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Résumé

Les membranes nanoporeuses solides [en anglais, SSN (Solid State Nanopore)] sont devenues
des dispositifs polyvalents pour l’analyse des biomolécules. L’une des applications les plus
prometteuses des SSN est le séquençage de l’ADN et des protéines avec un coût réduit et une
vitesse d’exécution plus rapide que les méthodes actuelles de séquençage. Le séquençage par SSN
est basé sur la mesure des variations de courant ionique observées quand une biomolécule, dans
un milieu électrolytique, est forcée de traverser de manière séquentielle un nanopore sous l’action
d’une différence de potentiel électrique appliquée. Lorsque la biomolécule passe au travers du
nanopore, elle occupe de manière transitoire le volume du nanopore et bloque ainsi le passage des
ions du milieu électrolytique. Le blocage du courant est dépendant de la nature et de
l’encombrement stérique des groupements chimiques des monomères constituant la biomolécule.
Donc la détection ultra-rapide des variations de courant ionique lors du passage de celle-ci au
travers du nanopore, peut fournir des informations sur sa séquence. La résolution avec laquelle la
séquence peut être déterminée dépend de la taille des nanopores et de l’épaisseur de la membrane.
Les matériaux à deux dimensions tels que le graphène et les TMDC (Transition Metal
DiChalcogenides) (MoS2, WS2,...) sont des candidats très prometteurs pour le développement des
applications de séquençage par SSN. A partir de simulations de dynamique moléculaire (DM) tous
atomes, nous avons étudié la faisabilité d’utiliser des SSN de type MoS2 pour le séquençage des
protéines. En premier lieu, nous avons étudié la conductance d’une membrane nanoporeuse de
MoS2 de 1 à 5 couches d’épaisseur possédant un seul nanopore de diamètre compris entre 1.0 et
5.0 nm et plongée dans un électrolyte de KCl. Nous avons démontré que le modèle de conductance
macroscopique des membranes nanoporeuses cessait d’être valable pour les plus petits nanopores
(diamètre < 5 nm). En analysant les simulations de DM des membranes de MoS2, nous avons
développé un modèle modifié qui permet d’interpréter les mesures de courant ionique quel que
soit le diamètre du nanopore. En second lieu, nous avons simulé le passage de la lysine et du
di-lysine, ainsi que d’une protéine modèle, au travers de nanopores de membranes de MoS2,
plongées dans un électrolyte de KCl, et soumises à une différence de potentiel électrique. A partir
de nos résultats, nous avons proposé que l’utilisation d’acides aminés chargés positivement ou
négativement fixés de manière covalente à une protéine pourrait s’avérer une technique efficace
pour favoriser l’entrée des protéines à travers des nanopores dans des expériences de
translocation. De plus, nous avons établi la relation entre la trajectoire de la protéine au travers du
nanopore et les fluctuations de courant ionique simulées. En troisième lieu, nous avons examiné la
conductance ionique de membranes de MoS2 dont les pores ont un diamètre inférieur au
nanomètre (sub-nm). Nous avons effectué des simulations de DM de ces systèmes en utilisant le
potentiel réactif ReaxFF. Ce potentiel nous a permis de caractériser les variations de la structure
atomique de ces très petits pores dans le vide et de simuler la conductance ionique de ce type de
membranes. En utilisant le potentiel ReaxFF, des calculs préliminaires de la réactivité des
nanopores de membranes de MoS2 en présence de molécules d’éthanol, utilisées dans le protocole
expérimental de la préparation des membranes de MoS2, ont été réalisés.





Abstract

Solid-state nanopores (SSN) have emerged as versatile devices for biomolecule analysis. One of
the most promising applications of SSN is DNA and protein sequencing, at a low cost and faster
than the current standard methods. SSN sequencing is based on the measurement of ionic current
variations when a biomolecule embedded in electrolyte is driven through a nanopore under an
applied electric potential. As a biomolecule translocates through the nanopore, it occupies the
pore volume and blocks the passage of ions. Hence, ultrafast monitoring of ionic flow during the
passage of a biomolecule yields information about its structure and chemical properties. The size
of the sensing region in SSN is determined by the size and thickness of the pore membrane.
Therefore, two-dimensional (2D) transition metal dichalcogenides such as molybdenum disulfide
(MoS2) arise as great candidates for SSN applications as an alternative to graphene. In the present
work, we investigated the feasibility of using MoS2 nanopores for protein sequencing from all-atom
molecular dynamics (MD) simulations. First, we studied the ionic conductance of MoS2

nanoporous membranes by characterizing the KCl electrolyte conductivity through MoS2

nanopores with diameters ranging from 1.0 to 5.0 nm and membranes from single to five-layers.
Using MD simulations, we showed the failure of the usual macroscopic model of conductance for
the nanoporous membranes with the smallest diameters and developed a modified model which
proves usefulness to interpret experimental data. Second, we investigated the threading and
translocation of individual lysine residues and a model protein with poly-lysine tags through MoS2

nanopores under the application of an electric potential. A proof-of-principle technique based on
the use of positively or negatively charged amino acids for protein translocation was proposed to
promote the entrance of proteins through SSN in experiments. By analyzing the current-voltage
curves simulated, we established the relationship between the translocation sequence events
through the nanopores observed at the atomic scale in MD simulations, and the computed current
fluctuations. Finally, experimental evidence of ionic conductance measurements in
sub-nanometer (sub-nm) pores made of atomic defects has been recently reported. To give a
better insight of the ionic transport through atomic scale pores, we performed MD simulations of
sub-nm defect MoS2 pores using the reactive potential ReaxFF. Here, we characterized the
variations of the atomic structure of the pores in vacuum and then we investigated the ionic
conductance performance of one of the MoS2 defect pore membranes. ReaxFF potential was also
useful to investigate the possible reactivity of MoS2 defect pore membranes with ethanol
molecules, in order to provide a better understanding of the experimental setup of DNA
sequencing, in which ethanol plays an unknown role in the sample preparation of the SSN.
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Chapter 1

Introduction

1.1 Nanopore based sensors for DNA sequencing: a brief review

DNA sequencing is an extremely rapidly evolving methodology to read off the sequence of
bases in a genome. Given its role in human physiology and development, such sequence
information leads to significant impact on diagnosis and treatment of diseases. Genome
sequencing [1] has helped in the identification of genetic risk factors associated with complex
diseases [2]. The growing need for cheaper and faster genome sequencing has prompted the
development of new technologies that surpass conventional Sanger chain-termination
methods [2–5]. Sanger sequencing method is a process based on the incorporation of
chain-termination dideoxynucleotides by DNA polymerase in a single-stranded DNA (ssDNA) with
unknown sequence. Although, Sanger procedure is time consuming due to the slow throughput
with DNA fragment separation in gels [6], remains in wide use for validation of the so-called
next-generation sequencing (NGS) technologies. NGS platforms usually involve in vitro

amplification of DNA strands and sequencing by synthesis. Fluorescently tagged nucleotides are
added by a polymerase chain reaction (PCR) for copying a specific DNA segment, enabling a signal
for each base that can be instantly read off [4, 6–8].

Yet newer sequencing methods, based on nanotechnology approaches, now focus on
single-molecule long-read-length without any amplification or labeling [6]. An interesting
innovation that came out from Oxford Nanopore Technologies is a sequencing device based on
biological nanopores [6, 9]. The principle of nanopore sensing is analogous to that of a Coulter
counter. A nanoscale aperture (namely nanopore) is formed in an insulating membrane separating
two chambers filled with conductive electrolyte. Charged molecules such as DNA for example, are
driven through the pore under an applied electric potential (a process known as electrophoresis).
The passage of the biomolecule modulates the ionic current through the nanopore as shown
in Fig. 1.1 (b). The modulated current then recorded reveals useful information about the structure
and dynamic motion of the molecule [2]. Measurements of the passage of molecules through a
nanopore is called translocation.

The first experimental results of DNA sequencing through biological nanopore were reported
in 1996 by Kasianowicz and co-workers, using a pore made of α-Hemolysin [10, 11]. The
α-Hemolysin is a protein secreted by the Staphylococcus aureus bacteria, to create nanopores that
spontaneously insert themselves into the lipid membrane of cells. It features a transmembrane
channel that allows the ions of the electrolyte to pass through it [11]. The channel through this

1
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The first reports of DNA sensing using solid-state nanopores (SSN) emerged in early 2001,
when Golovchenko and co-workers used a custom-built ion-beam sculpting tool with feedback
control to make nanopores with well-defined sizes in thin silicon nitride (SiNX) membranes [17].
SiNX has traditionally been the nanopore membrane material of choice due to its high chemical
resistance and low mechanical stress [18].

Since then large variety of synthetic nanopores fabricated in membrane materials have been
tested experimentally [19]. For example, silicon-based nanomaterials such as silicon dioxide
SiO2 [20] or Si3N4 [21] have been used for the fabrication of nanopores, as well as aluminium oxide
Al2O3 [22]. However, these nanopores are typically tens of nanometer thick, making it difficult to
detect individual DNA base or residue-specific modulation in ionic currents. This occurs as
multiple residue (DNA bases) pairs interact with the nanopore channel simultaneously. To give an
example, during typical translocation experiments in 30 nm thick SiNX membranes, DNA regions
of approximately 30 nm long and containing ∼ 100 base pairs (bps) are dwelling within a nanopore
at any given time. Therefore single base resolution is not expected here [23]. Due to this limitation,
several research groups started to became interested in membranes made of 2D nanomaterials,
since they are characterized by thicknesses equal to a few atomic layers. The most well-known and
studied 2D material is graphene.

1.2.1 DNA sequencing with solid-state nanopores: from graphene to other

2D materials

Over the past decade, stable nanomaterials have enabled the investigation of advanced
thin-film nanopores such as graphene, in which single-residue discrimination should be possible.
Graphene is a material with extraordinary electrical and mechanical properties, being made of one
layer of carbon atoms arranged in a 2D hexagonal lattice with a ∼ 3 Å thickness. In fact this
distance is comparable to DNA base pair stacking distance of ∼ 3.4 Å, making graphene nanopores
a promising device for DNA sequencing [6, 24, 26–28]. In 2010, C. Dekker’s group at Delft University
of Technology studied the translocation of double-stranded DNA (λ-dsDNA) through nanopores
fabricated in graphene monolayers [24] [Fig. 1.2 (a)].

Also in the same year, M. Drndić’s group at University of Pennsylvania reported also DNA
translocation through bare graphene and TiO2-coated graphene nanopores for signal improvement
[25] [Fig. 1.2 (b)]. Although graphene nanopores present great advantages for DNA sequencing,
strong π−π interactions between graphene and DNA leads to undesirable adsorption of DNA on its
surface. This may hinder the DNA translocation through graphene nanopores [23]. Furthermore,
low signal-to-noise ratio (SNR) of graphene nanopores (SNR ∼ 3) [29] and low temporal resolution,
have made them worse devices than their SiNX counterparts. In fact, it is noise that limits temporal
resolution in nanopore measurements. At low frequencies, noise is determined by the flicker noise
through the pore (with a 1/ f characteristic in the noise power spectrum). At moderate frequencies,
noise is determined by white noise from the resistance of the pore itself and the feedback resistance
of the amplifier. At high frequencies, noise is determined by amplifier input-referred voltage noise
interacting with the total capacitance at the input of the amplifier [30]. An alternative solution
is the use of other 2D materials as the membrane material, such as insulating hexagonal boron
nitride (hBN), which is characterized by its one atom thickness [23, 31–36] or 2D transition metal
dichalcogenides (TMDCs) [23, 37]. TMDCs are a class of 2D materials in the form of MeX2 (Me =
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transition metal such as Mo, W, Ti, Nb, etc, and X = S, Se or Te) and are potentially advantageous for
SSN applications due to their rich optoelectronic and mechanical properties [38, 39]. Structurally,
one layer of Me atoms is sandwiched between two layers of X atoms and TMDC crystals are
formed of monolayers bound to each other by van der Waals (vdW) attraction (Fig. 1.3). TMDCs
materials, considered nowadays as materials beyond graphene such as molybdenum disulfide
(MoS2) or tungsten disulfide (WS2) have also shown promising interests in biomolecule sensing
applications [23, 37]. MoS2 nanopores are of particular interest as they can be used for extended
periods of time and their stability can be attributed to their relative thickness. Single-layer (SL)
MoS2 also has a direct bandgap of at least 1.8 eV, a feature that is essential for electronic base
detection with field-effect transistors (FETs) [38–40]. Therefore, MoS2 is a promising material for
single-molecule detection, as it will be discussed below.

