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ABSTRACT Nanopore-based DNA sequencing has led to fast and high-resolution recognition and
detection of DNA bases. Solid-state and biological nanopores have low signal-to-noise ratio (SNR) (< 10) and
are generally too thick (> 5 nm) to be able to read at single-base resolution. A nanopore in graphene, a 2-D
material with sub-nanometer thickness, has a SNR of ~3 under DNA ionic current. In this report, using
atomistic and quantum simulations, we find that a single-layer MoS, is an extraordinary material (with a
SNR > 15) for DNA sequencing by two competing technologies (i.e., nanopore and nanochannel). A MoS,
nanopore shows four distinct ionic current signals for single-nucleobase detection with low noise. In addition,
a single-layer MoS, shows a characteristic change/response in the total density of states for each base. The
band gap of MoS, is significantly changed compared to other nanomaterials (e.g., graphene, h-BN, and silicon

nanowire) when bases are placed on top of the pristine MoS, and armchair MoS, nanoribbon, thus making MoS, a promising material for base detection via

transverse current tunneling measurement. MoS, nanopore benefits from a craftable pore architecture (combination of Mo and S atoms at the edge) which

can be engineered to obtain the optimum sequencing signals.
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anopore-based DNA sequencing

has opened up opportunities for fast

and high-resolution recognition and
detection of DNA bases (guanine (G), adenine
(A), thymine (T), and cytosine (C)).'© In these
devices, a negatively charged DNA is driven
through the nanopore along with other mol-
ecules such as water and ions.>>” DNA is
electrophoretically* driven through a nano-
pore by an applied external electric field, and
the ionic current through the nanopore is
modulated during the DNA “translocation
processes”>® The change in the ionic current
as the DNA molecule passes through the
nanopore represents a direct reading of the
DNA sequence® The translocation occurs
at speeds of about 107 bases per second,
which is the sub-millisecond laboratory time
scale.”'° Solid-state nanopores' "2 and biolo-
gical nanopores (e.g., a-hemolysin)'® have
been extensively used for DNA sequencing.'?
In general, these membranes and pores are
too thick (>5 nm) to be able to perform
sequencing at single-base resolution."" Biolo-
gical nanopores can be unstable, prone to
be disassembled when biases higher than
1.0 V are applied, and can be quite sensitive
to mechanical/thermal fluctuations.>'*'® To
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read the sequence of nucleotides in a DNA
molecule, for example, a pore of nanometer
thickness is required.'® Graphene,'” a 2-D
material with a thickness of 034 nm, has
conceptually been demonstrated for DNA
translocation and sequencing.”'*'%18-2° The
atomic-scale pore thickness can be used for
DNA single-base detection.'® In addition to
ionic current blockade, transverse tunneling
current can also be used for electronic base
detection.?’?* Sequencing by tunneling has
already been accomplished using standard
solid-state pores and break junctions.**> It
is notable that pristine graphene does not
have a band gap,'” which is not desirable for
electronic base detection and field-effect
transistors (FETs).2® Engineering the band
gap of graphene increases fabrication com-
plexity?®*” and either reduces the electronic
mobility or requires high voltages which are
beyond threshold voltages for DNA.'® A single
layer of MoS, has a direct band gap of 1.8
eV,2® which can be used to construct inter-
band tunnel FETs for sensing applications.?®
Recently, it has been shown that using haf-
nium oxide (HfO,) as gate dielectric can en-
hance the single-layer MoS, mobility by about
200 times at room temperature, which makes
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it comparable to graphene nanoribbon mobility.?® This
finding makes MoS, highly preferable to graphene in
terms of DNA electronic base sensing.

It has been shown that ionic current blockade signal
shows noise for DNA translocation through a single-
layer graphene nanopore.'®?° The origin of this noise
has been attributed to the atomic thickness of the pore.
It is notable that a nanopore in a three-layer graphite
structure, which has ~1 nm thickness, shows a better
signal-to-noise ratio.'®**® MoS, has a thickness of
1 nm, which makes it a superior material compared
to graphene in terms of signal/noise intensity while
maintaining its monolayer property.

