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ABSTRACT

Nanopore-based devices have provided exciting opportunities to develop affordable label-free DNA sequencing platforms. Over
a decade ago, graphene has been proposed as a two-dimensional (2D) nanopore membrane in order to achieve single-base
resolution. However, it was experimentally revealed that clogging of the graphene nanopore can occur due to the hydrophobic
nature of graphene, thus hindering the translocation of DNA. To overcome this problem, the exploration of alternative 2D
materials has gained considerable interest over the last decade. Here we show that a Ti,C-based MXene nanopore
functionalized by hydroxyl groups (—OH) exhibits transverse conductance properties that allow for the distinction between all four
naturally occurring DNA bases. We have used a combination of density functional theory and non-equilibrium Green’s function
method to sample over multiple orientations of the nucleotides in the nanopore, as generated from molecular dynamics
simulations. The conductance variation resulting from sweeping an applied gate voltage demonstrates that the Ti,C-based
MXene nanopore possesses high potential to rapidly and reliably sequence DNA. Our findings open the door to further
theoretical and experimental explorations of MXene nanopores as a promising 2D material for nanopore-based DNA sensing.
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portable, and real-time devices. However, there are some
drawbacks of the solid-state nanopore fabrication for DNA |
sequencing, such as being time-consuming and lacking the
resolution to create pores with controllable size to detect
individual nucleotides [18, 19].

With advances in nanotechnology, in 2010, several research
groups have experimentally demonstrated that graphene
nanopores can be used to study the DNA translocation process
[20-22]. Graphene membranes, one atomic layer of carbon atoms
with extraordinary electrical and mechanical properties, can solve
the problem of alignment [23]. Nanopores can be fabricated by
controlled electron-beam exposure via transmission electron
microscopy (TEM) in which the diameter can be precisely
controlled at sub-nanometer resolution [24]. While graphene may
hold the potential to achieve single-nucleotide resolution, major
disadvantages remain, such as large noise and poor mechanical
stability [25-27]. For the sake of completeness, it is worth to point
out here that there also exist alternative DNA sequencing

1 Introduction

Nanopore-based DNA sequencing allows for ultra-fast and
reliable sequencing of genomes including the human genome
[1-4]. A major advantage of nanopores is that they can facilitate
label-free, high-throughput, and ultra-long reads, and require few
reagents [5]. Nanopore sequencing devices can be broadly
classified into two categories [6]: biological [7-9] and solid-state.
Under an applied bias voltage, an ionic current signal is generated.
When a DNA molecule passes through the nanopore, it causes a
corresponding current blockade, thus revealing different types of
nucleotides at the single-molecule level [10,11]. On the other
hand, an alternative approach is based on measuring the
transverse electronic current of single-stranded DNA passing
through the nanopores to analyze the nucleotide sequence
[12-15]. Using the latter approach, solid-state devices have a
benefit, since part of the membrane can be fabricated from
conductive materials. Furthermore, solid-state nanopores also
offer many advantages over their biological counterparts, such as

mechanical robustness, chemical stability, easy modification, and
large-scale integration [16,17]. In combination with field-effect
transistors (FETs), they can be integrated on a chip with other
electronic components, providing the potential for powerful,

techniques utilizing graphene, such as nano-channels in
combination with two-dimensional (2D) molecular electronics
spectroscopy [28].

In recent years, other 2D materials beyond graphene, such as
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hexagonal boron nitride (h-BN) [29, 30], molybdenum disulfide
(MoS,) [31-33], and tungsten disulfide (WS,) [34], have opened
up new possibilities for improving the efficiency of solid-state
nanopore sensors and have been exploited for DNA sensing with
nanopores. More recently, MXenes, a new family of 2D transition
metal carbides [35], have become another choice for nanopore-
based DNA sequencing due to their relatively easy fabrication
process and versatile chemistry. The general formula of MXenes is
M, X, T, (n = 1, 2, 3), where M is a transition metal, X is C
and/or N, and T indicates a surface termination (F, O, or OH
groups) on the MXene surface [35,36]. MXenes can provide
excellent electrical properties and good stability with tunable
surface functionality [37], and therefore serve as the motivation of
our work to explore the performance of MXenes for DNA
detection devices. Mojtabavi et al. [38] have experimentally
demonstrated the feasibility of MXenes (Ti,CT, and Ti,C,T,) as
nanopore membranes for sequencing DNA. It has been indicated
that MXene membranes provide a low ion current leakage, and
the noise level is comparable to those of other 2D membranes.
Additionally, at least one theoretical study [39] assessed the
potential of Ti;,C, MXenes for DNA detection using molecular
dynamics (MD) simulation. Based on the measurements of ionic
currents through Ti;C, nanopore, they successfully detect different
types of DNA bases. So far, however, the feasibility of MXenes as
nanopore membranes for DNA sequencing utilizing the
transverse electronic transport channel has not yet been assessed.
In this work, we use state-of-the-art first-principles methods to
evaluate whether the MXenes Ti,C(OH), can act as a reliable
DNA sequencing device.

