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As one of the most promising types of label-free nanopores has great potential for DNA sequencing via fast
detection of different DNA bases. As one of the most promising types of label-free nanopores, two-
dimensional nanopore materials have been developed over the past two decades. However, how to
detect different DNA bases efficiently and accurately is still a challenging problem. In the present work,
the translocation of four homogeneous DNA strands (i.e., poly(A),o, poly(C)o, poly(G)g, and poly(T),o)
through two-dimensional transition-metal carbide (MXene) membrane nanopores with different surface
terminal groups is investigated via all-atom molecular dynamics simulations. Interestingly, it is found that
the four types of bases can be distinguished by different ion currents and dwell times when they are
transported through the TizC>(OH), nanopore. This is mainly attributed to the different orientation and
position distributions of the bases, the hydrogen bonding inside the MXene nanopore, and the
interaction of the ssDNA with the nanopore. The present study enhances the understanding of the
interaction between DNA strands and MXene nanopores with different functional groups, which may
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1 Introduction

In the last two decades, nanopore-based DNA sequencing has
become a rapidly growing research field, since it can provide
fast, label-free and reliable single molecule detection, and
ultimately may facilitate personalized medicine applied to
individuals."™ It was first demonstrated in biological pores,
such as a-hemolysin®® and MspA,** but the applications of such
pores share some disadvantages (e.g., low mechanical strength
and susceptibility to pH, temperature and salt
concentration).”*” Synthetic solid-state nanopores (e.g., SiN,,
SiO,, Al,O; and others), as an alternative to biological nano-
pores, can overcome the above limitations of biological
nanopores**?° and do not need the excessive use of biochemical
reagents.”**® Nevertheless, the thickness of conventional solid-
state pores is usually over 10 nm, thus it is likely that many DNA
bases will be present inside the nanopore at the same time,
which limits the single-read capability of the solid-state pores.”

Graphene, with a sub-nanometer thickness (comparable to the
spacing between neighboring DNA nucleotides), shows high-
resolution DNA detection in theory and has been extensively
investigated in simulations and experiments.”*** However,
a ssDNA molecule adsorbed on graphene cannot be energetically
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provide useful guidelines for the design of MXene-based devices for DNA sequencing in the future.

desorbed and traverse the pore, limiting its practical applica-
tions.* Moreover, great attention has also been paid to nanopores
formed by compound two-dimensional (2D) materials (e.g.,
molybdenum disulfide (MoS,), boron nitride (BN), tungsten
disulfide (WS,), HfO,, etc.) owing to their higher hydrophilicity
compared to graphene.* For example, Aluru et al.>* demonstrated
that a MoS, nanopore shows four distinct ion current signals for
single-base discrimination with low noise. Zhou et al.*” showed
that it is possible to detect different dsDNAs from the recording of
ion current during translocation of the DNA through BN nano-
pores. With more 2D materials being discovered and their phys-
ical properties elucidated, the natural progression is to appraise
their performances in nanopore-based DNA sequencing.*®

Recently, MXenes (a new family of 2D materials), consisting
of transition-metal carbides and nitrides, have attracted great
attention. Their general formula is M,,.;X, T, (n = 1, 2, or 3),
where M and X represent a transition metal, and a carbon and/
or nitrogen, respectively. T, indicates different functional
groups on the MXene surfaces, and it can be -O, -OH and -F.
Generally, MXenes are produced by liquid exfoliation tech-
niques and through selective etching of A-group elements.*
Due to their multi-element contents and tunable compositions,
MXenes have shown great promise in various fields, such as gas
sensing,'>** water purification,*>** energy storage, and so on.
For example, Gogotsi et al.** reported that lamellar stacked
MXene membranes exhibit excellent gas separation perfor-
mance with H,/CO, selectivity >160. Wang et al.** demonstrated
that MXene membranes exhibit high oil rejection without
compromising water permeance.
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Very recently, MXenes have been proved to be a promising
tool for molecular detection, due to their biocompatibility,
hydrophilicity and near-infrared adsorption.** For example,
Wanunu et al.** demonstrated the feasibility of MXene nano-
pores for DNA sequencing, and also found that MXene
membranes exhibit low ion current leakage and noise charac-
teristics comparable to other two-dimensional membranes.
Pumera et al.*® probed the interaction of ssDNA and dsDNA with
Ti;C, T, via fluorescence spectroscopy and molecular dynamics
(MD) simulations, and found that the MXene showed some
potential for biosensing with unequivocal detection at picomole
levels and single-base discrimination. Farimani et al.*® found
that this nanopore material was able to detect different types of
DNA bases, with base A having the longest residence time due to
the strong physisorption and deflection. Notably, the surface
terminal groups of the MXene can have great impacts on its
physicochemical properties, which in turn may affect its DNA
detection ability. However, to the best of our knowledge, there
are no systematic studies that investigate the effect of surface
decoration of the MXene nanopore on DNA sequencing.

