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ABSTRACT: Detection of nucleobases is of great significance in DNA
sequencing, which is one of the main goals of the Human Genome Project.
The synthesis of Hachimoji DNA, an artificial genetic system with eight
nucleotide bases, has induced a transformative shift in genetic research and
biosensing. Here, we present a systematic investigation of the adsorption
behavior and electronic transport properties of natural and modified DNA
bases on a Janus molybdenum sulfur hydride (MoSH) monolayer using
density functional theory (DFT) and nonequilibrium Green’s function
(NEGF) methods. Our results demonstrate that the S side of the MoSH
monolayer is more effective as a sensing platform compared to the H side,
which undergoes significant structural distortions due to chemisorption. The S
side selectively distinguishes natural bases A and T from G and C, and
modified bases S and Z from others. However, the negligible changes in
current after base adsorption highlight the limitations of relying solely on current sensitivity for detection. Our findings provide
valuable insights into the design of MoSH monolayer-based sensing platforms for selective DNA base detection, with potential
applications in next-generation DNA sequencing technologies.

1. INTRODUCTION
Deoxyribonucleic acid (DNA) is the fundamental building
block of life, encoding the genetic instructions that govern
biological processes across all living organisms.1,2 Composed of
nucleotides�each containing one of four naturally occurring
nucleobases linked by a sugar−phosphate backbone�DNA
sequences provide the template for protein synthesis and the
transmission of genetic information. The rapid advancements
in DNA sequencing have catalyzed a new era of precision
medicine, presenting significant opportunities to enhance
human health.2 As personalized medicine continues to rise,
the demand for sophisticated DNA sensing platforms that
enable high-precision sequence analysis has grown. The
successful sequencing of the human genome and other species
has intensified interest in nucleobase identification.3 DNA
sequencing technology has evolved from the pioneering Sanger
method to the latest third-generation techniques, including
nanopore/nanogap-based sequencing,4,5 and chemical and
enzymatic methods,6 pushing the boundaries of DNA analysis.
With advancements in bionanoscience, significant efforts have
been directed toward developing nanoscale biosensors capable
of detecting nucleobases at the single-molecule level.5 The
challenge in nucleobase detection lies in creating sensors that
are cost-effective, sensitive, selective, and reliable. Addressing
these challenges is essential to fully realize the potential of
DNA sequencing in precision medicine, environmental

monitoring, genetic disease diagnosis, military counter-
terrorism, and beyond.7

Recent advancements in synthetic biology have led to
significant strides in expanding the genetic code of DNA
through the development of novel modified nucleotides,
extensively investigated for various applications such as precise
site-specific labeling and targeted detection probing,8−11 and
structural analysis of nucleic acids.12−23 In their ground-
breaking work, Hoshika et al.21 integrated modified nucleotides
(B, S, P, and Z) with the natural bases (A, T, G, and C) into
oligonucleotides, each representing distinct chemical struc-
tures, see Figure 1. This innovative approach resulted in the
creation of DNA with an expanded eight-base genetic alphabet
(A, T, G, C, B, S, P, Z), termed “Hachimoji” DNA, offering
significantly enhanced information-storage capacity compared
to conventional four-base natural alphabets and previously
reported six-base systems.21,22,24

This advancement opens new avenues in biomolecular
research, offering a broader platform for engineering DNA with
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customized functionalities that can affect protein synthesis and
potentially lead to the creation of novel biomolecules with
diverse applications. The incorporation of the modified bases
(S, B, Z, P) alongside the traditional natural bases (A, G, C, T)
in the Hachimoji DNA molecule has been shown to exhibit
structural similarities to canonical DNA when tested within a
leukemia virus.21 Moreover, there is growing interest in
exploring the potential therapeutic applications of these bases
in treating diseases such as HIV and hepatitis C, highlighting
the promising intersection of synthetic biology and medicine.
Similar computational investigations on natural and non-
natural DNA bases have already been carried for several
applications.25−32

The experimental validation of unnatural genetic characters
presents a significant challenge for label-free next-generation
sequencing (NGS) techniques, such as nanopore sensors.33