Another issue with the graphene nanopore is that
DNA sticks to the pore sides and surface during the
translocation process.'*'® Coexistence of bases on the
surface and the pore sides will complicate the trans-
verse tunneling current, making the nucleobase iden-
tification difficult. In addition, the stochastic motion of
DNA through a nanopore generated due to the base
adherence has under-defined interactions between
the nanopore and the nucleobases.”'®*' Finding a
substitute or a way to modify graphene for good
sensing ability and nonsticky pore surface will be the
challenge for the next generation DNA sequencing
devices. Orientational fluctuations of nucleobases can
give rise to overlapping current contributions from
different bases, so it is advantageous to develop a
device that can hold each base firmly while the base
was being read.”>?' The thickness of a single-layer
MoS; nanopore combined with the ability to engineer
atoms (molybdenum (Mo), sulfur (S), or both) exposed
to DNA bases opens up opportunities for DNA sequen-
cing. In a recent work, DNA is translocated through a
single-layer MoS, and a signal-to-noise ratio (SNR)
greater than 10 has been demonstrated.>? In this
paper, using molecular dynamics (MD) simulations,
we demonstrate the translocation and sequencing of
double-stranded DNA (dsDNA) through the MoS, na-
nopore with distinct ionic current blockade and low
noise-to-signal ratio for each nucleobase. Furthermore,
using density functional theory (DFT) simulation, we
show that both MoS, nanopore and MoS, surface can
be used for single DNA base detection. A comparison
between graphene and the MoS, nanopore in terms of
DNA adherence and pore architecture is also discussed.

RESULTS AND DISCUSSION

We performed MD simulations on translocation of
dsDNA through a 2.3 nm diameter pore in a single-
layer MoS, structure (Figure 1a,b). We used 2.3 nm pore
size as prior studies for graphene nanopore have
shown that a pore diameter of 2.3 nm is the smallest
and most efficient pore size for the translocation of
dsDNA™—specifically, this pore diameter shows better
signatures of ionic current blockade for each DNA
base and nucleotides.”® Studies of the graphene
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nanopore also reveal that the pore size of ~2.3 nm
would help to augment the transverse tunneling cur-
rent due to the better mixing of the electronic cloud
of carbon atoms and DNA bases. After equilibration
(as described in the Methods section), electric field is
applied in the z-direction. The translocation history of
the DNA center of mass (COM) is registered for three
biases of 2.1, 2.8, and 3.57 V. Complete electrophoresis
of DNAfor 2.1,2.8,and 3.57 V takes 3.2,0.3,and 0.18 ns,
respectively. Generally, a bias of 100—600 mV is ap-
plied in experiments for DNA translocation through
nanopores. Here, for tractable computational studies,
we applied a higher bias. According to our simulation
data (Supporting Information), for biases lower than
2.0V, translocation is significantly hindered. Our esti-
mates show that for biases of around 100 mV, the
translocation time increases to microseconds. In all
nanopore technologies, the high speed at which DNA
is translocated through nanopores is very promising in
ultrafast sequencing (1 base/us); however, the mea-
surement of small currents requires the bandwidth to
be of MHz which limits the optimum sequencing
speed. The red dashed line in Figure 1c represents
the pore midline which is aligned along the x-axis. For a
low bias of 2.1V, DNA (COM) oscillates around the midline.
Initially, when the dsDNA is located a few angstroms away
from the pore mouth, we observed the transient flux of
ions and water (Supporting Information) as the dsDNA
approaches the pore entrance.

Due to the confinement in the pore, dsDNA acts like
a pump and pushes ions and water molecules inside
the pore. To calculate the residence time and translo-
cation history of each base inside the pore, we tagged
the atoms of each base when they were inside the
pore. We counted the number of atoms of each base
which occupied the pore at different time instances.
Figure 2a shows the density of each base inside the
pore (for a bias of 2.8 V). It is observed that A—T and
C—G bases occupy the pore most of the time. At t =
250 ps, interestingly, only base A dominates the whole
pore. Base T occupies the pore for t = 100—250 ps. We
computed the ionic current blockade, I(t), when the
DNA passes through the pore. The ionic current
through the nanopore is shown in Figure 2b. The
computed ionic current in Figure 2b is in nanoampere
range, which is in agreement with experiments.3? We
associate the bases, A, T, C, and G with the correspond-
ing ionic current. At some time instances, two bases
coexist in the pore and the associated ionic current is
for both the bases combined. As shown in Figure 2b,
the ionic current associated with the bases decreases
as AT > G > T > CG > C. This result also accounts for
orientation of bases in the pore, and we note that the
effective blockade is higher for C and G bases com-
pared to A and T (Supporting Information). We com-
pared the noise in ionic current in graphene and MoS,
nanopores by considering the same pore size and