To this end, by using a combination of density functional
theory (DFT) and non-equilibrium Green’s functions (NEGF)
method [40,41], we have assessed the potential of MXene
nanopores proposed for DNA sequencing. We investigated the
electrical transport properties, allowing for orientational
fluctuations of individual nucleotides as they pass through the
Ti,C(OH), MXene nanopore. The trajectory of molecular
structures for the transport calculations was obtained using
quantum MD simulations at room temperature. We indicate that
the interaction between the nucleobase and the pore edge enables
different electrical properties and reduces translocation speed. To
make this approach practical as a DNA-FET, we have further
taken into account the modulation of an applied gate voltage to
resolve the signal overlap between different nucleobases. By
analyzing the transmission pathway, it is revealed that the
difference in conductance values due to the gate voltage tuning
significantly depends on the individual electronic signatures of
each nucleobase. All optimizations were performed using DFT
[42,43] in the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (GGA-PBE) [44], as implemented in the
QuantumATK software [45].

2 Methodology
The nucleotides and the MXene were first optimized separately.

Four naturally occurring nucleotides, deoxyguanosine
monophosphate  (dGMP), deoxyadenosine monophosphate
(dAMP),  deoxycytidine monophosphate (dCMP), and

deoxythymidine (dTMP), for simplicity in the following, were
abbreviated only as G, A, C, and T, respectively. For nanopore
construction, the unit cell of Ti,C(OH), was relaxed and repeated
in both the x and z directions for device simulation. A single-zeta
basis set with polarization orbitals (SZP) along with norm-
conserving pseudopotentials [46] was employed for all atoms,
which had already been proven to be a valid approach for the
theoretical investigation of the MXene nanodevice system [47].
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For supercell calculations, the mesh cutoff was set to 150 Ry for
the real-space grid, and the Monkhorst-Pack scheme [48] was
used with a mesh of 5 x 1 x 5 k-points for the Brillouin zone
integration. Structural relaxations were carried out until residual
forces on each ion were less than 0.01 eV/A. Then the nucleotides
were placed inside the nanopore and quantum MD simulation
was performed to investigate the motion of nucleotides. The same
energy cut-offs were used in the DFT-MD calculations and only
the Gamma point was considered for Brillouin zone sampling.
The nanopore was kept fixed while the nucleotide was allowed to
freely move around the nanopore. The simulations were
performed in the microcanonical (NVE) ensemble for
equilibration for 5 ps, followed by the canonical (NVT) ensemble
using a Nosé-Hoover thermostat at 300 K with a time step of 1 fs.
After an equilibration time of 10 ps, snapshots of the configuration
were taken at every 0.5 ps to calculate the corresponding transport
properties.

To investigate the electronic coupling between the nucleotide
and the nanopore, the binding energy (E,) was calculated as

Eb = (Eporc + Enuclcolidc) - Eloml + EBSSE (1)

where E,, is the total energy of the system (pore + nucleotide),
and E,,. and E, . are the energies of Ti,C(OH), nanopore and
nucleotide alone, respectively. The basis set superposition error
(BSSE) has been accounted for by using the counterpoise (CP)
correction technique [49].