While DNA can be driven electrophoretically through
nanopores, generating ionic and/or transverse currents that
can be detected in real-time, there are still some experimental
drawbacks that need to be overcome. These include a low
signal-to-noise ratio and too fast translocation speed, which
hinder the realization of a label-free, rapid, and low-cost DNA
sequencing through solid-state nanopores.34

Among the diverse materials available for DNA sensing
applications, two-dimensional (2D) materials have garnered
significant attention due to their unique electronic and
chemical properties.35−42 Graphene, hexagonal boron nitride
(h-BN), graphitic carbon nitride (g-C3N4), transition metal
dichalcogenides (TMDs) like MoS2 and WS2, transition metal
oxides (TMOs) such as MoO3, WO3, and MnO2, MXenes, and
black phosphorus have all been explored for their potential in

biosensing applications.3,35,36,43−47 In this context, the Janus
MoSH monolayer, which was obtained by stripping the top
layer S of MoS2 with H atoms using gentle H2-plasma
treatment at room temperature48−50 and possessing distinctive
composition compared to MoS2 stands out as a particularly
promising candidate for such biosensing applications. Accord-
ingly, this study focuses on elucidating the adsorption behavior
and electronic characteristics of Hachimoji DNA on Janus
MoSH monolayers, with the aim of advancing our under-
standing of potential DNA sensing platforms.

Conducting transport measurements on field-effect tran-
sistors fabricated from Janus MoSH has revealed a gate
voltage-independent and consistently constant carrier concen-
tration, indicating its metallic nature.50 These findings are
further supported by density functional theory (DFT)
calculations.50 Moreover, investigations into phonon-mediated
superconductivity have suggested that the light mass and high
vibrational frequency of hydrogen impart the Janus MoSH
monolayer with robust conventional high-temperature two-
dimensional superconducting properties.51

The Janus MoSH monolayer shows promise as a metal
contact material in high-performance nanodevices, forming a
p-type Schottky contact that allows for efficient charge
injection.50 Its electronic structure can be adjusted with
external strain and electric fields, enhancing its suitability for
optoelectronic applications and demonstrating versatility in
heterostructures with other semiconductors.52−54 Additionally,
Janus materials, with their asymmetrical structure and dipole
moment, are expected to improve DNA sensing by facilitating
stronger dipole−dipole interactions with nucleobases. This
capability enhances the sensitivity and selectivity of DNA
sensors, making Janus MoSH a valuable candidate for
advancing biosensing technologies in genetic research and
diagnostics.

The rapid advancement of personalized medicine neces-
sitates the development of innovative sensing technologies for
accurate DNA detection. In this study, we investigate the Janus
MoSH monolayer as a promising platform for Hachimoji
nucleobase sensing in nanodevices. By employing density
functional theory and the nonequilibrium Green’s function
approach, we systematically analyze the interactions between
various nucleobases and the MoSH surface. Our goal is to
determine key parameters such as binding energy, charge
transfer, and the lowest energy configurations, which are
critical for optimizing sensor performance. This research not
only enhances our understanding of the electronic properties
of Hachimoji DNA on Janus MoSH but also contributes to the
development of advanced biosensing platforms, ultimately
supporting the pursuit of personalized medicine and improved
diagnostic capabilities.

2. COMPUTATIONAL DETAILS
The computational study employed first-principles calculations
based on density functional theory within the Vienna ab initio
simulation package.55−57 The Perdew−Burke−Ernzerhof
(PBE) generalized gradient approximation was utilized for
the exchange-correlation potential treatment. Projector-aug-
mented wave potentials were assigned specific valence states:
1s1 for H, 2s22p2 for C, 2s22p3 for N, 2s22p4 for O, 3s23p4 for S,
and 4p64d55s1 for Mo.58 van der Waals interactions were
accounted for using the DFT-D3 method.59 Electronic wave
functions were expanded with a plane wave basis set and a 500
eV cutoff energy, with Brillouin zone integrations on 3 × 3 × 1

Figure 1. Molecular structures of Hachimoji (A, T, G, C, B, S, P, Z)
DNA bases. In the representation, C, N, O, and H atoms are denoted
by brown, gray, red, and pink colored spheres, respectively.
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Monkhorst−Pack k-mesh.60 Structural optimizations were
conducted using the conjugate gradient algorithm until total
energy and atomic forces converged below 10−6 eV and 5 ×
10−3 eV/Å, respectively. The electronic band structure plot is
calculated along higher symmetrical k point path from, Gamma
(0,0,0), M (1/2,0,0), K (2/3,1/3,0) and Gamma (0,0,0).

