of T and C does not overlap
Fig. 9 Differential conductance with respect to the gating voltage,
plotted for thymine, cytosine and 5-methylcytosine.

8482 | RSC Adv., 2017, 7, 8474–8483
over the interval of �1.25 V < Vg < �1.15 and �1.30 V < Vg <
�1.27. A similar trait can be observed for C and 5 mC (red and
black curves). In the range of Vg ¼ 1.35 � 0.1, the differential
conductance for 5 mC is highly resolved. This observation leads
us to conclude that the device is capable of differentiating
between C and 5 mC, demonstrating the capability of a differ-
ential conductance method to detect nucleobases in the case of
overlapping transmission peaks.
4. Conclusions

In this report, the NEGF + DFT method is used to understand
the fundamental working principles of a memantine function-
alized gold electrode biosensor. The proposed device is
demonstrated to detect various natural and mutated nucleo-
bases. The sensitivity of the device spreads over the range of 103

to 107 for all the nucleobases. The transmission spectra for the
nucleobases studied are shown and discussed. The observed
resonant peaks are at least in the order of 0.3. The underlying
physics behind these resonance peaks has been explained
through calculating the projected densities of states of the
nucleobases and concluding that these resonance peaks origi-
nate due to the translation of the nucleobases. The trans-
mission pathways and electronic wave functions, which explain
the coupling between the electrode and the molecules, are
discussed. The MPSH calculated, in order to understand the
energy levels of the nucleobases in the presence of electrodes,
gives an excellent overview of the energy levels involved in the
transmission resonance peaks for the nucleobases. The
comparison between the various EWFs at a gate voltage of
�1.27 V reveals the physics behind the excellent resolving and
detecting capabilities of the device for various nucleobases.
Finally, the differential conductances for various nucleobases
were analyzed in order to resolve overlapping transmission
spectra. This clearly shows the advantage of functionalizing
both electrodes, which leaves less overlap of transmission
spectra and gives more resolving capabilities to the device. It is
This journal is © The Royal Society of Chemistry 2017
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conrmed that the proposed device can resolve the detection of
a specic nucleobase with respect to other nucleobases.

Acknowledgements

The authors acknowledge the Centre for Micro-/Nano-
electronics (NOVITAS), School of Electrical and Electronic
Engineering, Nanyang Technological University for the
computational resources and help.

References

1 M. Zwolak and D. Ventra, Rev. Mod. Phys., 2008, 80, 141–165.
2 S. Huang, J. He, S. Chang, P. Zhang, et al., Nat. Nanotechnol.,
2010, 5, 868–873.

3 S. Chang, S. Huang, J. He, et al., ACS Nano, 2010, 10, 1070–
1075.

4 P. H. Chang, H. Liu and B. K. Nikolić, J. Comput. Electron.,
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