In this work, we mainly focus on the effect of different
surface terminal groups of MXenes (Ti;C,(OH),, TisC,0, and
Ti3C,F,) on DNA sequencing by using all-atom molecular
dynamics simulations, i.e., comparing the ionic current and
dwell time produced by poly(A),o, poly(C)so, poly(G)so, and
poly(T)s, in the case of three types of MXene nanopores. As we
show below, the four types of DNA bases can be effectively
identified by using Ti;C,(OH),. Moreover, the underlying
mechanism for why the ionic current and dwell time are
different in different cases will be investigated in detail.

2 Methods

As shown in Fig. 1, our simulation system contains an MXene
nanopore, a homogeneous single-stranded DNA, ions and water
molecules. The structure of Ti;C,T, MXene membranes was
taken from the literature.”” The size of each Ti;C,T, MXene
membrane was set to about 7.6 x 7.6 nm® The nanopore, with
a radius of 1.0 nm, was constructed by deleting the atoms within
1.0 nm of the center of the MXene membrane. For the sake of
simplicity, four types of homogeneous single-stranded DNA
(ssDNA) with twenty identical bases generated using the make-na
server (i.e., poly(A)y, poly(C)e, POly(G)a, and poly(T),,) were
employed to model the DNA fragment. This length of single-
stranded DNA fragment (two full turns of the helix**) has been
successfully detected by graphene nanopores and biological
nanopores in experiments*>*® and is commonly employed in DNA
sequencing based on nanopores using molecular dynamics
simulations.>** The size of the simulated box was about 7.8 x 7.8
x 9.0 nm?, where the beginning base of the ssDNA was placed at
the pore center and perpendicular to the surface of the MXene
membrane, and then was solvated with water molecules. Finally,
a suitable number of Na" ions were added to neutralize the net
charge of the system, while NaCl salt with a concentration of
1.0 M was added into the system. In total, the simulation system
contained about 51 000 atoms, including 349 Na® ions, 330 Cl~
ions, and appr. 15 100 water molecules.
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Fig. 1 The simulation model for ssDNA translocation through an
MXene nanopore. For clarity, water molecules filling the simulation cell
are not displayed. The right column shows the atomic structures of the
three types of MXene membrane (mixed atom termination at the
nanopore). The Ti, C, F, O and H atoms are depicted as pink, cyan,
green, red and white spheres, respectively.

In this work, all-atom MD simulations were performed using
the Gromacs 2020.4 package®* with the CHARMM?27 force field,
while the simulation trajectories were analyzed using Gromacs
utilities and home-written codes. The TIP3P water model was
chosen. The force-field parameters for the MXene membrane
were taken from the work by Xu et al.*** The particle mesh
Ewald method was used when calculating the electrostatic
interactions, and the Lennard-Jones (L]) interactions were cut
off at a distance of 1.2 nm. Periodic boundary conditions were
adopted in all three directions. The systems were firstly energy-
minimized for 10000 steps. Then 1.0 ns NVT equilibrations
were performed, where the DNA was harmonically restrained in
the nanopore.*® Finally the translocation process of ssDNA
through nanopores under an electric field of E = 0.2 Vnm™ " was
performed in the NVT ensemble, where the DNA was not
restrained. The atoms of the MXene were frozen in all the
simulations, since the nanosheets are rather rigid.** The Nosé-
Hoover method was used to keep the temperature at 300 K.>
There is no pore-surface functionalization and no special
treatments are applied to the charges of the pore-surface atoms.
Each system was repeated fifteen times by changing the random
seed of the velocity.