1.2.2 Transition metal dichalcogenides nanopores for DNA sequencing

Great scientific advances using MoS2 nanopores for DNA sequencing and molecular analysis
have been reported in the last few years. Fig. 1.4 (a) shows A. Radenovic’s group results reported at
École Polytechnique Fédérale de Lausanne in 2014 [23]. They showed that high SNR can be
achieved [SNR > 10 (100 pA RMS noise and ∼nA signal)] and strong interactions between DNA and
MoS2 membrane are reduced by Mo atoms in the pore region. They showed that as DNA
translocates the MoS2 nanopore, temporary blockades in ionic current on the time scale of
approximately 100µs to 10 ms were produced [Fig. 1.4 (a)-right panel]. Moreover high sensitivity in
MoS2 nanopores for single nucleotide detection was reported by J. Feng et al. [40] in 2015, where a
(RTILs)/KCl viscosity gradient was used to slow down the translocation process. The advantage of
this viscosity gradient is that it can be used in standard ionic sensing experiments and it can be
potentially combined with other schemes of nanopore sensing, such as transverse current signal
detection [40]. In his experimental work, they showed that away from the pore, DNA motion is
purely diffusive due to the negligible electro-osmotic effects. Furthermore, part of the DNA
underwent conformational change and one end dived into the pore. The non-translocated part of
the DNA polymer-monomers kept the coil conformation and experienced a strong Stokes dragging
force from the ionic liquids. Consequently, DNA translocation was significantly slowed. The
viscosity gradient system was used also to translocate short homopolymers [poly(dA)30, poly(dT)30,
poly(dG)30 and poly(dC)30] through a 2.8-nm-diameter pore in SL-MoS2. Control of DNA dynamics
during translocation process via viscosity gradient method, is also used by A. D. Carral et al. [41] for
ionic current blockade analysis using MoS2 nanopores. In that work, they analyzed and classify
various possible molecular configurations or events of single nucleotides translocation through 2D
MoS2 nanopores using a clustering algorithm.

Moreover, modeling and computational approaches are extremely useful tools for the
interpretation of experimental results and to get a better understanding on the fundamental
interactions of biomolecules traveling through nanopore devices at the atomic level [42–47]. For
example, N. R. Aluru’s group at University of Illinois at Urbana-Champaign [46] used MD
simulations to computationally demonstrate the translocation and sequencing of dsDNA through
d = 2.3 nm MoS2 pores. They detected distinct ionic current blockade and conductance states for
each nucleobase and in some cases, for two bases that coexisted at the same time in the pore (SNR
being 15.02). In addition, they demonstrated via density functional theory (DFT) simulations that
MoS2 can be used as FET device for nucleobase detection. They computed the electronic structure
changes induced due to the presence of DNA bases inside the nanopore, obtaining electronic
charge density rearrangement. Moreover, they investigated the total density of states (DOS) of the
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ionic conductance signals recorded during the translocation of proteins and, therefore, no drops
related to the passage of specific amino acids through the graphene/MoS2 pores were presented.
Moreover, given the significance of amino acids identification in health diagnosis and the potential
of MoS2 material, A. B. Farimani et al. [54] proposed SL-MoS2 nanopores for amino acid detection
using ionic current and residence time for machine learning-based predictive models. In that work,
the authors used extensive MD simulations (with a total aggregate simulation time of 6 µs) to
produce data of the translocation of 20 standard amino acids through a nanopore under constant
bias of 200 mV (Fig. 1.7-left panel). The authors used polypeptide chains made of 16 replicas of
each amino acid (Fig. 1.7-top right panel) and used an external force per residue to pull
non-charged amino acids through the nanopore. In the training process, they used k-nearest
neighbor, logistic regression and random forest machine learning models to predict the detection
of amino acids and fed the models with labeled ionic current and residence time data
(Fig. 1.7-bottom right panel). The prediction of amino acids identification with these models was
reported to be up to 99.6% accurate. The authors also used the trained models to predict the type
of amino acids detection in a practical amino acid chain (built of different amino acids) with ionic
current and residence times unlabeled data, and obtained up to 62.20% accuracy of prediction.

It is important to remark that MD simulations constitute a powerful tool to understand
molecular and atomic details during translocation processes in SSN, as demonstrated by H. Chen
et al. [48], B. Luan et al. [49] and A. B. Farimani et al. [54]. However, there are still outstanding
fundamental questions related to the design of SSN based sensors and translocation mechanisms
that we addressed during the development of this thesis:

1. How do ionic conductance performances of nanoporous membranes depend on the
geometry and size of the pore?

2. How does polypeptide, protein or DNA translocation process depend on the size of the pore?

3. How do polypeptides, proteins or DNA molecules interact with nanopores embedded in
different single- and few- layered materials beyond graphene, such as MoS2?

4. How does the chemical composition of a translocating biomolecule affect the guidance
process?

5. Is it possible to detect the passage of a polypeptide or protein using ionic conductance signal?

6. How can the quality of the ionic conductance signal of a translocating biomolecule be
improved by changing the geometry and size of the pore?

The purpose of the present thesis is to answer those questions and understand how
biomolecule dynamics and translocation can be controlled from a precise interaction with the
nanopore. To do that we performed all-atom MD simulations to study the feasibility of using MoS2

nanopores for protein sequencing, and to describe at the atomic level the translocation of ions and
biological peptides. We organized the manuscript as follows:

i In Chapter 2, we present and describe the methodology and computational tools used to
perform the corresponding MD simulations for the different systems and situations studied
here.



10 Introduction

ii In Chapter 3, we investigate conductance performances of different MoS2 nanoporous
membranes by studying the ionic conductance of a KCl electrolyte through open pore systems
without the presence of biomolecule. From this study, we were able to discuss the capability of
the different nanopores to conduct ions and confront the usual macroscopic model of
conductance. We provide a correction of the macroscopic conductance model that can be used
to interpret experimental data. The study of conductance performances and transport
properties of nanoporous membranes is extremely important for the design of biomolecule
sensors based on nanopores. Furthermore, it allows to provide benchmark signals for
subsequent translocation simulations and experiments.

iii In Chapter 4, we analyze MD simulations in order to provide a detailed picture of MoS2

nanopores performance as biomolecule sensing devices using translocation technology.
Particularly we investigate the feasibility of threading and translocating first individual lysine
residues and second, a model protein with poly-lysine tags through MoS2 nanopores under the
application of an electric potential. The idea behind this specific strategy is to prove that it is
possible to promote the entrance of a proteins inside a nanopore by using positively or
negatively charged amino acid residues (tags) to functionalize the N- or C- terminal part of
such protein. Then, this method can be used to establish the relationship between the
translocation sequence events through the nanopores and the detected ionic conductance. We
insist on the fact that before the start of this PhD thesis, there were no reported works about
simulations of protein translocation through SSN.

iv In Chapter 5, we characterize the atomic structure of sub-nm pores made of atomic defects in
MoS2 membranes in vacuum and we discuss also the ionic conductance performance of one of
these pore membranes. Furthermore, we discuss the possibility of simulating the reactivity of
MoS2 defect pore membranes with ethanol molecules, by using the reactive potential ReaxFF.
In addition, these simulations might provide a better understanding of the experimental setup
for conductance measurements and DNA sequencing, in which ethanol plays an unknown role
in the sample preparation of the SSN.

v In Chapter 6, we discuss the general conclusions and perspectives of this work.



Chapter 2

Computational Methods

In the present chapter, we express the motivations of using classical MD to carry out in silico

nanopore experiments and we describe briefly theory and fundamentals of MD simulations.

2.1 Simulating reality

Over the past 60 years, the speed at which computers perform elementary calculations has
increased by a factor 1015, and the size of computer memories and the capacity of data storage
devices have undergone similarly spectacular increases [56]. Thanks to the computational
resources available today, numerical simulations at the atomic scale provide a way to understand
the properties of assemblies of molecules in terms of their structure and the microscopic
interactions between them. Numerical simulations are constantly used to complement
experiments or, more precisely, to guide experiments. Thus, two increasing fields of applications of
computer simulations are computational materials science and computational molecular
design [56]. Indeed, computer simulations allow us to predict the properties of potentially useful
substances, e.g. pharmaceutical compounds or materials with unique physical properties. In
addition, simulations are useful to predict the properties of materials under conditions that are
difficult to achieve in controlled experiments [56].

The main advantage of computer simulations at the atomic scale is that hidden microscopic
details behind experimental measurements can be revealed [57]. A wide variety of modeling
techniques at the atomic scale based on quantum mechanics or semi-classical methods have been
developed over the years. Those relevant to describe the dynamics of large heterogeneous systems
at the molecular level, are the classical MD techniques. Classical MD refers to numerically solving
the equations of motion for a group of atoms. However, although the laws of classical mechanics
were first postulated to study the motion of planets, stars and other large-scale objects, they turn
out to be a surprisingly good approximation at the molecular level at room temperature. MD has
been remarkably successful in its ability to predict macroscopic thermodynamics and dynamical
observables for a wide variety of systems using the rules of classical statistical mechanics [58]. In
MD, atomic motions are simulated by solving Newton’s equations of motion simultaneously for all
the atoms in the system. MD simulations can be used to obtain both equilibrium and transport
properties of a system.

The increasing ability to fabricate SSN devices, has opened the possibilities towards fluid
filtration, biomolecule sequencing, and energy generation [59] applications. In the context of the
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2.3 Molecular dynamics

Classical MD has evolved towards the solution of a wide variety of problems. In classical MD
simulations, electrons are not treated explicitly and the potential energy of the system is defined
within the so-called Born-Oppenheimer approximation [69]. Forces between atoms are calculated
using an empirically derived force field, being a collection of mathematical functions and
parameters that describe the interaction between different types of atoms [70, 71]. The Newton
equations of motion are solved from these forces and the atom trajectories are computed at each
time step.

In MD simulations we proceed in a very similar way to real life experiments in terms of reliability
and reproducibility of the data. Hence, to study a material we take a sample of it and then we
connect it to a simulated measuring instrument. Then we measure the desired property during a
certain time or a certain number of times, and the larger the amount of measurements, the more
accurate the average of measurements is. Observable quantities are measured in MD simulations,
by first expressing observables as a function of the positions and momenta of the particles in
the system. At the microscopic level, MD trajectories are dependent on the initial positions and
velocities of the atoms. In a MD simulation, we monitor an ensemble property as a function of
time, as for example the energy, to define the equilibration time (convergence to the average) [69].
After the equilibration period, statistical properties can be calculated from the time series of atomic
positions and momenta as for example the equilibrium temperature, internal energy, multipolar
momenta, transport properties, and others.

2.3.1 MD algorithm

In MD formulation, the system is comprised of N interacting particles which are treated as
point masses, so together with Newton’s equations, motion of the ensemble of the N particles is
computed. As mentioned previously, the physics of the model is contained in a potential energy
function V (~ri ), i = 1, . . . , N (force field) for the system from which the force equations for each atom
is derived:

~Fi =−
∂V (~ri )

∂~ri
. (2.1)

The second-order Newton differential equations:

~Fi =
d~pi

d t
=

d

d t
(mi~vi ) = mi

d~vi

d t
= mi

d 2
~ri

d t 2
= mi~ai , (2.2)

are solved for initial momenta ~pi (t0) and position~ri (t0), where t0 = 0 is the initial time of the MD
simulation and ~ai (t ), the acceleration. The best way to introduce how does MD simulations work
is to consider the simplest pseudo-algorithm, as shown in Fig. 2.8 [69].