For the construction of the two-dimensional material (slab
model), a vacuum layer of 16 Å thickness was introduced in
the out-of-plane direction. Adsorption studies employed a
supercell of dimensions 5 × 5 × 1. The adsorption strength
was quantified by the binding energy (Eb), which is defined in
eq 1:

E E E E( )b monolayer base monolayer base= ++ (1)

where Emonolayer+base, Emonolayer, and Ebase are the total energies of
the combined system, MoSH monolayer, and base molecule,
respectively. The binding energy Eb provides information on
the stability of the adsorption between a monolayer and a base
molecule. A negative Eb value indicates an exothermic
adsorption process, reflecting a favorable base/monolayer
structure.

The calculation of current was performed using the
nonequilibrium Green’s function method, implemented in
the TranSIESTA method.61 The current (I) was defined by the
Landauer−Büttiker formula as shown in eq 2
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where f L(E) and f R(E) are the Fermi distribution functions of
the left and right leads, and T(E, V) is the transmission
coefficient at energy E and bias voltage V. The T(E, V) is the
transmission probability of incoming electron with energy E to
get transferred from left electrode to right electrode through
central scattering region.

Electronic wave functions were expanded in a polarized
double-ζ basis with a 700 Ry cutoff energy. Brillouin zone
sampling used 1 × 5 × 51 and 1 × 5 × 1 Monkhorst−Pack k-
meshes for lead and transport calculations, respectively. Charge
transfers were determined through Bader charge analysis.62

The charge density difference was calculated using eq 3:

r r r r( ) ( ) ( ) ( )monolayer base monolayer base= + (3)

where Δρ(r) is derived from the charge density distributions of
the combined system (ρmonolayer+base), monolayer (ρmonolayer),
and molecule (ρbase). Structures were extracted from the
combined system to calculate the charge density distributions
of the monolayer and molecule.

To develop a highly efficient DNA base sensor, the primary
criterion involves the selective detection of a specific base. The
sensitivity of a given monolayer to a particular base molecule is
measured by evaluating the change in electronic conductance
as well as current compared to the baseline conductance/
current (corresponding to the pure monolayer). This
evaluation is accomplished using eqs 4 and 5:
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where G and I represent the electronic conductance (trans-
mission function at 0 V bias) and current flow in the
monolayer MoSH based nanodevice after adsorption of
particular base, respectively while G0 and I0 represent the
electronic conductance (transmission function at 0 V bias) and
current flow in the pure MoSH monolayer (without base
molecules).

3. RESULTS AND DISCUSSION
The optimized atomic structure and electronic band structure
for the unit cell of the Janus MoSH monolayer are shown in
Figure 2. In the MoSH monolayer, the Mo atom is sandwiched

between S and H atoms, forming a bond angle (S−Mo−H) of
74.24°. After complete relaxation of the atomic positions along
with the lattice parameters, the optimized unit cell of the
MoSH monolayer has a lattice constant of a = b = 2.99 Å, with
Mo−S and Mo−H bond lengths of 2.35 and 2.02 Å,
respectively. By measuring the distance between the H atoms
and the S atoms, the thickness of the MoSH monolayer is
obtained as 2.65 Å. The calculated lattice parameters are in
good agreement with earlier experimental50 and theoretical
studies.48 The projected electronic band structure plot shows
the crossing of electronic bands near the Fermi level, which
reflects the metallic nature of the monolayer. The electronic
bands near the Fermi level have a major contribution from the
heavier Mo atom. The projected density of states (PDOS)
plots reveal that the bands near the Fermi Level have
dominating contribution from the d orbitals of the Mo atom,
followed by the p orbitals of the S atom. Interestingly, the s
orbitals of the H atoms show no contribution in the valence
and conduction bands. Due to the placement of different
atoms (H, S) around the Mo atom in the asymmetric atomic
structure, the MoSH monolayer generates an intrinsic dipole
moment (∼0.07 D).
3.1. Adsorption of Hachimoji DNA Bases on MoSH