VOL.8 = NO.8 = 7914-7922 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

7915



20 —21V
——357V
—28V
10 0
-20
0 50 100 150 200 250 300

104

Axial position of DNA-COM (A)
o

Pore center

L T
0 1000

T L] T
2000 3000
time (ps)

Figure 1. (a) DNA translocation through a MoS; nanopore. (b) DNA hairpin structure with the loop at the top (PDB code: 1ac7
taken from PDB.org) and the side view of MoS; fish-bone structure. (c) DNA translocation history for different biases; the red

dashed line represents the center of the pore.

applied bias (Supporting Information). We found four
distinct conductance states for the MoS, nanopore
compared to graphene, which has only two conduc-
tance states. Graphene thickness is too small to capture
the ionic current appropriately, and two conductance
states are not enough to distinguish all the bases in the
pore. For example, the chloride ion size (o) is larger
than the pore thickness (t) (0 = 0.41 nm compared to
pore thickness of graphene, t = 0.34 nm), and the
effective pore occupation length of each base is larger
than the graphene pore thickness. The origin of more
conduction states in the MoS, nanopore can be attrib-
uted to the architecture of the pore that contains both
hydrophobic (S atoms) and hydrophilic (Mo atoms)
sites. We computed the signal-to-noise ratio® of MoS,
and graphene nanopores (Supporting Information).
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SNR for MoS, and graphene nanopore is 15.02 and
3.32, respectively. The SNR results are in agreement
with the experiments suggesting that the SNR of
DNA ionic current in a MoS, nanopore is higher than
10.3% The noise generated in graphene is 4—5 times
larger compared to MoS,. The best SNR taken for any
nanopore (biological and solid state) to our current
knowledge3* is around 10, which is lower than MoS,
SNR. In addition, the noise is significantly higher in the
case of graphene. In the case of the MoS, nanopore,
the thickness of 1 nm combined with alternative
arrangement of pore atoms (Mo/S) with hydrophobic—
hydrophilic—hydrophobic architecture makes MoS,
amenable for ionic current measurements with lower
noise. Our findings can pave the way toward efficient
DNA sequencing by ionic current measurements.
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Figure 2. (a) Passage of bases (A, C, G, and T) through the
MoS, nanopore and the residence time of each base inside
the pore. (b) lonic current for different bases and combina-
tion of CG or AT bases. (c) Signal-to-noise ratio of MoS,
nanopore for different biases and temperatures, T = 300 K
and T = 325 K. (d) dsDNA modalities for two different
applied voltages. The average length of dsDNA during
translocation is shown for the two cases. dsDNA knots
inside the pore (right); electrophoretic forces are not strong
enough to stretch and translocate dsDNA.

Thermal Fluctuations and DNA Modalities. To understand
the effect of thermal fluctuations on the quality of the
signal computed, we analyzed the effect of tempera-
ture on the noise generated in the pore. In all the
pores, the translocation forces, which are electrostatic,
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compete with the drag forces in the nanopore.®® The
drag forces arise from the van der Waals interactions
with the pore atoms. We changed the strength of the
applied bias and temperature to examine its effect on
the SNR (see Supporting Information for the calcula-
tion of SNR). Figure 2c shows that, as we increase the
applied bias, SNR increases. Also, as we increase the
temperature from T = 300 to 325 K, SNR decreases for
all the applied biases. The decrease in SNR with increase
in temperature is due to the increase in thermal vibra-
tion which gives rise to a larger stochastic motion of the
bases in the pore. The root mean square displacement
(RMSD) calculation of dsDNA in the MoS, nanopore (in
the absence of applied bias) reveals a higher DNA
fluctuation (RMSD = 3.65 A) for T = 325 K compared to
T =300 K (RMSD = 2.93 A). The higher rmsd indicates a
higher frequency of bases entering and exiting the pore.
This can be further confirmed by the comparison with
Inoise,;ms (Supporting Information). Iheise,ms is higher for
T =325 K compared to T =300 K. From Figure 2¢, it can
be inferred that higher biases can enhance the SNR
which can be attributed to stretching of the dsDNA.