As shown in Fig. 2.8, a MD simulation starts from an initial configuration of particles in a given
volume, referred as the simulation box. Positions of the particles are chosen such that no
overlapping occurs between the particles. For example, in the case of Lennard-Jones (LJ)
interactions, all particle-particle distances are at least equal to σ, which is the finite distance at
which the inter-particle potential is zero. Particles can be placed randomly in the simulation box or
they can be placed on lattice sites. Next, velocities of the particles are assigned, either randomly or
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constraints on the rigidity and position of the particles, which is an important practice in MD [70].
Verlet algorithm is derived by adding the Taylor expansions of a particle coordinate~r (t +∆t ) and
~r (t −∆t ) about time t , where ∆t is the time step in the MD scheme:

~ri (t +∆t ) = 2~ri (t )−~ri (t −∆t )+
1

mi

~Fi (t )(∆t )2
+O (∆t 4), (2.3)

where
1

mi

~Fi (t ) =~ai (t ). Typically, time step for MD simulations is in the order of 1 fs. The time step

in a MD simulation should be chosen so that the simulations is long enough to be relevant to the
time scales of the natural processes being studied. Here, the new position~ri (t +∆t ) is computed
from the two previous positions, and is accurate to order ∆t 4. Verlet algorithm does not use the
particle velocity to compute the new position, but the velocity can be derived from the trajectory,
and is accurate to order ∆t 2:

~vi (t ) =
~ri (t +∆t )−~ri (t −∆t )

2∆t
+O (∆t 2). (2.4)

This means that quantities depending on the velocities as the total kinetic energies are not very
accurately determined. Since the position of the particles at time step t +∆t depends on positions
at times t and t −∆t , the initialization is solved then by approximating~ri (∆t ) for~ri (0) and ~vi (0):

~ri (∆t ) ≈~ri (0)+~vi (0)∆t +
~ai (0)

2
∆t 2. (2.5)

From~ri (∆t ), one can calculate the forces, hence ~ai (∆t ), and then apply iteratively Eq. 2.3. An
integration scheme where positions and velocities are simultaneously updated is the velocity Verlet
algorithm:

~ri (t +∆t ) =~ri (t )+~vi (t )∆t +
~ai (t )

2
(∆t )2

+O (∆t 4), (2.6)

~vi (t +∆t ) =~vi (t )+
~ai (t +∆t )+~ai (t )

2
∆t +O (∆t 2). (2.7)

Being mathematically equivalent to the Verlet scheme, the derivation approach in Velocity
Verlet algorithm explicitly incorporates velocity, solving the first time step problem in the basic
Verlet algorithm form. The standard implementation of this algorithm follows these steps:

1. Start from the initial configuration of the system.

2. Calculate new position as:

~ri (t +∆t ) =~ri (t )+~vi (t )∆t +
1

2
~ai (t )∆t 2. (2.8)

3. Calculate the intermediate velocity:

~vi

(

t +
1

2
∆t

)

=~vi (t )+
1

2
~ai (t )∆t . (2.9)
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4. Compute new acceleration ~ai (t +∆t ) (knowing~ri (t +∆t )).

5. Calculate new velocity:

~vi (t +∆t ) =~vi

(

t +
1

2
∆t

)

+
1

2
~ai (t +∆t )∆t . (2.10)

2.3.1.3 Periodic boundary conditions

An important feature in MD simulations is the use of periodic boundary conditions (PBC).
When PBC are applied, an image of the simulation box is repeated infinitely in x,y,z directions
around a central box, forming an infinite lattice. In each replicated box, the periodic images of
the particles or molecules will move exactly the same way as in the initial simulation box. When a
molecule leaves the central box, one of its images will enter through the opposite face. Due to its
simple geometry, cubic and rectangular boxes are the most common choices [70].

Figure 2.9: Schematic representation of the idea of periodic boundary conditions. Image
extracted from http://isaacs.sourceforge.net/over.html.

2.3.1.4 Thermostat and barostat

Assuming a classical description of the particle motion, as in classical MD, the temperature of a
particle system is related to the average of the velocity of the particles:

〈

1

2
mv2

〉

=
1

2
kB T N f . (2.11)

The initial velocities can be given from a Maxwell-Boltzmann distribution at the desired
temperature. In practice, total kinetic energy is calculated and divided by the total degrees of
freedom N f = 3N , so the instantaneous temperature of the system equals:

T =

N
∑

i=1

mi v2
i

kB N f

, (2.12)
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being kB = 1.38×10−23 JK−1 the Boltzmann constant. In order to control the temperature and the
pressure in MD simulations, barostating and thermostating methods are used. Nosé-Hoover (NH)
thermostat provides a way to control the temperature and pressure in MD simulations [76, 76–78].
The main idea in this method is to introduce a fictitious dynamical variable ζ, whose physical
meaning is that of a friction, which slows down or accelerates particles until the temperature is
equal to the desired one. The equations of motion in the NH formulation are:

mi
d 2

~ri

d t 2
= ~Fi +ζmi~vi , (2.13)

d~ζ

d t
=

1

Q

[

N
∑

i=1
mi

~v2
i

2
−

3

2
N kB T

]

, (2.14)

where Q determines the relaxation of the dynamics of the friction, and T denotes the target
temperature. Since the friction coefficient can be either positive or negative in time, it cannot be
considered as a real friction coefficient. If ζ is positive, energy is taken from the system, whereas if
ζ is negative, energy is given to the system. The equations of NH formulation follow from an
extended Hamiltonian in which the system and the bath degrees of freedom are coupled. On the
other hand, since pressure includes a kinetic component due to particle velocities, both
barostating and thermostating require the calculation of the temperature. NH barostat is based on
Andersen barostat [77], and involves coupling the system to the volume of the simulation box. This
coupling mimics a system simulated in a container that can be compressed by a piston due to the
action of an external constant pressure. NH thermostat and barostat are implemented in
LAMMPS (see https://lammps.sandia.gov/doc/Howto_thermostat.html and
https://lammps.sandia.gov/doc/Howto_barostat.html). Once the target average
temperature and/or pressure is reached, the system is equilibrated.

2.3.2 Interatomic potentials

In MD simulations, forces acting on every atom are obtained from the appropriate
mathematical functions that represent the potential energy evaluated from the molecular
structure. These mathematical functions are the so called force fields, where the associated
parameters are determined as much as possible from experimental data measured by using
electron and/or X-ray diffraction and NMR or Raman spectroscopy, and/or supported by data
obtained from ab-initio or semi-empirical quantum mechanics calculations. It is worth
emphasizing that not all force fields allow to represent all molecule types [75]. The force acting on
a certain atom depends on its neighbors or binding partners, and in its chemical environment,
therefore the force fields usually have several atom types describing the different systems [70].

Force-fields represent two groups of atomic interactions: (i) bonded interactions (Vbonded ),
which act between atoms that are linked together by covalent bonds and characterize stretching of
bonds, bending of valence angles and the rotation of dihedrals, and (ii) non-bonded interactions
(Vnon−bonded ), which act between atoms that are governed by electrostatic and vdW interactions
[75]. In this study, the total system is comprised of three subsystems: pore + solvent + biological
peptide, then one is dealing with an hybrid system, whose interatomic forces are of different
nature. For this, different force fields were used to model each of them. In addition, non-bonded
interactions between subsystems(pore + solvent and/or pore + biological peptide) are included.
The total potential energy of the system is described as:
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Vtot al =Vbonded +Vnon−bonded ,
Vbonded =Vpor e +Vpepti de +Vw ater ,
Vnon−bonded =VLJ +VCoul omb .

(2.15)

There have been huge numbers of available potential models for the atomic interactions within
different materials, which have been developed since the 1970s, when a deeper analysis and
knowledge about molecular mechanics increased. In covalent materials, the atoms are held
together by covalent chemical bonds and are represented by models such as the valence force field
model (VFF) [79], Stillinger-Weber potential (SW) [80, 81], Tersoff potential [82], Brenner
potential [83] and ab-initio approaches [84]. Also, some commonly used force fields for biological
systems are CHARMM, GROMOS, AMBER, UFF, OPLS, among others [70, 75]. However, all these
force fields are well suited for non-reactive interactions, but they result to be inadequate for
modeling changes in atom connectivity, in chemical reactions as bonds break and form. This has
motivated the inclusion of connection-dependent terms in the force field description, yielding a
reactive force field, Reax force field (ReaxFF) [85]. Based on the nature of each subsystem in this
work, we present all the potentials used here.

Empirical potential models are widely used to study solid-state materials. Among the potentials
that characterize Mo and S interactions for MoS2, a VFF was first used to study the dynamical
properties of MoS2 lattices and nanotubes, where the interactions were assumed to be associated
with the stretching and bending Mo-S bonds and two-body potentials for the interlayer interactions.
More recently, Jiang et al. [84] developed a SW potential for SL-MoS2 starting from the VFF model by
fitting parameters to the experimental phonon spectrum [86]. In the last two years, Ostadhossein
et al. developed a ReaxFF parameter set for Mo and S to study energy and reaction mechanisms in
SL and ML-MoS2, to model vacancy formation energies in MoS2 and the possibility to use these
defects to functionalize MoS2 surface [87]. In this work, SL and ML-MoS2 circular nanopores were
modeled using SW potential while, the sub-nm pores, created from atomic defects, were simulated
in vacuum under the ReaxFF context. Next, we describe the SW potential and ReaxFF formulations
for a better understanding of these force fields formulations.

2.3.2.1 Stillinger-Weber potential for Vpor e (circular pores)

Stillinger-Weber (SW) potential was originally proposed by Stillinger and Weber to describe the
interaction in solid and liquid forms of silicon [80]. In the SW potential formulation, the energy
increments for the bond stretching and angle bending are described by the following two-body and
three-body terms [84]:

V2(ri j ) = A

(

B

r 4
i j

−1

)

exp

[

ρ

ri j − rmax

]

, (2.16)

V3(θi j k ) = K exp

[

ρ1

ri j − rmaxi j

+
ρ2

ri k − rmaxi k

]

(

cos(θi j k )−cos(θ0)
)2 , (2.17)

where V2 corresponds to the bond stretching and V3 associates with the angle bending. The cut-offs
rmax , rmaxi j

and rmaxi k
are geometrically determined by the material’s structure. As shown by Jiang

et al, the geometrical parameters ρ, ρ1 and ρ2 are determined analytically considering that the
structure is in the equilibrated configuration:
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significantly fewer computational resources, thereby enabling simulations to better describe
dynamic processes. Such empirical methods, trade accuracy for lower computational expense,
making it possible to reach simulation scales that are orders of magnitude beyond what is tractable
for QM [85].

Atomistic force field methods use empirically determined interatomic potentials to calculate
system energy as a function of atomic positions. Classical approximations are well suited for
non-reactive interactions, such as angle-strain represented by harmonic potentials, dispersion
represented by vdW potentials and Coulombic interactions represented by various polarization
schemes. However, such descriptions are inadequate for modeling changes in atom connectivity
(i.e., for modeling chemical reactions as bonds break and form). This motivates the inclusion of
connection-dependent terms in the force field description, yielding a reactive force field. In ReaxFF,
the interatomic potential describes reactive events through a bond order formalism, where bond
order is empirically calculated from interatomic distances [85]. The bond order is the overlap
population of the electrons between atoms, or in other words, this is a measure of the strength of
the covalent bond between atoms [89]. Electronic interactions driving chemical bonding are
treated implicitly, allowing the method to simulate chemical reactions without explicit QM
consideration. The classical treatment of reactive chemistry made available by the ReaxFF
methodology has opened the door for numerous studies of phenomena occurring on scales that
were previously inaccessible to computational methods.

One of the main advantages of ReaxFF is that it enables simulations involving reactive events at
the interface between solid, liquid, and gas phases, which is made possible because the ReaxFF
description of each element is transferable across phases [85]. For example, an oxygen atom is
treated with the same mathematical formalism whether it is in the gas phase as O2, in liquid phase
in a H2O molecule, or in a solid oxide. ReaxFF allows furthermore to simulate complex processes
involving multiple phases in contact with one another, by considering phenomena dependent on
reactivity of the involved species, their diffusivity and solubility [85]. ReaxFF functional form has
evolved from its original 2001 ReaxFF hydrocarbon description [90], and it has been stable
although optional terms are added to the potential for specific cases. Chenoweth et al. [91]
describe the ReaxFF current functional form in the hydrocarbon combustion work, referred to as
2008-C/H/O, which has demonstrated significant transferability across the periodic table.

To ensure ReaxFF transferability, the following general guidelines have been adopted in its
development [88]:

• No discontinuities in energy or forces (even during reactions).

• Each element is described by just one force field atom type.

• Atoms hybridization from its chemical environment.

• No pre-definition of reactive sites required, this is, drive reactions using restraints is possible
and at the right temperature and chemical environment, reactions can occur automatically.

Technically, ReaxFF provides accurate description of bond breaking and bond formation, where
the connectivity determined by bond orders obtained from the interatomic distances is updated
every MD step. This allows the bonds to break and form during the simulation. The non-bonded
interactions, such as vdW and Coulomb, are calculated between every pair of atoms. In this process,
any excessive close-range non-bonded interactions are avoided by inclusion of a shielding term
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Figure 2.11: Schematic representation of the overview of ReaxFF total energy components.
Figure extracted from Ref. [85].