Monolayer. The interactions between natural DNA bases (A,
T, G, C) and the modified bases (B, S, P, Z) on the MoSH
monolayer are investigated on both the S and H sides. As a first
step, the molecular structures of the base molecules and the
MoSH monolayer are optimized. In the next step, the center of
mass of these molecules is kept at various possible adsorption
sites (HC: hexagonal center, B: bridge, TMo: top of Mo atom,
TX: top of S or H atom) on the S/H sides of the MoSH
monolayer with different orientations, and the lowest energy
configurations are obtained (see Figure 2). The binding
energies for all different adsorption configurations and their
relative energy difference (ΔE) with respect to lowest energy
configuration is reported in Table S1.

Figure 2. Atomic structure and projected electronic band structure of
the hexagonal unit cell in the MoSH monolayer. Mo, S, and H atoms
are represented by purple, yellow, and pink spheres, respectively.
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The lowest energy configurations of the natural and
modified base molecules on the S and H sides of the MoSH
monolayer are shown in Figures 3 and 4, along with the
tabulated results in Table 1. For the S side of the MoSH
monolayer, all bases prefer a horizontal orientation with
respect to the S layer, with the shortest atom-to-atom distance
between the monolayer and base molecule within 3.10 Å from
the monolayer surface. Additionally, the different bond
distances involved in the base molecules as well as the
monolayer MoSH show minimum perturbation from their
original values.

For S side of MoSH monolayer, among the natural bases,
both A and G prefer HC sites with adsorption energies of
−0.843 and −0.981 eV, respectively, while base T and base C
prefers the B and TS sites with an binding energy values of
−0.763 and −0.765 eV, respectively. In the case of modified
bases, P and Z adsorb on the B site with adsorption energies of
−0.910 and −0.886 eV, respectively, while base B and base S
prefer HC and TS sites with adsorption energies of −0.929 and
−0.858 eV, respectively. These binding energy values show
that all bases are physisorbed on the S side of the MoSH
monolayer, with the maximum binding energy for base G
(−0.981 eV) and the minimum binding energy for base T

Figure 3. Top and side view of the lowest energy conformations of natural (A, T, G, C) and modified (B, S, P, Z) base molecules on the S side of
the MoSH monolayer. Mo, S, H, C, N, and O atoms are represented by purple, yellow, pink, brown, gray, and red spheres, respectively.

Figure 4. Top and side views of the lowest energy conformations of natural (A, T, G, C) and modified (B, S, P, Z) base molecules on the H side of
the MoSH monolayer. Mo, S, H, C, N, and O atoms are depicted by purple, yellow, pink, brown, gray, and red spheres, respectively.
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(−0.763 eV). Among the modified bases, B shows the
maximum binding energy of −0.929 eV, while base S shows
the least binding energy (−0.858 eV). Overall, the binding
energy follows the order: G > B > P > Z > S > A > C > T.
Interestingly, the binding energy trend is similar to that
obtained for MoS2 and MoSSe monolayers (S and Se sides)
with slightly increased binding energy values.63

On the H side of the MoSH monolayer, the base molecules
exhibit significantly higher adsorption energies (>−1.2 eV),
indicating chemisorption. As a result, the bases prefer a tilted
geometry relative to the H layer of the MoSH monolayer. Due
to this strong affinity, all bases are in close proximity to the
MoSH monolayer surface, with the shortest atom-to-atom
distance between the monolayer and base molecule within 2.4
Å. It is observed that the heteroatoms (O and N) present in
the base molecules primarily form chemical bonds with the
central Mo atom of the monolayer, displacing the lighter
hydrogen atoms (see Figure 4). This leads to structural

distortion in the monolayer. Similar to the S side, the H side of
MoSH also shows maximum (minimum) adsorption for base
G (base T). However, the binding energy trend on the H side
(G > S > C > B > P > A > Z > T) differs from that observed on
the S side. van der Waals and electrostatic interaction analysis
is shown in Table S2 shows that for S side of the MoSH
monolayer the nature of interaction is mainly van der Waals
while in case of H side both the electrostatic and van der Waals
interactions have significant contributions.