The integration time step was 2 fs. Ionic current was calcu-
lated using the following equation from ref. 58:

M=

Gilzi(t + At) — z:(1)]

I(t) ="

(1)

AL,

where N and L, are the total number of ions and the length of
the simulation box, At = 10 ps, and g; and z; are the charge and
the z-coordinate of ion i, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The mean ion currents for the three types of MXene

nanopore with a radius of 1.0 nm, in the absence of DNA. The inset
shows the ion currents as a function of simulation time. The black, red
and green lines represent the total, Na® and Cl™ ion currents,
respectively. The shadows (error bars) represent the standard deviation
obtained from 7 independent runs. The electric field is 0.2 V nm™2. (b)
The electrostatic potential map of the three types of MXene nanopore
(obtained by using the PMEPot plugin of VMD).
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3 Results and discussion

We first investigated the ion currents (total, Na* and Cl7) as
a function of simulation time for the three types of MXene
nanopores in the absence of DNA. As shown in Fig. 2a, the mean
ion current for the Ti;C,(OH), nanopore was larger than those
for the other two MXene nanopores. It indicated weaker resis-
tance of ion movement through the Ti;C,(OH), nanopore
compared to the other two MXene nanopores. Additionally, the
Cl” ion current of each MXene nanopore was larger than the
Na' ion current (see the inset of Fig. 2a). This result was
consistent with previous results,* probably due to the fact that
the CI~ ion has a larger mobility compared to the Na"* ion,%
and there is a large proportion of high electric potential in the
vicinity of the nanopore (see Fig. 2b).

We then investigated the ion current and the dwell time for
each homogeneous ssDNA through the three types of MXene
nanopore (Fig. 3). Notably, the ion current and the dwell time
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Fig. 3

A C G T

lon currents (a, ¢ and e) and dwell times (b, d and f) for each homogeneous ssDNA through the three types of MXene nanopore

(TizC5(OH),, TizC,0, and TisCyF,). The dwell time is defined as the time for the ending base to leave the nanopore. In the left column, the black
represents Na* current and the red represents Cl™ current. Error bars represent the standard deviation obtained from 15 independent runs. The

radius of the nanopore is 1.0 nm and the electric field is 0.2 V nm™2,
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are typical parameters for distinguishing different DNA
types.*®**> For the Ti;C,(OH), nanopore, the difference in ion
current with bases A, C and G was not significant (about 4.6 nA),
but the ion current of base T was the smallest (about 4.2 nA) (see
Fig. 3a). Additionally, the ion current of the Ti;C,(OH), nano-
pore for ssDNA translocation was the largest, which was in
agreement with the case in the absence of DNA. The order of the
dwell time for this nanopore was A > G > C = T (see Fig. 3b).
This indicates that the translocation of pyrimidines is faster
than that of purines; moreover, base A exhibits remarkably slow
translocation, probably due to the strong resistance force (see
detailed discussion below).

For the Ti;C,0, nanopore, base G had the largest value for
the ion current (about 3.1 nA) and base C had the smallest one
(about 2.6 nA), while the ion currents of bases A and T showed
little difference (see Fig. 3c). The order of the dwell time was not
very obvious (see Fig. 3d). For the Ti;C,F, nanopore, pyrimi-
dines (bases C and T) had the same values for the ion current
and dwell time, while those of purines (base A and G) were
almost the same (see Fig. 3e and f). Additionally, the dwell time
and ion current of pyrimidines was smaller than those of
purines. This indicated that the transport velocity of pyrimi-
dines was greater than that of purines.

We also computed the contribution of Na* and CI~ ions to
the total ion current (Fig. 3a, ¢ and e). It was found that C1™ ion
current was larger than Na' ion current, no matter which base
translocated into these three types of nanopore, indicating that
the contribution of CI~ ions was larger than that of Na" ions.
Specifically, Na* ion current was only about 18% of the total ion
current for Ti;C,0, and Ti;C,F, nanopores, and about 23% for
Ti;C,(OH),. This was mainly attributed to the following reasons.
First and as mentioned above, there was some repulsion
between the MXene nanopore and the Na' ion, which can
decrease the Na' ion current. Second, some salt bridges may
exist between the ssDNA and Na* ion, which results in a reverse
Na' ion current. In general, the Cl~ ion played an important role
in DNA sequencing using MXene nanopores.

To intuitively compare the ability of DNA sequencing among
the three MXene nanopores, the ion current and the dwell time
for the four types of DNA bases were plotted in Fig. 4a. It was
found that the Ti;C,0, nanopore can distinguish bases C and G,
but it can not distinctly discriminate bases A and T. For the
Ti;C,F, nanopore, it can distinguish the purines and pyrimi-
dines, but it can not further recognize bases C and T in the
pyrimidines, or bases A and G in the purines. Importantly, the
four types of bases can be distinguished by the Ti;C,(OH),
nanopore. Additionally, only about one single base per frame
was in the nanopore when the DNA was transported through the
Ti;C,(OH), nanopore (see Table 1), which can further improve
the ability for DNA detection. On the basis of the above
discussion, the Tiz;C,(OH), nanopore could be the most
appropriate one for real applications. The presence of cations
significantly affects hydrogen bonding in DNA structures, which
stabilizes the double-helical structure and is specific to the DNA
sequence.®® Also, the ions (especially divalent ions) interact
strongly with single-stranded DNA, such that the double-helix
stability decreases at very high salt concentrations (>1 M).***
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Fig. 4 (a) lon current vs. dwell time for the three types of MXene
nanopore. The green stars, red circles and blue squares represent the
nanopores of TizC,(OH),, TizC,O, and TizC,F,, respectively. (b) The
ion currents and dwell times under different ion concentrations for the
TizC5(OH), nanopore.