[91]. Moreover, a polarizable charge description and bond order-dependent three and four-body
terms are also included in the force field description [92]. Bond orders are incorporated in all
valence terms (i.e. energy contributions depend on connectivity, like valence and torsion angle
energy) ensuring that energies and forces associated with these terms go to zero upon dissociation.
Excessive short-range repulsive/attractive non-bonded interactions are circumvented by inclusion
of a shielding term in the vdW and Coulomb interaction. The following expression to derive the
forces on each atom is [85]:

Es y stem = Ebondi j
+Evali j k

+Etori j kl
+Eoveri

+Eunderi
+El pi

+Evd wi j
+Ecouli j

+EHBi H j
+Especi f i c .

(2.19)

In Eq. 2.19 the total energy is divided into bond-order contributions, where Ebondi j
is a function

of interatomic distance and describes the energy associated with forming bonds between atoms
i and j . Evali j k

and Etori j kl
are the energies associated with three-body valence angle strain and

four-body torsional angle strain. Eoveri
and Eunderi

are interactions directly involving all bonded
neighbors of atom i . This terms involve an energy penalty that prevents the over and under
coordination of atoms based on atomic valence rules. Lone-pair El pi

contribution is a single-body
potential computed over the atom i resulting from the energy and forces due to unpaired electrons
of this atom. EHBi H j

computes the interaction between atoms i and j that interact through a
hydrogen bond. Especi f i c represents system specific terms that are not generally included, unless
required to capture properties particular to the system of interest [85]. Finally, non-bonded terms
include vdW and Coulomb interactions computed between atom pairs i and j [85].

A schematic representation of ReaxFF potential is shown in Fig. 2.11, showing that the potential
is divided into bond-order-dependent and -independent contributions. Bond order calculation
from the interatomic distances uses the empirical formula:
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BOi j = BOi j
σ
+BOi j

π
+BOi j

ππ

= exp

[

pbo1

(

ri j

r0
σ

)pbo2
]

+exp

[

pbo3

(

ri j

r0
π

)pbo4
]

+exp

[

pbo5

(

ri j

r0
ππ

)pbo6
]

, (2.20)

where BO is the bond order between atoms i and j , ri j is the interatomic distance, r0 terms are
equilibrium bond lengths, and pbo terms are empirical parameters [85, 90, 93, 94]. Eq. 2.20 is
continuous, so no discontinuities through transitions between σ, π and ππ bonds are present. This
bond-order formula accommodates long-distance covalent interactions characteristic in transition
state structures, allowing the force field to accurately predict reaction barriers [85]. The three
exponential terms contained in Eq. 2.20 describe: (1) the σ bond (pbo1 and pbo2), (2) the first
π bond (pbo3 and pbo4) and (3) the second π bond (pbo5 and pbo6) [90].

The covalent range of the bond order terms is typically taken to be 5 Å, which is sufficient for
most elements to describe even the weakest of covalent interactions, but can be extended beyond
this range. This may occasionally be required for elements with very large covalent radii. The
long-distance covalent bond feature requires an extra step of bond-order correction, to avoid the
inclusion of non-bonded neighbors. Terms in the potential that are dependent on bond order,
such as bond energy and angle strains, are calculated directly from the corrected bond order [85].

In contrast with classical force fields such as SW potential, which rely on static bonds and fixed
partial charges associated with atoms, an important feature of ReaxFF framework is the charge
equilibration procedure (QEq). A QEq scheme is applied at each iteration to calculate partial
atomic charges, which are then used to compute Coulombic interactions. QEq developed by Rappé
and Goddard [95], corresponds to the problem of assigning partial charges to atoms by minimizing
the electrostatic energy of the system, including the energy required to create the charge of an
atom under constraints of charge neutrality. It is important to solve the QEq problem with high
accuracy, since otherwise the energy of the system may show unacceptable drifts during constant
energy NV E simulations [96]. QEq method is mathematically formulated as the solution of a large
sparse linear system of equations [95], for instance QEq needs to be performed accurately at each
time step due to the great impact on the forces and the total energy of the system. From a technical
aspect, smaller time step lengths (compared to 1 fs for SW potential) need to be used for ReaxFF
implementation, tenth of femtosecond for instance [96]. Additionally, the QEq approach allows the
atomic partial charges to respond to changes in the environment, including under
non-equilibrium dynamics. This method is used to calculate the Coulombic interactions. The
QEq method is calculated independently from BO(ri j ,r0) calculations, which means that there is
no information transfer between this two processes.

Non-bonded and bonded terms in ReaxFF are computed independently. vdW and Coulomb
forces are included for all atom pairs, where to account for the vdW interactions, a
distance-corrected Morse-potential is used as shown by Mueller et al. in their work on the
“Development and Validation of ReaxFF Reactive Force Field for Hydrocarbon Chemistry Catalyzed
by Nickel” [93] and as formulated by van Duin et al. [90] in the original functional form of ReaxFF
potential. ReaxFF has been used to simulate processes such as heterogeneous catalysis and atomic
layer deposition, where ReaxFF strength is shown by modeling reactive chemistry at
heterogeneous interfaces [85].
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2.3.2.4 TIP3P for water

A wide range of water models have been developed and tested for different problems. These
rigid non-polarizable models are the simplest and the most computationally efficient, with between
three and five interaction sites and a rigid geometry, water is represented as a set of point charges at
fixed positions relative to the oxygen nucleus. In these models, covalent bonds are implicitly treated
by holonomic constraints [101]. Most commonly used models of this category are: TIP3P and SPCE
3-point, TIP4PEw 4-point and TIP5P 5-point ( [102]). In the specific case of TIP3P model [67] the
partial positive charges on the hydrogen atoms are exactly balanced by an appropriate negative
charge located on the oxygen atom. In this 3 point charge models, the vdW interaction between
two water molecules is computed using a LJ function with just a single interaction point per
molecule centered on the oxygen atom, and no vdW interactions involving the hydrogen atoms
are calculated [97]. In TIP3P water model bonds and angles are constrained during the MD
simulations. A useful tool to impose the general holonomic constraints during simulations is the
SHAKE algorithm developed by Ryckaert et al. [103–105], which is based on the Verlet algorithm.
SHAKE algorithm includes the physical forces of intermolecular, intramolecular interaction, and
the forces associated with the constraints, where equations of motion can be derived from the
constrained system as:

mi
d 2

~ri

d t 2
= ~Fi +

∑

~Gi , (2.22)

where the last term is a sum over the constraints forces [70]. We chose specifically TIP3P model
because it is recommended using AMBER99sb-ILDN. Furthermore, Table 2.1 shows the parameters
for TIP3P water model used in LAMMPS in the present work.

mO [u] 15.9994
mH [u] 1.00800

kbond OH 450
r0OH 0.9572

kang l eHOH
55

θang l eHOH
104.52

mK [u] 39.0983
mCl [u] 35.4530

Table 2.1: Mass mi of O, H, K and Cl atomic species. Water equilibrium parameters kbond , r0bond
,

kang l e and θang l e for TIP3P model used in LAMMPS, extracted from Ref. [106].

2.3.2.5 VL J + VC oul omb

The non-bonded interactions between atoms in MD simulation are governed by the LJ and
Coulomb potentials, which are given by:

VLJ +VCoul omb =

N
∑

j=1

N
∑

i= j+1

{

4ǫi j

[(

σi j

ri j

)12

−

(

σi j

ri j

)6]

+
qi q j

4πǫ0ri j

}

. (2.23)

For a given pair of atoms (i , j ), the potential depends on the distance between them, ri j , as well
as their charges qi and q j (in the Coulombic case), or the parameters ǫi j and σi j (in the LJ case). In
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order to obtain the forces on atoms, one can compute these potential functions for all pairs of
atoms with the introduction of a cut-off distance. Only interactions among atoms within a given
cut-off are considered. There are, however, numerous situations in which long-range interactions
between atoms cannot be neglected, and instead have to be approximated numerically. In these
cases, it is necessary to approximate the long-range interactions without explicitly computing
pair-wise potentials. For this task, “Particle-Particle Particle Mesh” (PPPM) method is a convenient
choice. PPPM approximates long-range interactions in a periodic system by obtaining the
potential of the entire system of atoms as a function of space, discretized on a grid. (see refs. [107]
and [108] for more details).

To properly model alkali and halide monovalent ions in explicitly solvated simulations, Joung et
al. [68] developed the associated parameters for the pair-wise interactions between the different
ionic species and non-polarizable water models, such as TIP3P, using Coulombic and LJ potentials
with fixed charges. TIP3P water model parameters with long-range Coulombic solver PPPM were
extracted from reference [106]. The optimized LJ parameters σi j and ǫi j are used in
Lorentz-Berthelot (LB) combining rules (Eqs. 2.24 and 2.25) and are available in the mentioned
work [68]. PPPM method solver for r−6 dispersion interaction is implemented in LAMMPS MD
package. In this work, pore/solvent and pore/peptide interactions are modeled by a Coulomb
potential and a LJ potential, which is based on the LB mixing rules:

ǫi j =
√

ǫi iǫ j j , (2.24)

σi j =
σi i +σ j j

2
. (2.25)

The parameters for the MoS2 nanoporous membranes were extracted from Ref. [84], and the
LJ parameters were taken from [109], while the parameters for the TIP3P water model and the
K+ and Cl− associated Coulomb and LJ parameters were extracted from [68,106]. It is noteworthy to
mention that ǫi j and σi j values for pore/solvent and pore/peptide interactions (Tables 2.3 and 2.4)
were computed by hand (it is mandatory for hybrid systems in LAMMPS), from the corresponding
values indicated in Table 2.2.

ǫ [kcal/mol] σ [Å] qi [e−]
Mo Mo 0.0135 4.200 qMo = +0.76

S S 0.4612 3.130 qS = -0.38
K+ K+ 0.1937 3.039 qK = +1
Cl− Cl− 0.0356 4.480 qCl = -1

O O 0.1020 3.188 qO = -0.8300
H H 0.0 0.000 qH = 0.4150

Table 2.2: LJ parameters and charge qi used in this work for MoS2, TIP3P water model, and
K+ and Cl− ions.
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pair i − j ǫi j [kcal/mol] σ [Å]
1-3 0.037108 3.694
1-4 0.0 2.100
1-5 0.051134 3.620
1-6 0.021920 4.340
2-3 0.216893 3.159
2-4 0.0 1.565
2-5 0.298875 3.085
2-6 0.128119 3.805

Table 2.3: LJ parameters ǫi j and σi j for pore/solvent interactions computed from Eqs. 2.24 and
2.25. Atom type 1 is Mo, type 2 is S, type 3 is O (water), type 4 is H (water), type 5 is K+ and type
6 is Cl−.

pair i − j ǫi j [kcal/mol] σ [Å]
1-3 0.014559 3.424766
1-4 0.038431 3.799835
1-5 0.034074 3.799835
1-6 0.053245 3.579961
1-7 0.047906 3.724910
1-8 0.014559 2.634539
1-9 0.014559 3.335677

1-10 0.014559 3.079987
1-11 0.037108 3.694000
1-12 0.0 2.100000
1-13 0.051134 3.619500
1-14 0.021911 4.340000
2-3 0.085093 2.889766
2-4 0.224623 3.264835
2-5 0.199156 3.264835
2-6 0.311211 3.044961
2-7 0.280007 3.189991
2-8 0.085093 2.099539
2-9 0.085093 2.800677

2-10 0.085093 2.544989
2-11 0.216893 3.159000
2-12 0.0 1.565000
2-13 0.298876 3.084500
2-14 0.128119 3.805000

Table 2.4: LJ parameters ǫi j and σi j for pore/solvent, pore/peptide and solvent/peptide
interactions. Atom type 1 is Mo, type 2 is S, type 3 to 10 are peptide atom types, type 11 is
O (water), type 12 is H (water), type 13 is K+ and type 14 is Cl−.
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2.3.3 MD simulations procedure

MD simulations of the open pore and translocation systems were performed using LAMMPS

software package [10Aug15 version (http://lammps.sandia.gov)]. LAMMPS is a classical MD
code, which includes an important number of potentials for solid-state materials and soft matter,
and coarse-grained or mesoscopic systems. It can be used as a parallel particle simulator at the
atomic, meso or continuum scale. Also, it runs on single processors or in parallel using
message-passing (MPI) or threads techniques.