To gain insight into the interaction between the S/H layer of
the MoSH monolayer and the adsorbed base molecules, charge
density difference plots are generated and presented in Figures
5 and 6. Figures S1 and S2 illustrate the charge density
difference plots for the S- and H-layers of the MoSH
monolayer, both represented at a similar isosurface value of
2.75 × 10−3 electrons/Å3. Upon adsorption on the S side,
significant charge redistribution occurs, with the highest charge
density typically found between the S layer and the base

Table 1. Preferred Adsorption Site, Binding Distance (Dh(M−X)) (Shortest Atom-to-Atom Distance between Monolayer (M)
and Base Molecule (X)), Binding Energy (Eb), and Charge Transfer (ΔQ: ± Sign Indicates Charge Depletion from or Charge
Accumulation on Base Molecule) of the Hachimoji Bases Adsorbed on MoSH Monolayer

base

MoSH (S side) MoSH (H side)

site Dh(M−X) (Å) Eb (eV) ΔQ (e) site Dh(M−X) (Å) Eb (eV) ΔQ (e)

A HC 2.99 (S−H) −0.843 −0.112 TH 2.35 (Mo−N) −1.601 −0.012
T B 2.92 (S−H) −0.763 −0.032 TH 2.15 (Mo−O) −1.219 0.020
G HC 2.87 (S−H) −0.981 −0.086 TMo 2.15 (Mo−O) −2.052 −0.008
C TS 2.86 (S−H) −0.765 −0.057 B 2.13 (Mo−O) −1.948 −0.007
B Hc 3.00 (S−H) −0.929 −0.076 TMo 2.12 (Mo−O) −1.859 0.005
S TS 2.92 (S−H) −0.858 −0.072 HC 2.12 (Mo−O) −2.014 −0.003
P B 2.98 (S−H) −0.910 −0.092 HC 2.15 (Mo−O) −1.821 0.000
Z B 3.10 (S−H) −0.886 0.437 B 2.22 (Mo−O) −1.551 0.026

Figure 5. Top and side views of the charge density difference plots for adsorbed natural (A, T, G, C) and modified (B, S, P, Z) base molecules on
the S side of Janus MoSH monolayer. Magenta and cyan color isosurfaces represent charge accumulation and depletion, respectively (isosurface
value: 5.0 × 10−4 electrons/Å3). Mo, S, H, C, N, and O atoms are depicted by purple, yellow, pink, brown, gray, and red spheres, respectively.
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molecule (refer to Figure 5). Notably, this charge redistrib-
ution correlates with the binding energy, exhibiting more
pronounced effects for base G (maximum adsorption) and
diminished effects for base T (minimum adsorption). On the
H side of the MoSH monolayer, the charge density is
predominantly situated between the Mo atom of the
monolayer and the heteroatoms (O/N) of the base molecules,
confirming the formation of chemical bonds (refer to Figure
6). Looking at the Figure 3, it is clear that the interaction
between the lone pair on the sulfur atom in the MoSH
monolayer and the nucleobase ring is weakly attractive. This is
due to the slightly positive electrostatic potential above the
nucleobase’s heterocyclic structure.64 When the dispersion
term is added to the PBE functional (specifically, using the
PBE-D3), it enhances the stability of this interaction in all
cases. Therefore, dispersion interactions are the main factor
stabilizing the interaction between the nucleobases and the
monolayer. Additionally, electrostatic potential maps show that
the slightly positive electrostatic potential on the nucleobase
ring65,66 that causes charge to transfer from the monolayer to
the nucleobases. However, in the case of the Z-base, the charge
transfer is reversed. This anomaly is likely due to a strong
electron-withdrawing group at the C5 position of the Z-base,
which instead donates charge to the monolayer.

Quantitative assessment of the charge transfer for both sides
of the MoSH monolayer is conducted using Bader charge
analysis. The results indicate that on the S side, all bases
transfer charges to the monolayer, with the exception of base
Z. Conversely, on the H side, depending on the base, a
minimal amount of charge is either depleted or accumulated
on the MoSH monolayer following base adsorption (see Table
1).