We measured the time-averaged maximum length
of dsDNA in the presence of an applied bias, and we
observed that the stretching of the dsDNA increases
with the bias (Figure 2d). The snapshots of dsDNA
modalities for V = 0.1 and 3.0 V reveal that dsDNA
knotting occurs frequently in lower biases in the
nanopore, giving rise to a higher noise due to presence
of a multibase in the nanopore (Figure 2d).

Stickiness of the Pores. One of the other challenges
posed by DNA translocation through a graphene na-
nopore is the sticking behavior of DNA to the pore
internal carbons and the surface of graphene.''® We
performed MD simulations for both graphene and the
MoS; nanopore in order to compare their stickiness (to
DNA) behavior (Supporting Information). Surprisingly,
DNA did not adhere to MoS, in contrast to graphene
where significant stickiness is observed (see support-
ing video, adherence). Liu et al. also found, by experi-
ments, that DNA does not stick to the surface of
MoS,.22 The architecture of the MoS, pore has Mo
atoms which are strong hydrophilic sites. DNA is a
hydrophobic structure, so it does not like to adhere to
Mo sites. We performed MD simulations on two types
of pore structures (Mo exposed only and S exposed
only). Our observations suggest that having more Mo
exposed in the pore would decrease the sticking of
atoms to the pore sides and surface. These results open
up opportunities for engineering the pore architecture
for optimized DNA translocation through MoS,.

DFT Results. Bases in the MoS, Nanopore. To demon-
strate the significance of using MoS, as a DNA FET3%37
for nucleobase detection (see Figure 3a for proposed
architecture), we computed the electronic structure
changes induced due to the presence of DNA bases
inside the nanopore using DFT.
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Figure 3. (a) Schematic view of a potential DNA sensing device. (b) Three-dimensional electronic charge density rearrange-
ment (Ap) (red and blue isosurfaces represent charge accumulation and depletion, respectively; isosurface level is set at
0.0004 A~3) when porous (Mo-terminated) MoS, interacting with G (left) and T (right). Total DOS of each base when placed (c)
horizontally (inset: molecular snapshot of Mo-only edge) and (d) at 45° angle in porous (Mo-terminated) MoS.. (e) Total DOS
and (f) band gap (left axis) and binding energy (right axis) of a pristine single-layer AMNR with each DNA base placed on the

top of AMNR.

In MoS, nanopores, the atoms exposed to DNA
bases can be engineered with three possible configura-
tions: Mo-terminated, S-terminated, and both Mo- and
S-terminated edge. We first constructed a MoS; nano-
pore with Mo termination. The charge density rearrange-
ment (Ap) in the nanopore (Mo-terminated) due to the
interaction between MoS, and DNA bases is shown in
Figure 3b. It indicates that there are more overlapped
electron clouds when G is inside the nanopore compared
to T. This result suggests that base G will give rise to a
higher conductance if bias is applied to the device.

To further investigate the effect of DNA bases
(inside the pore) on MoS,, the total density of states
(DOS) was obtained as shown in Figure 3¢, and it shows
that the Mo-terminated pore induces finite states
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around the Fermi level.3® Each base is placed in a
planar configuration (6 = 0 and o = 0, Supporting
Information) in the nanopore. The shape of the total
DOS is significantly changed around the Fermi level, as
shown in Figure 3¢, which indicates a strong interac-
tion of the bases with MoS,. Each base shows a
different response, and G and A bases interact stronger
than the other two bases (G > A > C > T), supported by
the binding energy calculation as shown in Table 1.
This can be further confirmed when the DNA bases are
placed at an orientation that is the most probable
orientation (6 = 40—52°) obtained from MD simula-
tions (Supporting Information). Similar to the case
when the bases are placed horizontally, each DOS
curve shows a distinct response for DNA base interaction
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with the MoS, nanopore, and binding energy calculations
also confirm this result as shown in Figure 3d and Table 1.

Next, we also constructed two other configurations:
S-terminated nanopore and both Mo- and S-termi-
nated nanopore. As shown in the Supporting Informa-
tion, it should be noted that there is no distinct change
in the total DOS when each base is placed horizontally,
and the overall response is the same for all the bases.
These results suggest that Mo atoms interact strongly
with DNA bases compared to the S atoms, and Mo-
terminated nanopores can potentially differentiate
each base. This finding can be potentially used for
the construction of a DNA FET sensor for electronic
detection of each base.