In parallel MD, forces on each atom can be computed simultaneously, and positions and
velocities can be as well updated simultaneously. This represents an advantage for large systems.
For more information about the code, please visit http://lammps.sandia.gov. After the modeling
procedure, a structure file in .xyz format is obtained. To generate the LAMMPS input files,
Moltemplate is used. Moltemplate requires a topology file .lt, in order to generate the following
set of files, which have been already foreshadowed in Fig. 2.2:

• system.data: this file contains information about the atom types of the system, simulation
box parameters, atomic coordinates, masses, charges, connectivity between the atoms and
velocities.

• system.in.init: this file contains the global parameters of the potential energy function
such as the pair styles associated to the atom types. This file is dependent on the force field to
be used. An example of a system.in.init file for a pore + solvent system ready to be used
by LAMMPS is shown:

units real

atom_style full

pair_style hybrid sw lj/charmm/coul/long 9.0 10.0 10.0

bond_style harmonic

angle_style harmonic

kspace_style pppm 0.0001

pair_modify mix arithmetic

• system.in.settings: this file contains the local settings associated to the force field
indicated in the .init file. Here the coefficients associated to the potential energy functions
are included for bonds, angles, dihedrals and pair styles. After the addition of all pair
coefficients into the system.in.settings, for a pore + solvent system for example, the file
is ready to be used by LAMMPS:

pair_coeff * * sw MoS2_real.sw Mo S NULL NULL NULL NULL

pair_coeff 3 3 lj/charmm/coul/long 0.102 3.188

pair_coeff 4 4 lj/charmm/coul/long 0.000 0.400

pair_coeff 5 5 lj/charmm/coul/long 0.193683 3.039

pair_coeff 6 6 lj/charmm/coul/long 0.035591 4.480

pair_coeff 1 3 lj/charmm/coul/long 0.037108 3.694

pair_coeff 1 4 lj/charmm/coul/long 0.00 2.300

pair_coeff 1 5 lj/charmm/coul/long 0.051134 3.620

pair_coeff 1 6 lj/charmm/coul/long 0.021920 4.340

pair_coeff 2 3 lj/charmm/coul/long 0.216893 3.159

pair_coeff 2 4 lj/charmm/coul/long 0.00 1.765

pair_coeff 2 5 lj/charmm/coul/long 0.298876 3.085
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The value of 1.0 V, corresponding to an electric field of Ez = 5×10−3 V/m was used in the
translocation systems, to accelerate MD simulations in order to observe translocation
events [62].

The production.in file example for a non-equilibrium MD simulation of a pore + solvent
system at V = 1 V is the following:

# ––––––––- Init Section ––––––––-

include “nanopore+solvent.in.init”

# ––––––––- Atom Definition Section ––––––––-

read_data “nanopore+solvent_eq.data”

# ––––––––- Settings Section ––––––––-

include “nanopore+solvent.in.settings”

# ––––––––- Run Section ––––––––-

timestep 1.0

velocity all create 300.0 12345

thermo 1000

# – save trajectory –

dump dmd all custom 1000 traj_md.lammpstrj id mol type x y z ix iy iz

# – run at constant volume –

fix fxef all efield 0.0 0.0 0.005

fix fxmd all nvt temp 300.0 300.0 100.0 tchain 1

restart 1000000 restart_md

run 10000000

write_data nanopore+solvent_md.data

undump dpmd

unfix fxef

unfix fxmd

Using 108 processors, the order of magnitude of CPU time for a MD run corresponding to a
10 ns trajectory of a system containing 192 975 atoms is 1000 h. Thus, for a total length of open
pore trajectories of 10 ns (59 MD runs) CPU time is 59 000 hours. The simulations performed in the
present work for the open pore and translocation systems, are listed in the following tables:
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System h [nm] d [nm] V [V] Natom Box size [nm3]

SL-MoS2 0.31

1 Mo + 5 S

0
2010

2 Mo + 7 S 2007 7.5×7.5×15
4 Mo + 14 S 1998

1.0
0, 0.25, 0.5, 0.75, 1.0

192927

10×10×20

1.5 192951
2.0 0, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0 192975
2.5

0, 0.25, 0.5, 0.75, 1.0

193005
3.0 193050
4.0 193233
5.0 193416

2L-MoS2 0.94

2.0 0, 0.25, 0.5, 0.75, 1.0

190407
3L-MoS2 1.56 187763
4L-MoS2 2.19 185151
5L-MoS2 2.81 182703

Table 2.5: Summary of the MD simulations performed in this work corresponding to the open
pore systems. Diameters d and thicknesses h for each system are indicated. Each voltage
corresponds to a MD run. Simulations of pores made of atomic defects with diameter <1-sub
nm are performed in vacuum with a total of 3 MD runs of 2 ps each. Simulations of circular
pores embedded in 1 M KCl solution are performed with a simulation time of 10 ns per MD
run. A total of 62 open pore MD runs were performed. The nomenclature for the sub-nm defect
pores systems is given by the nature of the atoms removed.

System [nm] d peptide run 1 [ns] run 2 [ns] run 3 [ns] total run [ns]

SL-MoS2 2.0

K 100 100 - 200
KK 50 57 23 130

YGGFM 100 100 - 200
YGGFM-1K 100 150 - 250
YGGFM-2K 200 250 - 450
YGGFM-3K 100 300 - 400
YGGFM-4K 200 50 - 250
YGGFM-5 250 150 - 400

1.5 KK 100 100 - 200
bilayer-MoS2 2 KK 100 100 - 200

Table 2.6: Summary of MD simulations performed on translocation of different biological
peptides through MoS2 nanoporous membranes with diameter d and different number of layers
of 2D materials. The solvent is 1 M KCl solution and the applied voltage is 1.0 V for all the
simulations. MD run 1, run 2 and run 3 have different initial conditions. Total run corresponds
to the total simulation time per system. The simulation box size is 10×10×20 nm3 for all the
systems. A total of 21 MD runs were performed.



Chapter 3

Characterization of the ionic conductance

through MoS2 nanopores

Experimental detection and characterization of molecules using SSN, has mostly relied on
measuring changes in ionic current flowing across the nanoporous membranes as charged
molecules in solution translocate through the pore, when an external voltage is applied across the
membrane. Charged molecules that pass through the nanopore displace ions from the pore
volume, therefore ultrafast monitoring of ion flow during their passage yields information about
the particle structure and chemical properties [60, 112]. The magnitude and duration of the change
of ionic current provide information on the diameter and length of the molecule, respectively [6].
More precisely, SSN can be used to detect the presence of a molecule, via changes in the ionic
conductance ∆G . ∆G represents a drop in ionic conductance, such as ∆G =G0 −Gm , where G0 is
the open pore conductance and Gm is the conductance when the nanopore is obstructed by a
translocating molecule, also called translocation conductance. Therefore, increasing ∆G and
decreasing the signal noise yield a higher signal-to-noise ratio (SNR). Thus, assuming constant
noise, increasing ∆G improves the performance of nanopore devices. Hence, the magnitude and
statistical properties of ∆G provide good metrics for the nanopore sensing capability [43].

Overall, the sensing capacity of a nanopore is determined by the pore size and thickness of the
membrane. For sequencing, each nucleotide should block the ionic current in a unique way that is
dependent on its molecular size and shape [6]. Understanding the transport properties such as the
conductance of ions in such nanopores is fundamental for the interpretation of translocation
experiments for biomolecule detection and for the design of more efficient nanopore based
sensors. Given the compromise between the nanopore geometry (membrane thickness and pore
diameter) and their transport properties [6, 59, 60, 113, 114], the diameter of the pore is chosen
according to the size of the molecule to probe. If a molecule that translocates through a SSN is
characterized by the same size as the pore dimension, for instance a double strand DNA molecule
translocating in a SSN of diameter d ∼ 2.2 nm, the theoretical conductance drop is maximum and
equal to the open pore conductance, ∆G = G0 (Gm = 0). In order to fabricate DNA or proteins
sequencing devices with a high-resolution recognition and detection of DNA bases or protein
residues, the diameter of the nanopore must be of the same order of magnitude as that of the
molecule to be detected [60].

Although previous experimental [115–117] and theoretical [114, 118–121] works explored the
ionic and molecular transport in nm and sub-nm graphene pores, ionic transport through MoS2

nm and sub-nm pores made of atomic defects has not been yet explored in detail [59]. More
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studies on transport properties through these systems are needed to explore applications of this
material at the atomic scale. Water desalination and molecular analysis for example, are within the
most promising applications, where atomic scale pores provide unique benefits. This is because
water transport scales inversely with the membrane thickness allowing for high water fluxes, and
membranes with sub-nm pores are highly selective [6, 59, 113]. Furthermore experimental drilling
of sub-nm pores has been possible with high reproducibility [59, 122]. For example, ionic
irradiation is used to reveal the presence of defects with Å and nm sizes in MoS2 and WS2, as
recently reported by Thiruraman et al [123].

In the present work, one of the main objectives is to characterize the ionic conductance of
MoS2 nanoporous membranes with different diameters and thicknesses, in order to provide
information about the optimal geometry of MoS2 nanoporous membranes for further
experimental verification of single protein translocation based on their ionic transport properties.
In the present chapter, we discuss the characterization of the ionic conductance of a KCl aqueous
solution through MoS2 open pore systems without the presence of any biomolecule, in order to
study the level of ionic conductance performance of such nanopores.

The study of the open pore systems was performed in different stages: first sub-5 nm SL-MoS2

nanopores were characterized by studying the interfacial interactions of the solvent with the pore.
Particularly, we computed the distribution of water molecules in the vicinity of the nanoporous
membrane in order to obtain the effective geometrical parameters h∗ (effective membrane
thickness) and d∗ (effective pore diameter). We also studied the effect of the atoms at the edges of
the porous region on the concentration of ions in the nanopore volume. The next step corresponds
to the pore conductance calculations by determining the ionic current of 1 M KCl solution and the
MoS2 open pore conductance G0 using NEMD simulations, which is quantified by following the
experimental procedure, this is, by computing the ion current-voltage (I −V ) curves at low voltages
(V = 0, 0.25, 0.5, 0.75 and 1.0 V). Then, MD data of open pore conductance values were compared
to a conventional analytical model of conductance (macroscopic model of ionic conductance), as
explained in more detail in the following sections. With this comparison, we observed that this
model fails to predict the conductance values for pores below certain regime of sizes. As it will be
discussed in the following sections, inspired in a work on the ionic transport through graphene
nanopores [114], we were able to derive an empirical correction to the macroscopic model of
conductance, to improve the theoretical predictability of the open pore conductance in SL-MoS2

nanopores. Furthermore, open pore conductance MD data for multi-layer (ML) (bilayer 2L-,
trilayer 3L-, fourlayer 4L- and fivelayer 5L-) was determined as well in order to extend the improved
model of conductance for ML-MoS2 nanoporous systems. Conductance performances of MoS2

nanopores were studied in order to establish a reference that allows to estimate the ideal
conductance drops ∆G in further analysis of the simulations of biological molecules translocation.
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3.1 Interfacial interactions of solvent with MoS2 nanoporous

membranes

The interactions at the interface between MoS2 nanopores and the ionic solution made of
water molecules and K+ and Cl− ions are strongly influenced by the nature of the 2D materials.
Few-layer materials provide a variety of extended atomically flat surfaces with different long-range
(vdW) and hydrophobic interactions [124, 125]. These interactions modify the bulk solvent
properties at the interface due to the presence of the membrane. For nanoelectronics applications,
it is extremely important to understand wetting properties of exposed surface. For example, MoS2

transistors characteristics highly depend on these properties, since hydrophilicity (i.e., wettability)
and hydrophobicity are reported to be related with the fabrication process and the surface
chemical composition (possible contaminants due to unreacted species like Mo or S atoms or S
deficient or Mo rich regions) [126]. MoS2 wetting behavior on SiO2/Si substrates grown by CVD was
studied where chalcogen (S) substitution with oxygen (O) resulted in hydrophobic to hydrophilic
wettability transition [127]. MoS2 hydrophobic nature [23, 128] on the other hand may require
further treatments for biomolecule translocation and ionic transport experiments [59]. Likewise,
the interfacial water structure should influence the interactions of 2D materials with other
materials, solvents, ions and small molecules [124]. We quantified such interactions by
determining the effective membrane thickness h∗ and effective diameter d∗ as shown below.

3.1.1 Distribution of water molecules near the pore

Interfacial interactions of water with the MoS2 membranes were studied by computing the
distribution of water molecules in the normal direction to the membrane (z direction) and the
radial distribution of water molecules inside the pore in the ρ direction. The radial and normal
distributions reported below were averaged over 10 ns MD runs with voltages from 0 to 1.0 V, for a
total of 40 ns MD data (4 runs), see Table 2.5.