To further characterize the recovery of a clean surface after
base adsorption, we analyzed the time spent by each base
molecule on the monolayer surface characterized by measuring
the translocation time (τ). Using transition state theory, the
translocation time (τ) for base molecule on the specific
surfaces of Janus MoSH monolayer can be predicted with the
relation e E k T1 ( / )b B= | | , where ν is the attempt frequency of
bond breaking (1 THz), Eb is the binding energy, kB is
Boltzmann constant and T is temperature (300 K). This
relation indicates that base molecules with larger binding
energies can remain on the monolayer surface for a longer
duration compared to those with smaller binding energies. Due
to the significantly higher binding energy values of base
molecules on the H side of the MoSH monolayer, their
translocation times are substantially longer compared to when
they are adsorbed on the S side of MoSH monolayer. For the
H side, base G, which has the maximum binding energy,
exhibits a translocation time on the order of 2.97 × 1022 s while
base T, with the minimum binding energy, shows a
translocation time of approximately 2.96 × 108 s. In
comparison, on the S side, base G (which has the maximum
binding energy) has a translocation time around 2.99 × 104 s,
while base T (with the minimum binding energy) has a
translocation time of only about 6.66 s. These translocation
time values lead to the conclusion that due to the formation of
chemical bonds between all base molecules and the H side of
MoSH, it would take an extremely long time for the adsorbed
bases to detach from the scattering region of the nanodevice.
Consequently, the bare surface will be unavailable for the next
incoming base molecules. On the other hand, the phys-
isorption of bases on the S side of MoSH allows for their easy
detachment, making the surface readily available for the next
incoming bases in the DNA sequence.

Figure 6. Top and side views of the charge density difference plots for adsorbed natural (A, T, G, C) and modified (B, S, P, Z) base molecules on
the H side of Janus MoSH monolayer. Magenta and cyan color isosurfaces represent charge accumulation and depletion, respectively (Isosurface
value: 5.0 × 10−3 electrons/Å3). Mo, S, H, C, N, and O atoms are depicted by purple, yellow, pink, brown, gray, and red spheres, respectively.
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3.2. Exploration of Electronic Characteristics. Next, the
electronic properties were analyzed using the electronic band
structure plots shown in Figure 7 (for the S side of MoSH) and
Figure 8 (for the H side of MoSH). The plots reveal that after
adsorption of base molecules on the S side of the monolayer,
new flat molecular bands are introduced in the electronic band
structure of the pure, metallic MoSH monolayer. Interestingly,
the electronic band structure features, particularly the band
dispersion, show minimal perturbation from the pure MoSH
monolayer after base adsorption (see Figure 7). These
observations reconfirm the physisorption nature of base
molecule adsorption on the S side of the MoSH monolayer.

In contrast, on the H side of the MoSH monolayer, the
electronic features (band dispersion) of the band structure
exhibit significant deviations from the pure MoSH monolayer
after base adsorption. However, the metallic nature of the
MoSH monolayer is still retained even after base molecule
adsorption on the H side (see Figure 8). This electronic
behavior is primarily attributed to the formation of chemical
bonds between the base molecules and the H side of the
monolayer.

In summary, based on the binding energy values, trans-
location times (τ), and electronic band structure analysis, we

can conclude that the S side of the MoSH monolayer is a
superior sensing platform for base molecule detection
compared to the H side. The physisorption of base molecules
on the S side allows for easy detachment and availability for
subsequent sensing, while the chemisorption on the H side
leads to prolonged binding times. Additionally, the electronic
properties of the S side are minimally perturbed by base
adsorption, maintaining the metallic nature of the monolayer.
Therefore, only the S side of the MoSH monolayer has been
chosen for further electronic transport studies.
3.3. Electronic Transport Studies. The electronic

transport properties of a nanodevice composed of a monolayer
MoSH are investigated within the framework of the non-
equilibrium Green’s function approach. The schematic
representation of the two-probe nanodevice, with the S side
of the MoSH monolayer serving as the sensing platform, is
shown in Figure 9a. The setup consists of three parts: the
central scattering region (sensing platform) enclosed by semi-
infinite left and right electrodes (shaded region). The
electronic transport is calculated along the z-direction of the
nanodevice, with the central region dimensions of (14.945 Å ×
15.531 Å) and both left and right electrodes having dimensions
of (14.945 Å × 10.354 Å). To minimize the contact resistance

Figure 7. Electronic band structure of pure MoSH monolayer and after base molecule adsorption on the S side of the MoSH monolayer.
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between the electrode material and the sensing platform due to
the metallic nature of the MoSH monolayer, MoSH is
considered as both the electrode and sensing platform material.