Table 1 The number of bases per frame inside the three types of
MXene nanopore. Bases where the center has a z-coordinate that is
larger than the lower edge of the MXene nanopore and less than the
upper edge of the MXene nanopore are regarded as bases inside
nanopore. Errors represent the standard deviation obtained from 15
independent runs

MXene nanopore Base A Base C Base G Base T

TizC,(OH), 1.02 £ 0.17 1.31 £0.32 1.17 £0.18 0.97 £ 0.15
Ti3;C,0, 1.28 £0.17 1.63 £0.35 1.29 £0.19 1.03 £ 0.22
Ti;C,F, 1.23 £ 0.19 1.65+0.19 1.32 £0.12 1.00 £ 0.23

Hence, we further investigated the effect of ion concentration
on ion current and dwell time for the Tiz;C,(OH), nanopore. It is
found that the resolution of DNA-base detection increases as
the ion concentration increases for the Ti;C,(OH), nanopore
(see Fig. 4b).

To provide some possible explanation for the above
phenomena, we first calculated the probability distributions for
the orientation and position of each nucleobase in the three
types of MXene nanopore (Fig. 5). The orientation was charac-
terized by the angle 8 (between the normal direction of the base
and the normal direction of the MXene surface) and r, which
denoted the distance between the central axis of the MXene
nanopore and the mass center of the base inside the nanopore.
All the distribution centers of ¢ for the four types of bases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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through these three types of MXene nanopore were less than
90°, indicating that the four bases translocated through the
MXene nanopore in a slanted manner.

For the Ti;C,(OH), nanopore, the distribution regions of
bases A and G were smaller than those of the other two bases
(Fig. 5a), meaning that these two bases had a stronger interac-
tion with this MXene nanopore. These small regions led to an
increment in ion movement through the nanopore due to
a decrement in the blockage effect. Hence, bases A and G
showed large ion currents when they were transported through
the Ti;C,(OH), nanopore. Notably, base C had a large distri-
bution region, but its probability appeared at about § < 30°,

View Article Online

RSC Advances

which was smaller than that for base T. Thus, base C had
a small probability of the base plane being approximately
parallel to the MXene surface and the ability of base C to block
anions was reduced (because the anions are mainly distributed
in the region of high electric potential). These phenomena led
to an increment in the ion current for base C. As a result, the ion
currents of bases A, C and G were nearly the same and much
larger than that of base T.

Meanwhile, for the Ti;C,0, nanopore, base C had the largest
orientation and position distribution region, while base G had
the smallest one (Fig. 5b). The larger the distribution region, the
greater the fluctuation, which further shows that the blockage

o] 4 THCx(OH): A| ¢ | TiC:0: A N TiC:F: A
~61 6 _ 6
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— — —
34 34
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Fig. 5 The distribution of orientation and position for the four types of bases through the TizC,(OH); (a), TizC,0, (b) and TizC,F; (c) nanopores.
From top to bottom, the bases are A, C, G and T in turn. r denotes the distance between the central axis of the MXene nanopore and the mass
center of the base inside the nanopore; the center of the nanopore is r = 0. 8 represents the angle between the normal direction of the base and
the normal direction of the MXene surface; 8 = 0 means that the base plane and MXene surface are parallel to each other.
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effect is stronger. Hence, base C had the smallest ion current,
and base G had the largest one. Moreover, as shown in Fig. 5c,
the distribution region for base G translocating through the
Ti;C,F, nanopore was small, meaning that base G inside the
nanopore had a small blockage effect. Thus, its ion current was
the largest. Although base C showed almost the same distri-
bution region as base A, there were nearly two bases of C inside
the nanopore (see Table 1), which could also lead to a decre-
ment in the ion current. Thus, base C had a smaller ion current.