First, the normal distribution P (z) was computed by counting the number of water molecules
in slices of dimension Lx ×Ly ×∆z, with ∆z = 1.0 Å. Starting from the membrane, the slice was
displaced by 0.1 Å in the normal direction up to reaching the top of the simulation box. Fig. 3.1 (a)
shows P (z) for MoS2 nanoporous membranes made of multiple layers (from 1 to 5). On the other
hand, the in-plane radial distribution of water was computed inside cylinders defined by the pore
diameter, over concentric cylinders with the its axis. Each ring is characterized with a height
corresponding to the z−position of the center of the nanopore ±1.0 Å (total height of 2.0 Å) and
with a 1.0 Å width from the inner to the outer boundaries. Starting from the center of the pore, the
inner boundary of each cylinder was displaced by 0.25 Å in the radial direction, up to reaching the
nanopore edge.

From P (z) plots we observed that profiles of water are similar in shape (not dependent on
thickness), with a maximum in the vicinity of the nanoporous membrane due to an accumulation
of the water molecules as a consequence of the hydrophobicity of MoS2. Such behavior was
reported experimentally by Uhlig et al. [124], where the formation of water layers near 2D materials
such as graphene and few-layer MoS2 and WSe2 was observed, which is a general property of
hydrophobic surfaces in contact with water. Nevertheless, their findings show that interfacial water
structure near 2D materials, cannot be entirely explained in terms of the interactions between the
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(a) (b)

Figure 3.2: (a) Probability distribution function P (z) of water molecules in the normal direction
(z-direction) of the SL-MoS2 nanoporous membrane. Red dashed line represent the value
of the effective thickness h∗ extracted from the distribution profile. (b) Radial distribution
C (ρ) of water molecules inside the SL-MoS2 nanopore of diameter d = 2.0 nm. Red dashed line
represent the value of the effective diameter d∗ extracted from the concentration profile.

SSN h [nm] h∗ [nm] d [nm] d∗ [nm]

SL-MoS2

1.0 0.70
1.5 1.20

0.31 0.96 2.0 1.64
2.5 2.14
3.0 2.72
4.0 3.68
5.0 4.68

2L-MoS2 0.94 1.44 2.0 1.64
3L-MoS2 1.56 2.16 2.0 1.64
4L-MoS2 2.19 2.80 2.0 1.64
5L-MoS2 2.81 3.42 2.0 1.64

Table 3.1: SSN studied in the present work using NEMD simulations. Diameters d and d∗ as
well as thicknesses h and h∗ obtained from the distribution of water molecules in the pore.

The same type of analysis was performed from C (ρ) in order to extract the effective diameter
d∗ of the nanopores from the water in-plane radial distribution inside the pore. Fig. 3.2 (b) shows
the results extracted from MD simulations for the SL-MoS2 nanopore with d = 2.0 nm. In this
work, d∗ is defined as: starting from the center of the pore with corresponds to the value C (ρ = 0),
the last value of ρ for which the radial distribution completely decreases approaching the edges
is considered as r ∗ = d∗/2, leading to an effective diameter of d∗ = 1.64 nm, as indicated with
the red dashed line. Overall, evolution of d∗ as a function of d is observed in Fig. 3.3 and can be
represented by the equation:

d∗
= d −0.3nm. (3.1)

Values of the effective thickness h∗ and effective diameter d∗ of each system are shown in the
table 3.1. The estimation of the effective geometrical parameters h∗ and d∗ will be useful for the
study of the radial ionic concentration inside the MoS2 nanopores, and for the conductance G0

dependency on the geometry of the nanoporous membranes analyses, which will be presented in
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Figure 3.3: Evolution of the effective diameter d∗ as a function of pore diameter d . The dashed
line represents the equation d∗ = d −0.3 nm.

the following sections.

3.1.2 Concentration of ions in the pore

The presence of dangling atoms on the edges of the nanopores may affect the concentration of
ions in their volume, which is an important factor to take into account when guiding the design of
nanopore sensing experiments. The main advantage of the present analysis is to quantify these
effects from MD simulations and present the behavior of ions in the vicinity of the nanopore walls.
For this, we investigated the ion distribution inside nanopore and particularly near the nanopore
edges, by computing the ion concentration (number of ions/nm3) as a function of the radial
distance ρ from the center of the pore at ρ = 0 from MD trajectories. For that purpose, we averaged
the ion concentration over concentric cylinders with the pore axis. Each ring has a height
corresponding to the effective height of the nanopore h∗ and a width of 1.0 Å from the inner to the
outer boundaries. Starting from the center of the pore, the inner boundary of each cylinder was
displaced by 0.25 Å in the radial direction, up to reaching the nanopore edge as shown in Fig. 3.4.
The radial ionic concentrations reported in Fig. 3.4 are average values over positively and
negatively charged ions, for the 10 ns MD runs with voltages 0 ≤V ≤ 1.0 V, for a total duration of 40
ns (4 runs).

As shown in Fig. 3.4, the radial concentration of ions inside SL-MoS2 nanopores is
characterized by a plateau starting at ρ = 0 (center of the pore) up to ρmax , indicated with the
colored dashed line, followed by a linear decrease from ρmax to r ∗, the effective radius of the
nanopore. Here the length of the plateau is larger as the diameter increases. In addition, the
concentration of ions at the center of the pore decreases with the diameter from 1.5 nm to 5.0 nm.
For larger diameters, KCl ions tend to occupy the entire space of the pore whereas for smaller
diameter they are confined at the center of the pore due to the repulsion forces involved by the
edges of the pore. On the other hand, for MoS2 nanopores made of multiple layers, the ionic
concentration profiles are similar to those of the single-layer. The concentration at the center of
the pore is larger than in single-layer nanopores (C (ρ)0 ∼ 2.0 ions/nm3) due to the fact that the
effective volume of the cylinders is larger [60].

The main question that arises here is: what is the impact of such ionic concentration profiles on
conductance drop measured during experiments. In order to answer this question, we considered
a SL-MoS2 nanopore of diameter d = 3.0 nm. From the concentration profile shown in Fig. 3.4,
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3.2.2 Ionic conductance of MoS2 nanopores from I −V curves

Experimentally, the value of the nanopore ionic conductance G0, can be measured from the
corresponding I −V curve by recording the ionic current at a specific voltage [130]. Under good
conditions, linear I − V characteristics can be measured up to a high voltage (1.0 V) [11].
Nevertheless, due to asymmetric charge distributions and pore geometries for example, I −V

dependence is not always linear, resulting in ionic current rectification (ICR). ICR is a nonlinear
I −V behavior observed in biological systems such as transmembrane proteins and voltage-gated
ion channels [131, 132], which are responsible for the propagation of electrical signals in excitable
cells [133]. This behavior was first described by Wei et al. [134] in nanopipettes systems [135], and
since then has been observed in various materials and geometries, such as conical silica
nanopores [136], ion-track-etched conical polymer membranes [137, 138], nanochannels [139, 140],
and micropores [141]. ICR affects the ionic resistance of the solution within the pore, and produces
a dependence on the direction of the current flow. Moreover, when an asymmetric electrostatic
potential inside the pore is produced, and when polarity of the applied bias is inverted, different
electrostatic profiles arise and consequently current rectification occurs [136], as shown in Fig. 3.6.
In other words, ICR occurs when charged surfaces support a Debye layer, so the electrolyte may
not remain as a uniform conducting medium. Then, the pore size is no longer large compared to
the Debye length (∼ 1−10 nm) [142–144]. Influence of pH and ion concentration gradient on ionic
transport properties inside nanochannels was also reported [145], and asymmetric ionic currents
and diffusive ion flow through charged conical nanopores, was reported as well [137, 146].

Figure 3.6: ICR for KCl solutions with concentration gradient observed in nanopipettes systems.
Typical I −V curves of ICR for different concentration gradients (different KCl concentrations
inside and outside the pipettes), are reported by Deng et al. [135].

An important clarification to mention is that I −V curves computed from the MD simulations,
correspond only to positive voltages since MoS2 nanoporous membranes are symmetric and
extremely thin along the normal direction of the membrane in z, and in consequence ICR is
negligible. From the simulations performed for V = 0 to 3.0 V we observed two types of regimes in
the I −V curves, a linear regime from 0 to 1.0 V, corresponding to an ohmic behavior of the
nanopore, and a sublinear regime from 1.0 to 3.0 V, as shown in Fig. 3.7, for a SL-MoS2 nanopore
with d = 2.0 nm.

The sublinear or non-ohmic regime, is a consequence of a saturation of I at high voltages. This
saturation is reached when the ion permeation is limited by the process in which it cannot be
accelerated by V . Although the physical meaning of the sublinear behavior of I −V curves at high
voltages still remains unclear, several interpretations are still being debated in the literature. One
discussed interpretation is the diffusion-limited permeation of ions through small confined spaces
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be neglected. Then, on the geometry-based models of conductance framework, we first consider
the simple expression for a cylindrical pore [113]:

Rpor e =
4h

σbulkπd 2
. (3.5)

Here σbulk is the bulk ionic conductivity, which is the reciprocal of the bulk ionic resistivity
ρbulk = 1/σbulk (not to be confused with radial distance ρ from the water concentration C (ρ)
inside the pore), d is the diameter of the circular pore, and h is the thickness of the membrane.
Furthermore, the only role of the membrane here is the obstruction of space available for the ionic
flux, not other physical effects are considered [113]. In fact, Eq. 3.5 indicates that Rpor e → 0 as h → 0,
which holds only if h ≫ d . As h → 0, the total resistance is dominated by the access resistance [142].
The concept of access resistance stems from the consideration of the electrical resistance of a
medium between two spherical electrodes submerged on it, which does not depend on the distance
between the electrodes, but only on their sizes. This happens because the resistance is dominated
by the narrow region where the ionic flux approaches the electrode. In other words, the field lines
were assumed to converge radially to the pore center [142]. More specifically, the resistance between
two spherical electrodes in an infinite medium equals 4/σπd , where d is the diameter of the
electrode. Based on this, Hille [161, 162], under the idea that access resistance of a channel should
also depend on its dimensions, estimated the access resistance by considering a semi-spherical
cupola above the pore entrance as an effective electrode, leading to the expression AR = 1/σπd .
Later on, Hall [160] argued that a semi-spherical cupola is not a reasonable representation of
the electrode, instead he considered a planar disc at the pore entrance, and expressed the access
resistance as:

AR =
1

σbulk 2d
. (3.6)

Therefore, one can write the total resistance of an ionic channel or a pore as:

R = Rpor e +2AR =
4h

σbulkπd 2
+

1

σbulk d
=

1

σbulk

(

4h

πd 2
+

1

d

)

. (3.7)

Eq. 3.7, which can be presented in terms of the conductance G0 of the pore, corresponds to an
analytical continuum macroscopic model that is given by the following equation:

G0 =
1

R
=σbulk

(

4h∗+πd∗

πd 2∗

)−1

, (3.8)

where d∗ and h∗ correspond to the effective dimensions of the ionic conducting cylindrical
channel of the nanoporous membrane. In experiments, the model given by Eq. 3.8 is used to
extract indirect measurements of d∗ and h∗ from the conductance G0 of nanoporous membranes,
and to predict G0 values from the knowledge of their dimensions. For example, Fig. 3.10 show
different reported works where the values of nanopore diameter and membrane thickness were
obtained from a fit to a model of nanopore conductance.

In order to confront the classical model of conductance from Eq. 3.8 with G0 obtained from MD
data, we represented the conductance values as a function of the effective diameter d∗ for
SL-MoS2, and as a function of the effective thickness h∗ for ML-MoS2 nanopores, as shown in
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σbulk in Eq. 3.8 is not relevant. Instead, bulk conductivity σbulk should be replaced in this model
by an ionic conductivity which depends on the diameter of the pore σpor e (d∗). In fact, it also
depends on the thickness h∗ for multiple layers SSN and on the interactions between the ionic
solution and the 2D materials. In the following section, we discuss in more details this statement
by presenting an improved model of ionic conductance for SL-MoS2 nanopores. By replacing
σbulk with σpor e (d∗) in Eq. 3.8, the validity of the model is restored for the present nanopores, since
the diameter dependency of the electrolyte conductivity is now taken into account. On the contrary,
we have not performed yet this analysis for ML-MoS2 nanoporous systems, in order to find the
proper expression to evaluate G0 as a function of the membrane thickness h∗ for an extended
improved model.