The probability of an incoming electron being transferred
from the left electrode to the right electrode through the
central scattering region is characterized by the energy-resolved
transmission spectra T(E) at zero bias voltage. The variation of
the transmission function T(E) at zero bias voltage for the pure
MoSH monolayer with and without base molecules, with
respect to energy in the range of −2 to +2 eV, is shown in
Figure 9b. The profile of the transmission function correlates
well with the projected band structure plot in Figure 2.
Interestingly, the adsorption of base molecules on the MoSH
monolayer results in a reduction of the T(E) compared to the
pure MoSH monolayer. This suppression in the transmission
spectra is due to backscattering, which reduces the conduction
channels. Numerous experimental studies have investigated the
response of quantized conductance in metallic nanowires to
the adsorption of various molecules, including 2,2′-bipyridine,
adenine, mercaptopropionic acid, and dopamine, each
exhibiting different adsorption strengths. These studies have
attributed the observed decrease in conductance to the
scattering of conduction electrons caused by the adsor-
bates.67−69 The reduction in T(E) values is more pronounced
in the energy range of −1.25 to −1.75 eV, especially at −1.46
eV. The comparison of the transmission function T(E) at

different bias voltages (0.2, 0.4, and 0.5 V) reveals a decrease in
the amplitude of the transmission peak following the
adsorption of base molecules, in contrast to the pure MoSH
monolayer (see Figure S3). Notably, at bias voltages of 0.2 and
0.4 V, the strongly adsorbed G base exhibits the maximum
reduction in the amplitude of the transmission peak, while the
weakly adsorbed T base shows the minimum reduction.

To calculate the transmission sensitivity (see eq 4) for
different base molecules, the transmission spectra of the pure
MoSH monolayer are considered as the reference. Among the
natural base molecules, base C shows the maximum trans-
mission sensitivity (17.1%), while base T exhibits the
minimum (7.5%). For the modified bases, base S and base Z
display the maximum (15.5%) and minimum (9.5%) trans-
mission selectivity, respectively (see Figure 9c). The overall
order of transmission sensitivity is C > G ≥ S > P > B > Z > T
> A. While natural base molecules A and T can be
distinguished from G and C, the low transmission sensitivity
resolution may pose a challenge to detect these natural bases
individually. However, among the modified base molecules,
base S and base Z can be selectively detected, while the signals
for base B and base P are almost indistinguishable.

In conclusion, the adsorption of base molecules on the
MoSH monolayer leads to a reduction in the transmission
function. While the natural base molecules A and T can be
distinguished from G and T, the low transmission sensitivity

Figure 8. Electronic band structure of pure MoSH monolayer and after base molecule adsorption on the H side of the MoSH monolayer.
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resolution makes the detection of individual natural bases
challenging. In contrast, the modified base molecules S and Z
can be selectively detected, showcasing the potential of the
MoSH monolayer as a versatile sensing platform for DNA
sequences presenting Hachimoji DNA bases.

Further, the current−voltage (I−V) characteristics of the
pure MoSH monolayer based device with and without base
molecules is calculated. The current variation of the proposed
device along with the applied voltage ranging from 0 to 0.6 V
(step size: 0.1 V) is also shown in Figure 9d. We note that the
amount of current flow through the device for pure MoSH
monolayer (without base molecule) is of order mA.
Interestingly, the adsorption of base molecules on pure
MoSH monolayer results in very tiny perturbation in the
current as compared to its original values. We believe that this
indistinguishable behavior of current is mainly due to metallic
nature of the sensing platform, where the adsorption of base
molecule is not promising enough to alter the current flow.
Similar effect is also reported for DNA base sensing using two
probe device made up of metallic borophene nanopore.70 The
metallic behavior of borophene also poses challenges in
distinguishing individual nucleotides. Previous studies have
shown that applying a higher bias to borophene pore devices
may be necessary to detect the four nucleotides individually
when they are located inside the pore. However, due to the
high computational resource requirements, the researchers
were unable to afford a higher bias calculation. Consequently,
in the low applied bias window, the current−voltage (I−V)
characteristic results for the borophene pore device do not