Interaction of Armchair MoS, Nanoribbon (AMNR)
with DNA Bases. To further investigate the potential
application of a single-layer MoS; as a DNA sensing

TABLE 1. Binding Energy Calculation between MoS,
Terminated with Mo Only and Each Base

base orientation bases binding energy (eV)

horizontal A 3.563
3.246
4306
1.603
2.587
2153
2.873
1.755

angle

— o N> - o N

(Local)DOS

(Local)DOS

E-E, (eV)

device in a nanochannel configuration, we studied
the interaction of DNA bases with a pristine armchair
MoS; nanoribbon (AMNR) without any pore or defects
(device architecture and AMNR setup are shown in
Supporting Information). A similar concept has been
proposed by Min et al. using a graphene nanoribbon
(GNR), where a unique response of GNR to DNA bases
has been demonstrated.® Unlike the zigzag MoS,
nanoribbon, which is a metal, AMNR exhibits a finite
energy gap of 0.5349 eV that makes it amenable as a
sensor.>?° We performed DFT simulations by placing
each nucleobase on top of AMNR in a planar config-
uration (Supporting Information). A total of 10 different
configurations for each structure are considered, and
the average band gap is obtained. As shown in
Figure 3e, the total DOS of AMNR shows a characteristic
response in the presence of each base. The band gap
of each system is highly affected due to the presence
of bases. Base G most significantly affects AMNR
and gives rise to a reduction in band gap by 0.2 eV
compared to pristine AMNR. Unlike other bases, base T
slightly opens the band gap of AMNR by 0.02 eV. The
change in band gap is highest with base G and lowest
with T and follows the order G > A > C > T (Figure 3f),
which is the same order obtained for the MoS, nano-
pore (Mo-terminated) case. Interestingly, this order is
also observed for the interaction of pristine graphene
with DNA bases.*’*? The binding energy calculation
further confirms this result, which shows a larger
value for the case with higher change in band gap

80 T T T T T

70 b [l Dos

60

50+

40

(Local)DOS

(Local)DOS

E-E, (eV)

Figure 4. Total and local DOS of a pristine AMNR with each DNA base: (a) guanine (G), (b) thymine (T), (c) adenine (A), and (d)

cytosine (C), which is placed on the top of AMNR.
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(see Figure 3f). It is noteworthy that bases G and A inherit
an additional five-membered ring attached to the six-
membered ring compared to bases C and T with only one
six-membered ring. The additional ring in bases A and G
provides the possibility of sharing a higher level of
electronic interactions with MoS,. To further investigate
the origin of the band gap change, the local DOS for
pristine AMNR, DNA base, and the total system (base +
AMNR) is computed (see Figure 4). The local DOS of
AMNR is almost the same for all structures. It should be
noted that the band gap change in MoS, interacting with
base G is mainly due to the overlap of the energy states
around the Fermi level induced from base G (Figure 4a).
For bases A and C, the finite energy states of each base are
located around the Fermi level (Figure 4c,d), unlike the
case of base T (Figure 4b), which reduces the band gap.