3.4 Improved model of ionic conductance through SL-MoS2

nanopores

In the former section, we showed that open pore conductance G0 values predicted from Eq. 3.8
using σbulk , were overestimated compared to MD data for SL-MoS2 nanopores with diameters
ranging from 1.0 to 5.0 nm. Such a discrepancy requires to reexamine the modeling of G0 at the
atomic scale.

3.4.1 Ionic conductivity

First, the conductivity exhibited by a bulk ionic solution is expressed as the product of the
concentration c i of the ionic species, their charge q i = ezi and their electrical mobility µi

σbulk = e
∑

∣

∣

∣zi
∣

∣

∣c i
bulkµ

i
bulk , (3.12)

where e is the elementary (positive) charge, z is the charge number, and the index i represents the
ionic species. Specifically, for a neutral ionic solution, such as 1M KCl, where the number of K+ and
Cl− is the same, Eq. 3.12 can be rewritten as:

σbulk =

(

e
∣

∣

∣zK +
∣
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∣cK +

bulkµ
K +

bulk

)

+

(

e
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∣zC l−
∣

∣

∣cC l−

bulkµ
C l−

bulk

)

= e
[(

cK +

bulkµ
K +

bulk

)

+

(

cC l−

bulkµ
C l−

bulk

)]

= 2ecbulk

〈

µbulk

〉

, (3.13)

where cbulk is the concentration of K+ or Cl− species, and the mean bulk mobility
〈

µbulk

〉

equals:

〈

µbulk

〉

=

(

µK +

bulk
+µC l−

bulk

2

)

. (3.14)

One important remark is that, at the nanoscale, ions are confined in spaces whose dimensions
are of similar sizes to that of the ionic radii. It follows that their concentration, mobilities, and
hydration are different than their bulk counterparts, as already shown for graphene
nanopores [114, 119]. Consequently, the conductivity of the electrolyte in nanopores is expected to
deviate from its bulk value and the conductance of open nanopores predicted by Eq. 3.8 is
inaccurate for the smallest pores, as shown previously.
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In this work, thanks to all-atom EMD simulations at 300 K for SL-MoS2 membranes with
diameters ranging from 1 to 5 nm, we derived an analytical model of the electrolyte conductivity at
room temperature in SL-MoS2 nanopores as a function of the pore diameter, which is referred as
σpor e (d∗). Thus, Eq. 3.8 depends on σpor e (d∗) as:

G0 =σpor e (d∗)

(

4h∗+πd∗

πd 2∗

)−1

. (3.15)

The goal is to define analytically the expression of σpor e (d∗), which in analogy with Eq. 3.12,
can be computed for all the SL-MoS2 nanopores as:

σpor e =

(

e
∣

∣

∣zK +
∣

∣

∣cK +

por eµ
K +

por e

)

+
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e
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∣

∣

∣cC l−

por eµ
C l−
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)

= e
[(

cK +

por eµ
K +

por e

)

+

(

cC l−

por eµ
C l−

por e

)]

, (3.16)

where cpor e and µpor e are unknown. In order to quantify how σpor e changes from σbulk , we first
computed from MD simulations the corresponding ionic concentrations and mobilities, in bulk
(system without the membrane, i.e. simulation box containing only water molecules and ions for 1
M KCl) and inside SL-MoS2 nanopores, as explained below.

3.4.2 Concentrations and mobilities inside the pore

Concentration c i of an ionic specie i is computed by considering that the concentration of ions
is the number of charge carriers per unit volume, so first the bulk ionic concentration is defined as:

cbulk =
N i

bulk

Vsi mbox

, (3.17)

where N i
bulk is either number of K+ or Cl− ions and Vsi mbox = Lx × Ly × Lz is the volume of

the simulation box. Here the neutral KCl solution contains 1233 K+ and 1233 Cl− ions, then
cbulk = 6.20×1028 ions.m−3 = 1 M. Moreover, the number of ions N i inside the pore as a function
of simulation time t is extracted from MD simulations as shown in Fig. 3.13. An ion is considered
being inside the pore if its radial distance from the center of the pore ρ ≤ d∗/2 and its normal
distance from the membrane |z| ≤ h∗/2. From the average number of ions

〈

N i
〉

computed over the
10 ns MD simulation, the concentration is computed as:

c i
por e =

〈

N i
〉

V ∗
, (3.18)

where V ∗ =πd∗2h∗/4 is the effective volume of the pore. Values of the concentrations in bulk and
for each nanoporous membrane studied here are given in table 3.3. Error bars ∆c i are estimated by
computing the absolute difference between the concentration computed on the two halves of the
MD trajectory, i.e.:

∆c i
=

∣

∣

∣c i (0−5ns)− c i (5−10ns)
∣

∣

∣ . (3.19)

On the other hand, mobility µi of an ionic specie i is computed from the Einstein-Townsend
equation:
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d∗ (nm) c i (×1028ions.m−3) µi (×10−8 m2.V−1.s−1)
0.70 0.70 (±0.20) 0.83 (±0.19) 5.91 (±1.12) 5.73 (±0.70)
1.20 2.90 (±0.60) 2.60 (±0.44) 6.75 (±0.36) 6.35 (±0.17)
1.64 4.56 (±0.41) 4.36 (±0.10) 7.47 (±0.89) 6.74 (±0.87)
2.14 5.09 (±0.44) 4.89 (±0.38) 8.12 (±0.84) 7.49 (±0.56)
2.72 5.64 (±0.06) 5.63 (±0.04) 8.10 (±0.52) 7.29 (±0.56)
3.68 5.31 (±0.03) 5.61 (±0.14) 8.51 (±0.50) 7.68 (±0.74)
4.68 5.85 (±0.04) 5.85 (±0.17) 8.63 (±0.60) 8.02 (±0.49)
∞ 6.20 6.20 9.24 (±0.11) 8.72 (±0.04)

Table 3.3: Concentrations c i and mobilities µi of K+ and Cl− ions extracted from equilibrium
MD simulations of sub 5-nm pores. Values in parenthesis represent the error bar.

Figure 3.17: Ratio between KCl bulk and pore conductivity as a function of effective diameters
d∗ extracted from equilibrium MD simulations. The solid black line represents the ratio of σpor e

over σbulk (in %) as a function of d∗ (in nm), obtained from .

3.4.3 Partition coefficients of ions concentrations and mobilities

To gain further insight about the origin of the deviations of the conductivity at the nanoscale,
and in agreement with Suk and Aluru’s work about ionic transport in sub-5 nm graphene nanopores
[114], we reformulated the problem in terms of concentration and mobility partition coefficients:

Φi
≡

c i
por e

cbulk

, (3.22)

Γ
i
≡

µi
por e

〈

µbulk

〉 . (3.23)

Furthermore, since our goal here is to define an analytical model that describes the ionic
conductivity σpor e as a function of the effective diameter d∗ for the sub-5 nm SL-MoS2 nanopores,
we rewrote the ratio σpor e /σbulk using Eqs. 3.12 and 3.16, in terms of the partition coefficients Φi

and Γ
i :
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Similarly to σpor e , the partition coefficients are also diameter dependent. The formulation of
Φi (d∗) and Γ

i (d∗) is explained below. First, the coefficient Φi can be rewritten as:

Φi
=

P i
por e

P i
bulk

, (3.25)

where P i
por e and P i

bulk correspond to the probabilities to find an ion of species i in the pore
and in an equivalent volume in the bulk electrolyte, respectively. Therefore, Φi is related to the
difference between the free-energy of an ion of species i in the pore and in the bulk electrolyte,
named ∆G i , by the Boltzmann law:

Φi
= exp

(

−
∆G i

RT

)

, (3.26)

where R is the perfect gas constant and T the temperature. The free-energy difference is expected
to be positive due to the loss of entropy and to the dehydration phenomenon that ions experience
when they cross the nanopore from the bulk region, these two causes being dependent on the pore
size as well [114, 118, 163]. From the ion concentrations computed from MD data, we found that
∆G i is well represented by the following relation:

∆G i
=ϕi

(

RT

A∗

)

, (3.27)

here A∗ =
πd∗2

4
is the nanopore effective surface area and ϕi is a positive fitted parameter,

obtained from least-squares fitting of Eq. 3.27 to the MD data: ϕK +

= 0.832 nm2 and
ϕC l− = 0.793 nm2. As shown in Fig. 3.18 (a), Eq. 3.27 is in very good agreement with MD data for
sub-5 nm SL-MoS2 nanopores, and as shown in the inset figure, for the sub-3 nm nanopores.

The variation of the free-energy difference ∆G i as a function of 1/d∗2 observed in MD data
from the present work, is significantly different from the one found by Suk and Aluru [114] in
graphene nanopores, where ∆G i was fitted by the 1/d∗ law. This could be a consequence of the
influence of the three-atom thick SL-MoS2, in contrast to the one-atom thick graphene membrane.
A relation between the material and the cost of energy ∆G i for ionic species should be expected
then.
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(a) (b)

Figure 3.18: (a) Effective free-energy ∆G as a function of the inverse of the effective pore surface
area A∗−1. Dashed lines represent a linear fitting of the MD data (blue and red circles, for K+

and Cl− ions, respectively). (b) Concentration partition coefficient as a function of effective
diameter d∗. Dashed lines represent the model given by Eq. 3.28.

Eqs. 3.26 and 3.27 lead to the following expression for Φi (d∗):

Φi (d∗) = exp

(

−4ϕi

πd∗2

)

. (3.28)

Fig. 3.26 (b) shows that Eq. 3.28 is in very good agreement with MD data and that there is no
large difference observed between K+ and Cl− species for the concentration partition coefficient.

Next, we studied the mobility partition coefficient Γi inside SL-MoS2 nanopores as a function
of d∗. Empirically, by plotting the inverse mobility as a function of the inverse effective diameter,
as shown in Fig. 3.19 (a), we find that (1/µi

por e −1/µi
bulk ) scales as 1/d∗, leading to:

(

µi
por e

)−1
= γi

(

d∗
)−1

+

(

µi
bulk

)−1
. (3.29)

Eq. 3.29 can be rewritten as:

µi
por e =

(

γi

d∗
+

1

µi
bulk

)−1

. (3.30)

This behavior was also observed by Suk and Aluru [114] for K+ and Cl− mobilities in graphene
nanopores. Then, by performing a linear fitting of Eq. 3.29 to MD data, as shown in Fig. 3.19 (a), we
obtained the parameters γi for each specie i : γK +

= 4.27 × 10−3 V.s.m−1 and
γC l+ = 4.61×10−3 V.s.m−1, which are subsequently inserted in Eq. 3.31.

As observed in Fig. 3.19 (a), there is a significant difference between K+ and Cl− mobilities, since
diffusion coefficient of K+ species is larger than that of Cl−. This can be explained from Stoke’s
law. where DK +

/DC l− = RK +

/RC l− ≈ 1.1, where RK +

and RC l− are the ionic radii [164]. Moreover,
Fig. 3.19 (b) shows the mobility partition coefficient Γi as a function of the effective diameter,
computed from Eq. 3.23. The corresponding analytical model of Γi (d∗) is obtained by inserting
Eq. 3.30 in Eq. 3.23 as detailed below:
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(a) (b)

Figure 3.19: (a) Inverse mobility µ−1 as a function of inverse effective diameter d∗−1. Dashed
lines represent the linear fitting of Eq. 3.29 to MD data (blue and red circles, for K+ and Cl− ions,
respectively). (b) Mobility partition coefficient as a function of effective diameter d∗. Dashed
lines represent the model given by Eq. 3.31.
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where δi = γi
〈

µbulk

〉

and ǫi =
〈µbulk〉
µi

bulk

, with δK +

= 0.38 nm and δC l− = 0.41 nm, ǫK +

= 1.03 and

ǫC l− = 0.97. Fig. 3.19 (b) also shows quantitatively that there is a very good agreement between MD
data and the analytical expression given by Eq. 3.31. When the pore diameter is around 1.0 nm,
mobility is reduced from the bulk value by about 40%. For the same diameter, the concentration
was reduced by 70%. This means that for small diameters, the concentration of ions in the pore is
the dominating factor.