To analyze the mechanism for the different dwell times of
ssDNA translocating through the MXene nanopore, we further
calculated the number of hydrogen bonds in the hydrogen-
bond “network” inside the MXene nanopore as ssDNA trans-
locates through it and the interaction energy between the
ssDNA and the MXene nanopore. These two parameters were
used to describe the resistance of ssDNA translocation through
the MXene nanopore (Fig. 6). The number of hydrogen bonds
inside the nanopore mainly represents the hydration force
around the ssDNA, where a greater number of hydrogen bonds
corresponds to a stronger resistance for ssDNA to pass through
the nanopore. The interaction energy describes the interaction
between the ssDNA and the MXene nanopore, where a greater
interaction energy indicates a stronger resistance. The
hydrogen-bond network mainly consists of three parts: (1) the
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Fig. 6 (a) The number of hydrogen bonds inside the three types of
MXene nanopore, computed using the VMD plugin; the angle and
distance cutoffs are 30° and 0.35 nm, respectively. (b) The interaction
energy of ssDNA with the three types of MXene nanopore; this
incorporates the Coulomb and Lennard-Jones energies. The error
bars represent the standard deviation obtained from 15 independent
runs.
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hydrogen bonding between the ssDNA and water molecules as
well as the MXene nanopore (HB,mw), (2) the hydrogen bonding
between the water molecules inside the nanopore (HB,,), and
(3) the hydrogen bonding between the water molecules and the
MXene nanopore (HBym,). It is found that the number of
hydrogen bonds as base A translocates through the Ti;C,(OH),
nanopore had the largest value, which originates from the
maximum hydrogen bonding between water molecules (HByy,)-
It also indicates a decrease in the blockage effect. Meanwhile,
base A had the largest interaction energy among these four
bases. Hence, base A had the largest dwell time. For the
pyrimidines (base C and T), the number of hydrogen bonds and
interaction energy were both small compared with the case of
the purines (base A and G), meaning that their resistances were
small. Therefore, they had a small dwell time. Furthermore, the
number of hydrogen bonds (HBj,n) for base C passing through
the MXene nanopore was slightly larger than that for base T
passing through it, mainly due to the fact that more C bases
reside in the nanopore. Additionally, the values of HB,,,,, were
large as the purines translocated through the MXene nanopore
compared with those for the pyrimidines passing through the
MXene nanopore.

Meanwhile, for the Ti;C,0, nanopore, the number of
hydrogen bonds as the four types of bases translocated through
the nanopore showed a tiny difference. However, base C had the
largest interaction energy with the MXene nanopore among
these four bases, attributed to there being more C bases inside
the nanopore. Therefore, the dwell time of base C was the
longest. Moreover, the numbers of hydrogen bonds as the
purines translocated through the Ti;C,F, nanopore were larger
than those for the pyrimidines, while there was little difference
in the interaction energies between the purines and pyrimi-
dines. This meant that the purines translocating through the
Ti;C,F, nanopore exhibited a stronger resistance, so the dwell
times of the purines were larger than those of the pyrimidines.
Base C had a small hydrogen bonding value between water
molecules (HB,,,), which is attributed to there being more bases
inside the nanopore; this is also the reason for the large
hydrogen bonding value between the ssDNA and water mole-
cules (HB,w). Additionally, the number of hydrogen bonds
(HBwm) between the water molecules and the nanopore was
larger for Ti;C,(OH), than for the other two nanopores, mainly
attributed to the fact that the terminal groups (-OH) are both
donors and acceptors.

4 Conclusions

In summary, we have systematically investigated the trans-
location of four DNA strands through three types of MXene
nanopore (Ti;C,0,, TizC,F, and Tiz;C,(OH),) by using all-atom
molecular dynamics simulations. Importantly, it is found that
the four bases can be discriminated by the Ti;C,(OH), nanopore
due to their distinct ion currents and/or dwell time. Neverthe-
less, the four bases cannot be distinguished by the Ti;C,0, and
Ti;C,F, nanopores since the Ti;C,0, nanopore cannot distin-
guish bases A and T while the Ti;C,F, nanopore can only
distinguish the purines and pyrimidines. Moreover, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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physical mechanism underlying the under different situations
is revealed. It is found that the ion current is highly related to
the orientation and position distributions of the bases within
the nanopore, and the hydrogen bonds and interaction energy
of the bases with the nanopore determines the dwell time. In
general, the present work highlights the importance of the
surface decoration of MXene materials in DNA detection, which
could offer some physical insights into the experimental design
of novel devices for efficient DNA sequencing.
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