The nanopore-based device used to calculate the electronic
transport properties is shown in Fig. 1(a). The simulation cell had
a width of 3.18 nm (x-direction), and a length of 3.68 nm
(z-direction). The total number of simulated atoms, including the
nucleotide within the nanopore, was approximately 1,300 atoms.
The cell was created with sufficiently large vacuum regions to
avoid any nonphysical interactions. The diameter of the pore was
around 1.6 nm, allowing only one nucleotide at a time to be
accommodated inside the nanopore in every possible orientation.
The setup was divided into three parts: a central region (C)
enclosed by the semi-infinite left (L) and right (R) electrodes. The
Ti,C(OH), was periodic in the x-direction, while in the z-direction
it was attached to semi-infinite periodic structures. Using the
NEGF technique based on DFT as implemented in the
QuantumATK package [45], the trans-mission probability of
electrons with energy E from the left electrode to reach the right
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10 05 0
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Figure1 (a) Illustration of the Ti,C(OH), MXene nanopore-based device for
measuring the conductance while the four nucleotides (G, A, C, and T) are
translocated through the nanopore. (b) The average transmission spectra of the
four nucleotides for selected snapshots from MD simulation, as compared to
the spectrum of the empty nanopore.
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electrode—passing through the central region—was given by
T(E) = Tr([I+ (E) G* (E) I'.(E) G* ()] ()

where I (E) is the coupling matrix of the left (right) electrode,
and G*" (E) is the retarded (advanced) Green’s function [40]. At
equilibrium under zero bias, the conductance could be related to
the transmission via the Fisher—Lee relation [50]

G= GOT(EF) (3)

where G, = 2¢/h is the quantum conductance.

The transmission pathway was investigated by splitting the
transmission coefficient between each pair of adjacent sites into
local bond contributions, Tj;. The system was divided into two
parts (A and B), allowing us to calculate the pathway across the
boundary A and B by summing up to the total transmission
coefficient

TE) =Y, T, (4)

where T, (E) is the local bond contributions for each pair of
adjacent sites (i, j) at a specific energy E. The transmission
pathway (or local current) consists of the T(E) projection between
two sites (M and N). Using the Keldish formalism [41], the
current density i(E) could be written between two sites N and M
as a sum involving the spectral function and the Hamiltonian
element, with the sum running over all localized atomic orbitals n
and m of the basis set, which were associated with sites N and M,
respectively. For further details, the works of Solomon et al. [51]
and of Paulsson and Brandbyge [52] were referred.

3 Results and discussion

We start our analysis by looking at the zero-bias transmission
spectra averaged over 20 electronic transport calculations as a
function of energy for the four different nucleotides (G, A, C, and
T), as compared to the setup in the absence of nucleotides (see
Fig. 1(b)). The magnitudes of the transmission at the Fermi level
are much higher than what has been reported in other 2D
nanopores, including graphene [53-55], silicene [56,57], and
phosphorene [58]. This implies that the Ti,C(OH), nanopore has
opened many conduction channels owing to the partially occupied
d-shells of Ti atoms, which can significantly reduce the current
noise and improve the signal-to-noise ratio in nanopore
experiments [59]. Although the transmission profile depends on
their positions and orientations inside the nanopore, it is quite
clear from averages of the transmission over snapshots that the
device is still able to preserve its ability to selectively discriminate
different nucleotides. The variation in peak height of the
transmission could arise from the interaction between the
nucleotides and the nanopore as well as from the specific
electronic signatures of each nucleotide, as will be further
discussed below.

To understand the correlation between the electronic coupling
of DNA with the Ti,C(OH), nanopore and the charge transport
in the device, we estimated the nucleotide conductance at
equilibrium under zero bias of the selected snapshots for G, A, C,
and T. Note that the snapshots were chosen with the transmission
at the Fermi energy close to the average values. In Fig. 2(a), the
correlation between transport and coupling of the nucleotide was
demonstrated by presenting the nucleotide conductance as a
function of binding energy. We found the conductance under zero
bias to drop with increasing binding energy. Such a relationship
between the conductance and the binding energy reveals that
the charge transport in devices is significantly affected by the
electronic coupling around the nanopore edge.
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Figure2 (a) Conductance vs. binding energy and (b) contour map of electron
charge density difference of the G, A, C, and T nucleotides inside the nanopore.
For the contour map plots, red color represents negative charge density
difference while blue corresponds to a positive change in charge density.

To further gain an insight into the interaction of DNA
nucleotides with the nanopore, the total charge density
redistribution was calculated by using the expression

AP (1) = Pyeyice mucteotize () — (Paevice (7) T Prscteoriae (7)) (5)

where p, . (7) s the total charge density of the device and
nucleotide together, p,..(r) is the charge density of the
nanodevice alone, and p, ... (r) is the charge density of the
nucleotide by itself. Our results for Ap(r) are presented in
Fig. 2(b). The charge density difference fluctuates mostly at the
pore edges close to the base, leading to conductance alterations of
the device. We found G and A to provide higher electron
reorganization which brings about the reduction of electron
charge transport as compared to the other two nucleotides. In
other words, a strong base-nanopore interaction would decrease
the conductance value.