METHODS

MD Simulation. We performed MD simulations with LAMMPS*®
to investigate DNA translocation in a MoS, nanopore (Figure 1a).
We used the structural features of the hairpin DNA (5-D (ATCCTA-
GTTA-TAGGAT)-3'). The specific feature of this DNA is the forma-
tion of a G—A base pair in the loop (Figure 1b). A pore with a
diameter of 2.3 nm is drilled in the center of an 8 nm x 8 nm single-
layer MoS,. Initially, DNA was placed at the mouth of the MoS,
nanopore where the DNA axis (z-direction) is along the nanopore
axis (Figure 1b). DNA and MoS; are submersed in water and salt
jonic solution. The ionic concentration of NaCl is T M. We used the
CHARMM?27 force field* parameters for DNA, TIP3P water mol-
ecules, and ions. SHAKE algorithm was used to maintain the
rigidity of the water molecules. The parameters for MoS, were
taken from ref 45. For the interaction between MoS; and DNA,
water and ions, we used mixing rules. MoS, atoms were frozen to
their initial lattice position. In the case of the graphene nanopore,
the C—C interaction is modeled with the AIREBO*® potential. The
periodic boundary condition is applied in all three directions. The
cutoff distance for the LJ interactions is 15 A. The long-range
electrostatic interactions were computed by using the particle—
particle—particle—mesh method. The time step is selected to be
1 fs. For each simulation, energy minimization was performed for
100000 steps. Systems were then equilibrated for 1 ns with NPT
ensemble at 1 atm pressure and 300 K temperature. NPT simula-
tion ensures that the water concentration is equal to the bulk value
of 1 g/cm?. The simulation is then performed in NVT ensemble.
Temperature was maintained at 300 K by applying the Nosé—Ho-
over thermostat with a time constant of 0.1 ps. Before applying the
electric field, equilibration for 2 ns is performed in NVT. Production
simulations were performed by applying an external electric field
in the z-direction. The external electric fields are reported in terms
of a transmembrane voltage difference V = EL,, where E is the
electric field strength and L, is the length of the simulation system
in the z-direction.'® We monitored the time-dependent ionic
current, /(t), in the pore. We computed the ionic current through
the nanopore by using the definition of current

18 i(t +0t) — z(t)
I = — et ot = it
L, Z1q’[z ot 1

where the sum is for all the ions, Ot is chosen to be 5 ps, and z;and
g; are the z-coordinate, charge of ion i, and n is the total number of
ions.

DFT Simulation. We performed DFT with SIESTA to under-
stand the physical nature of interaction between MoS, and
nucleobases.*” DFT has been widely used to investigate the
physical/chemical adsorption mechanism, and it has also been

FARIMANI ET AL.

CONCLUSION

In summary, we found that a single-layer MoS, is a
promising material for DNA sequencing technology
through the nanopore or the surface using MD and DFT
simulations. MoS, nanopore shows a distinct ionic
current signal for single-nucleobase detection with a
SNR of 15, which is consistent with the experimental
results.>> MoS, also shows a characteristic response in
total DOS change for each base. The band gap of MoS,
is significantly changed when bases are placed on the
top of pristine MoS,, which makes it a good material for
base detection. In contrast to graphene, for the MoS,
nanopore, DNA shows a more distinguishable signa-
ture per base. During translocation of DNA, bases stick
to the graphene surface while the MoS, nanopore
shows a nonsticky behavior.

shown that it can accurately capture the electronic properties
of nanomaterials, such as MoS,, water-filled buckyball, and
graphene. 244248 Eor parametrization of the exchange-
correlation functional, generalized gradient approximation with
Perdew—Burke—Ernzerhof is used.”® The core electrons are
replaced by the norm-conserving pseudopotentials.>® For the
basis set, double-¢ basis plus polarization numerical atomic
orbital is used. For the k-point mesh generation, the 5 x 5 x 1
Monkhorst—Pack for structural relaxation for both MoS, and
DNA and 12 x 12 x 1 (bulk structure) and 1 x 1 x 40 (finite
structure) Monkhorst—Pack for calculation of electronic properties
are used.>' A vacuum region of around 20 A is used to remove any
artificial effect from the nonperiodic directions in the simulation
box. Structural relaxation is achieved until the maximum residual
force of the system is reached, which is less than 0.05 eV/A. For
MoS; structure construction, the unit cell of MoS; is first relaxed,
and using it, a larger system is generated for interaction with DNA
bases (Supporting Information). After energy minimization, the
total density of states of the system (MoS, + DNA bases), which
represents the number of states for each energy level, is obtained.
The binding energy between MoS, substrate and DNA bases is
calculated as Epinding = (Emos, + Ebase) — Etotalr Where Eiora is the
total energy of the system (MoS, and base), and Epes, and Epase is
the energy of each system, MoS; and single base, respectively. For
the interaction of pristine MoS, with DNA base, the band gap
change is studied. To understand that the electron clouds overlap
due to the interaction between MoS, and DNA bases, the charge
density difference (Ap) is obtained, which is defined as Ap =
PMos,+base — (pMoS2 + pbase)l where pMoSQand Pbase represent the
charge density distribution of each structure (MoS, and DNA base),
and Pwos, tbase IS the charge density distribution of the total
system.
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