appear promising when compared to the graphene pore device.
Hence, graphene continues to be a more suitable material for
transverse current-based DNA sequencing applications.70 Due
to very tiny change in the current value after base molecule
adsorption the current sensitivity (see eq 5) for the MoSH
based device for all studied bases is below 1% (see Figure 9e).
Therefore, using the present scenario it would be difficult to
detect the natural as well as modified base molecules using the
current sensitivity values. We acknowledge that a compre-
hensive understanding of 2D-material-based DNA sequencing
devices necessitates consideration of various factors influencing
DNA nucleotide sensing and translocation. Key elements
include solvent effects, DNA counterions, structural fluctua-
tions of the 2D monolayer, the chemical properties of the
phosphate backbone, and the presence of adjacent nucleo-
tides.70−72 These factors significantly affect molecular
adsorption, binding energy, and transport properties, high-
lighting the need for future studies to incorporate these
variables for a more accurate model of DNA interactions with
2D materials.

As a final remark, we highlight the MoSH nanochannel as a
promising alternative to conventional nanopore sequencing
techniques. The unique ability of the MoSH nanochannel to
detect long DNA strands with controlled orientational
fluctuations enhances signal readability, setting it apart from
traditional solid-state nanopores and nanogaps.73 This
detection process relies on the adsorption interactions between
DNA nucleotides and nanoscale solid-state materials, where
changes in electric current provide insights into the molecular
composition. However, challenges remain, particularly in the
fabrication of ultrathin nanochannels, which restrict their
capacity to adsorb and detect only a single molecule at a time.
Despite the significant progress in the field, limited
experimental studies have been conducted on nanoribbon
and nanochannel sequencing, underscoring the need for
further theoretical and experimental investigations. We believe
that ongoing research will ultimately bridge the gap between
nanopore/nanogap technologies and nanochannel-based se-
quencing, advancing the capabilities of DNA sequencing
methodologies.73

4. CONCLUSIONS
In this study, we have conducted a systematic investigation of
the adsorption and electronic transport properties of the sulfur
(S) and hydrogen (H) sides of the MoSH monolayer for
Hachimoji bases, utilizing density functional theory in
conjunction with the nonequilibrium Green’s function
approach. Our analysis reveals that all examined bases exhibit
physisorption on the S side of the MoSH monolayer, while
unexpectedly undergoing chemisorption on the H side,
resulting in significant structural distortions within the
monolayer.

The evaluation of binding energy, translocation time, and
electronic band structure confirms that the S side of the MoSH
monolayer is more suitable for detecting base molecules
compared to the H side. Additionally, the transmission
sensitivity values derived from electronic transport studies
underscore the potential of the S side for detecting both
natural and modified bases. Notably, among the natural bases,
base A and base T can be distinguished from base G and base
C, while the modified bases S and Z can be selectively
detected.

Figure 9. (a) Schematic representation of two-probe nanodevice
made up of monolayer MoSH as scattering as well as electrode
material, (b) zero-bias transmission spectra for MoSH with and
without base molecules, (c) transmission sensitivity histograms at a
specific energy value (−1.46 eV), (d) current−voltage characteristics,
and (e) current sensitivity at applied voltage of 0.5 V for natural (A,
T, G, C) and modified (B, S, P, Z) base molecules on the S side of the
MoSH monolayer.
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Overall, the insights gained from this study contribute
significantly to the design of MoSH monolayer-based sensing
platforms for DNA sequencing applications. The ability to
selectively detect natural and modified bases through
electronic transport measurements on the S side of the
MoSH monolayer positions it as a promising lead candidate for
next-generation DNA sequencing technologies.
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