Next, we explored how the conductance could be affected via
gate voltage control. In experimental studies, the Fermi level
can be tuned by adjusting external gate voltages. Thus, the
transmission function could be replaced by the conductance at a
small bias as a function of gate voltage (V,)

G(V,) = (2¢/m)T (u) (6)

where h is Planck’s constant and y = E; — eV,. The conductance
measurement can allow a clear distinction of changes in the
electrical signal since the conductance of the device changes by the
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Figure 3 Conductance distribution curves over selected trajectory snapshots of G (green), A (red), C (orange), and T (blue) for a range of gate voltages from —0.6 to

0.6V.

quantum conductance unit G,.

Figure 3 demonstrates the conductance G(V,) distribution
curves from selected trajectory snapshots of each nucleotide for a
range of gate voltages from —0.6 to 0.6 V. The spread in
conductance values is attributed to a variation in orientation and
position of the nucleotides during translocation through the
nanopore. At the gate voltage of V, = 0.0 V, one can see each
nucleotide has a well-defined maximum and broad tails on both
sides of it. The peak position indicates the conductance of
preferential configuration and orientation of the nucleotides
passing through the nanopore, while the peak width indicates the
degree of their variation. It was seen that the orientational
fluctuations of nucleotides cause overlaps of the conductance
distributions so that it is difficult to differentiate nucleotides from
each other. As depicted in Fig.3, the signal overlap between
different nucleotides can be resolved by sweeping the V, from ~0.6
to 0.6 V. For a whole sweep of chemical potential, the shift in
conductance would be unique for each nucleotide.

3.1 Residence time analysis

Another important aspect is the residence time of the nucleotides
inside the nanopore. In practical applications, the translocation
time can be determined by both DNA lengths and their
orientations [60, 61] which contain information about chemical
interactions correlated to the binding energies. The residence time
(7) for each DNA base type is proportional to ~ exp (E,/ksT),
where E, is the binding energy, k; is the Boltzmann constant, and
T is the temperature. In Fig. 2(a), the binding energies of each
nucleotide inside the nanopore for selected snapshots were found
to be 3.07, 2.04, 1.12, and 1.61 eV for G, A, C, and T, respectively.
The two purine bases (G and A) have larger polarizabilities than
the two pyrimidine bases (C and T); therefore, the latter interacts
with the pore weaker than the former. Between G and A, the
former exhibits larger binding energy (E, > 3 eV) due to its
possession of a double-bonded oxygen atom.

Based on their size, the purine bases are larger, thus requiring a
longer time to translocate across the pore. On the other hand, the
pyrimidine bases have lower polarizability and smaller size, giving
rise to decreased binding energies (E, < 2 eV) and shorter
residence times. Compared to other 2D materials [62] such as
graphene [54,55], phosphorene [58], and silicene [57,63], the
Ti,C(OH), nanopore exhibits higher binding energies with the
DNA bases, which would result in slower translocation speed and

therefore higher read-out accuracy on the DNA sequences. When
compared to DNA base interaction with MoS, nanopore [64], the
binding energies of MoS, with each base are in the range from
1.60 to 4.31 eV in the case of Mo-terminated edge. The case of
Ti,C(OH), exhibits slightly lower binding energies, however, in
our study it should be noted that we first filled the Ti,C(OH),
nanopore with water molecules and relaxed the setup. The pore
edges are terminated by hydroxyl groups due to the dissociation of
water molecules, which agrees well with the previous studies of
water adsorption on the MXene surface [65]. Consequently, the
binding energies of our devices originate from the interaction
between lone pair electrons on atoms (e.g, O or N) of the
nucleobases and the Ti,C(OH), nanopore whose edge atoms are
terminated with a hydroxyl group. Additionally, our results are in
line with a previous study [39] that characterizes the residence
time of the DNA base in the Ti;C, MXene membrane. It was
revealed that the pyrimidine bases have smaller sizes and
translocate faster than the purine bases. By using the MD
simulation approach, we observed that the pyrimidine nucleotides
in the Ti,C(OH), nanopore move freely within the nanopore,
whereas the purine nucleotides prefer to stick to the pore edge.
Nevertheless, overall our resulting configurations indicate that all
nucleotides tend to be attracted by the pore edge, rather than
residing at the center. A more detailed discussion of MD
trajectories of each nucleotide inside the Ti,C(OH), nanopore can
be found in the Electronic Supplementary Material (ESM).

3.2 Conductance analysis

To analyze the underlying mechanism leading to the difference in
the conductance values presented above, we extracted one
snapshot of each nucleotide at V, = +0.2 V as an example. The
conductance values have been ordered in the following way:
Gg ~ G¢ > G, > Gr. The transmission pathway was investigated to
show how the electrical current flows through the device, as
presented in the top panel of Fig. 4. The arrows point to the
direction of the current flowing from the left to the right electrode,
and the blue and red colors indicate the magnitude of the local
current flowing through the path. In the case of purine nucleotides
which contain a pyrimidine ring fused with an imidazole ring, the
current flows through both rings on the G base, whereas for the A
base it is observed only on the pyrimidine ring. As a result, A has
lower conductance than G. For the pyrimidine nucleotides, the
current can easily flow through the cytosine base, but it is entirely
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Figure4 A comparison of the four nucleotides at V, = +0.2 V. The local currents of the specific snapshots for G, A, C, and T nucleotides are plotted in the top panel,

and the scattering eigenstates are shown in the bottom panel.

reflected at the atoms of thymine close to the pore edge. As a
result, T exhibits lower conductance than C. Interestingly, for all
nucleotides, the local current traveling from the nanopore to the
base cannot penetrate to the sugar-phosphate group, and the high
current density localized over the nanopore edge close to the sugar-
phosphate group. For more clarity, in the bottom panel of Fig. 4,
we also show the eigenchannel wavefunction corresponding to a
scattering state coming from the left electrode and traveling
towards the right at V, = +0.2 V. All wavefunctions are plotted
with the same isovalues, in which positive values of the
wavefunctions are shown in red and negative in blue. According
to this figure, the eigenstate wavefunction spread over nucleobase
sites was observed for G, A, and C, but not for T. Similar to
the local current, the eigenstate wavefunction decays as it is
propagating to the sugar and phosphate group, and the
wavefunction amplitude increases at the nanopore edge near the
sugar-phosphate group. This analysis demonstrates that for each
nucleotide the electron probability signatures lead to a local
current modulation and are hence responsible for the distinction
between each molecule.

Even though we were able to demonstrate a substantial
potential of Mxene to successfully detect individual nucleotides for
the purpose of DNA sequencing, certain limitations of the present
study should be pointed out: First, we realize that the calculation
approach which employs the gate electrode by tuning the Fermi
energy employs a simplified approximation of determining the
conductance. However, a very recent study on MXene-based FET
has shown that the transmission as a function of gate voltage will
not be significantly changed for a small bias [66]. Second, our
study has been strictly limited to determining the conductance
variation due to sampling over multiple positions and orientations
without water molecules. Certainly, a more realistic simulation
considering the presence of water would be most helpful for a
deeper investigation of this nanopore-based DNA sequencing
device. Recent theoretical studies [67] reported on the role of
water on the electronic transport in graphene nanogap-based
DNA sequencing devices, indicating an increase in conductance.
In the case of Mxene nanopores, we assume that the water might
not significantly affect the electrical properties due to its high
intrinsic conductivity and low noise at room temperature. To
verify our hypothesis, future studies should directly investigate the
effect of fluctuating water environments on the electrical
properties of Mxene nanopores.

4 Conclusions

In summary, the proposed Ti,C(OH), MXene device allows for
conductance measurements of the DNA translocation inside the
nanopore with multiple orientations. Using a combination of DFT

and NEGF methods, we have shown that the device meets
multiple performance requirements: It effectively distinguishes
between the four naturally occurring nucleotides, and at the same
time, it also helps to stabilize the DNA structures as they pass
through the nanopore. By sweeping the gate voltage, the current
pathway flowing through the device can be modulated in a way to
enhance selectiveness toward the DNA nucleotides. In particular,
when combined with MD simulations, the transverse conductance
is clearly statistically distinguishable. Based on our results, one
could extend future studies further to explore the use of MXenes
with different pore sizes, variations in elemental compositions,
alternative surface functionalization, conductance fluctuation due
to the inclusion of an explicit water environment, and gate voltage
adjustment to optimize the sensing capabilities for sequencing
DNA. Understanding the influence of each factor on the electrical
properties stemming from DNA translocation through the
nanopore will provide guidance for the efficient design of a novel
ultra-fast and accurate DNA sequencing device based on 2D
MXene materials.
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