3.4.4 Improved model of ionic conductance

Finally, by inserting the analytical expression of Φi (d∗) and Γ
i (d∗) into Eq. 3.24, we obtained:

σpor e (d∗) = σbulk
1

2
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= σbulk

(
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2
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)
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δi +ǫi d∗

)

. (3.32)
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Pore ionic conductivity σpor e (d∗) can be now inserted in the improved model of conductance
of Eq. 3.15, leading to a model that now takes into account the effects of the spatial confinement of
ion species at the nanoscale. The complete expression of the model is:

G0 =σbulk

(

1

2

∑

i

exp

(

−4ϕi

πd∗2

)

d∗

δi +ǫi d∗

)

(

4h∗+πd∗

πd∗

)

. (3.33)

(a) (b)

Figure 3.20: (a) Conductance G̃0 (in nS) scaled to 1 M KCl at RT as a function of effective
diameter d∗ (in nm), extracted from experimental data (red, blue, green, and magenta filled
circles) and from non-equilibrium MD simulations (gray filled circles and squares). Black
dashed lines represent the original continuum model of conductance from Eq. 3.8. Black thick
lines represent data obtained with the model of conductance developed in the present work
and given in Eq. 3.33. (b) Same graph as panel (a) with the log-log scale.

3.4.5 Comparison with experimental ionic conductance data

To conclude, Eq. 3.33 is compared to conductance values obtained from I −V curves extracted
from NEMD simulations, that were presented in section 3.2.2, and to experimental data from sub
5-nm MoS2 nanoporous membranes extracted from the literature. For all the different G0 data
reported in the literature, different experimental conditions were used leading to different values of
ionic conductivity σbulk of KCl solutions depending on the temperature and the concentration of
the electrolyte. In order to rationalize the data and as already done for Si pores [43], we decided to
compute scaled conductance:

G̃0 =

(

G0

σbulk

)

g i ven

×σbulk
1MKC l @RT , (3.34)

where G0 and σbulk were directly extracted from the literature and σbulk
1M KC l @RT is the value of

11.18 S m−1 measured experimentally recently [59]. First, as shown in Fig. 3.20, the difference
between the pore and bulk conductivities has a significant effect on the value of the predicted
conductance for pore with diameters lower than 2.0 nm. For such diameters, the original model
(Eq. 3.8) overestimates conductance by a factor of 2. This overestimation becomes a factor 5 for the
diameter around 1.0 nm. In addition, the improved model (Eq. 3.33) developed here using EMD
simulations is in very good agreement with conductance computed from I −V curves extracted
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from NEMD simulations. Compared to the linear empirical model proposed previously in [60], the
conductance for the SL-MoS2 nanoporous membrane becomes negligible (10−1 nS) for diameters
below 0.6 nm. Moreover, from experimental conductance data for SL-MoS2 nanopores with
diameters around 2.0 nm [40, 165], according to the present model (Eq. 3.33), the effective diameter
of the pore would be closer to 3.0 nm than to 2.0 nm, since geometrical parameters of the
nanoporous membranes can be also estimated from conductance values, by performing an
appropriate fitting from a valid model to the conductance obtained.

Finally, experimental data [23] for diameters larger than 2.0 nm are very close to the model of
Eq. 3.33 within the error bar, when available. We also added into the conductance graphs
presented in Fig. 3.20 conductance values extracted from measurements of WS2 nanopores [32]. As
shown in Fig. 3.20, for nanopores of diameters between 2.0 and 5.0 nm, conductance values are
similar within the error bars. Therefore, the present model may be used also for other TMDC such
as WS2. Finally, for few-Angstrom size defect pores (diameters lower than the limit of 0.6nm),
according to our model, conductance values are often overestimated [61].

In a recent work [60], we showed using NEMD simulations in the presence of an applied voltage
that defect pores characterized by effective diameter d∗ < 0.6 nm do not conduct ions. In fact, they
are characterized by negligible conductance below 20 pS. For those particularly tiny pores, more
experimental measurements are needed to test the validity of the model since the passage of an ion
across the membrane is a rare event. However, for pores with diameters around 1.0 nm, our model
is in good agreement with experiments. In summary, we developed a model of ionic conductance
for sub 5-nm SL-MoS2 nanoporous membranes using MD simulations. Our model, which takes
into account the concentration and the mobility of ions in the nanopores, shows that the behavior
of KCl electrolyte deviates by 50% from bulk properties for diameters below 2.0 nm. Moreover, our
model is in very good agreement with simulation and experimental data of conductances in MoS2

nanoporous membranes. We showed that this model is essential for understanding the behavior
of 2D nanopores in this range of diameters to design and fabricate sensors for DNA or protein
sequencing applications, or for filtration applications.



Chapter 4

Translocation of biological peptides through

MoS2 nanopores

In the previous chapter, we discussed open pore characterization and performances of MoS2

nanopores where conductance G0 of different pores was studied. In the present chapter, we discuss
the translocation of amino acids and peptides through MoS2 nanoporous membranes, namely
lysine residues and a model protein with poly-lysine tags. More precisely, we investigated the
relationship between translocation events and ionic conductance signal drops in order to study the
feasibility of using MoS2 nanopore devices for protein sequencing applications.

4.1 MoS2 nanopores for protein sequencing: A general context

Over the past decade, nanopores have become a very popular method to study analytes at the
single-molecule level via translocation technology. Furthermore, proteins are increasingly
becoming a prime target of investigation [50]. In general, translocation is detected as drops ∆G in
the conductance signal, which yield information about the structure and the chemical properties
of translocated biomolecules. For example, S. Shekar et al. [30], experimentally demonstrated that
using a custom complementary metal-oxide-semiconductor (CMOS) nanopore amplifier,
sub-microsecond temporal resolution of ssDNA translocation through a-Si nanopores can be
achieved. Atomically thin 2D materials such as TMDC [23, 32] are ideal candidates for SSN, as they
exhibit larger ionic conductance compared to thicker membranes such as silicon-based
membranes [43]. Among all TMDC that have been explored theoretically and experimentally, MoS2

layers are showing great potential thanks to the fact MoS2 monolayer films and nanostructured
materials can be fabricated using cost-effective and reliable methods [33–35, 122].

MoS2 nanopores have been studied experimentally as SSN for DNA sequencing [23,40,151,166]
and for detection of DNA labeled with proteins [167, 168]. To the best of our knowledge there is
to-date no experimental evidence of the translocation of single proteins through MoS2 or any other
TMDC yet. In contrast to DNA strands which are highly negatively charged biomolecules, i.e. the
total charge being proportional to the number of bases, proteins can be globally neutral,
independently of the number of residues, sequence or size. Therefore, driving such a biomolecule
into SSN and detecting ionic conductance drops related to its amino acid sequence requires
different strategies than using only an electric field as driving force. Indeed, a compromise must be
made between facilitating the threading of the protein through the pore and the translocation
speed, which should allow the detection of discernible conductance drops associated with its

63
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specific sequence. In this way, SSNs with a very high translocation speed of proteins through the
pore may limit their usability as sequencing devices. The threading of the biomolecule through
SSN and the translocation speed can be controlled by adjusting different parameters in
experiments, such as solvent properties [169, 170] (ionic species, concentration, temperature,
viscosity, etc.) or material size and shape [36]. More drastically, the physical technique used to
drive the biomolecule through the pore can also be modified (see Refs. [48] and [49]).

An alternative method to translocate proteins, is the use of tags made of positively or negatively
charged amino acids such as lysine residues to functionalize the N- or C- terminal part of proteins.
The test of this alternative method is the purpose of the present work [62]. In biochemistry,
polyionic tags such as small lysine peptides are used as enhancers of protein solubility in
recombinant protein production. Because of their small size and their repetitive amino acid
content, they do not necessarily have an ordered three-dimensional (3D) conformation. As a result,
they can exert their solubility-enhancing effect without interfering with the structure of the protein
of interest or compromising its activity [171].

In the present work, we performed NEMD simulations to explore the feasibility of using
poly-lysine tags to thread and fully translocate peptides through MoS2 nanopores. First the
threading and translocation of individual lysine residues were studied as a proof-of-principle of the
proposed technique. The relationship between the passage of lysine residues through the pore and
the detected ionic conductance is established. Second, different types of membranes were tested
by changing the diameter of the nanopore from 2.0 to 1.5 nm, as well as the thickness of the
membranes, from SL- to 2L-MoS2. The best performing membrane was extracted from these initial
simulations. Finally, tags made of poly-lysine residues (from 1 to 5 amino acid length) were
attached to Met-Enkephalin protein and translocated through SL-MoS2. Finally, ionic conductance
and translocation sequence of events were analyzed and discussed. The summary of MD
simulations performed on the translocation of the biological peptides through the MoS2

nanoporous membranes is indicated in Table 2.6.

4.2 Analysis tools

MD trajectories were analyzed using the following tools:

4.2.1 Normal and radial distance of the peptide

We computed the normal distance to the membrane z(t ) and radial distance to the nanopore
center ρ(t ) of the center of mass (COM) of each peptide as a function of the simulation time:

xcom(t ) =

∑N
i=1 mi xi (t )

Mpepti de

, ycom(t ) =

∑N
i=1 mi yi (t )

Mpepti de

, zcom(t ) =

∑N
i=1 mi zi (t )

Mpepti de

, (4.1)

ρcom(t ) =
√

(xcom(t ))2 + (ycom(t ))2 , z(t ) = zcom(t ), (4.2)

where xcom(t) , ycom(t) and zcom(t) are the coordinates of the COM of the peptide, N is the
number of atoms, mi is the mass of the atom i and Mpepti de is the total mass of the peptide.
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4.2.4 Root Mean-Square Deviation (RMSD) and Root Mean-Square

Fluctuations (RMSF) of MoS2 nanoporous membrane

We computed the RMSD of the atoms belonging to the membrane as a function of time during
MD simulations:

RMSD(t ) =

√

√

√

√

1

Natom

Natom
∑

i=1
|ri (t )− ri (t0)|2, (4.4)

where Natom is the number of atoms of the nanoporous membrane, ri (t ) the position of the atom i

at the time t and ri (t0) its position at the time t = 0. RMSF of the membrane atoms as a function
of the average radial distance to the center of mass of the pore was computed as well using the
following equation:

RMSFi =

√

√

√

√

1

T

T
∑

t=1
|ri (t )−〈ri 〉|

2, (4.5)

where T is the total simulation time, ri (t) the position of the atom i at the time t and 〈ri 〉 is its
average coordinate over the simulation time.

(a) (b)

Figure 4.2: (a) Root Mean-Square Deviation given in Å as a function of time. The gray rectangle
represent the translocation event observed during MD. (b) Root Mean-Square Fluctuations
given in Å for atoms of the nanoporous membrane as a function of average radial distance. The
gray rectangle represents the radius of the pore. The data is extracted from MD run 2 of the
translocation of YGGFM-3K peptide through SL-MoS2 nanopore of d = 2.0 nm (see Table 2.6).

Since we used a flexible membrane in this work, we quantified the impact of this flexibility onto
the dynamics of peptide translocation by the RMSD and RMSF. As shown in Fig. 4.2 (a), the
fluctuations of the membrane atoms increase when the peptide is translocating through the pore.
Furthermore, according to Fig. 4.2 (b) there is a difference of flexibility in the membrane between
atoms at the perimeter of the pore and the others, even though the fluctuations are relatively small
(∼0.5 Å). It means that the fluctuations of the membrane atoms are dependent on their radial
position relative to the center of mass of the pore. These two observations show that the dynamics
of the nanoporous membrane plays a role in the diffusion of the biomolecule on the surface and in
the threading of the biomolecule through the pore.



Translocation of lysine residues through MoS2 nanopores 67

4.3 Translocation of lysine residues through MoS2 nanopores

As a preliminary step to the study of poly-lysine tagged proteins, we studied the translocation of
single lysine amino acid and lysine dipeptide through SL-MoS2 nanopores of diameter d = 2.0 nm.
Lysine residues are positively charged and interact with the external electric field. The electric field
was chosen to correspond to a transmembrane applied voltage V = 1.0 V in all NEMD simulations
presented below and indicated in Table 2.6. This value is relatively close to applied voltages used in
experiments [172] (a few hundreds of mV). Lysine peptides were capped at each N- and C-terminal
part using acetyl and N-methyl groups, respectively. In this work, peptides are initially positioned
in bulk solvent, 20 Å above the membrane in order to simulate the complete translocation process,
from diffusion in bulk solvent above the membrane to diffusion in bulk solvent below the membrane
after threading and translocating through the pore. To the best of our knowledge, simulations of the
full translocation process of peptides through MoS2 nanopores has never been done. Several MD
runs using different initial conditions were performed for each system, as indicated in Table 2.6 in
the Computational Methods Chapter.

4.3.1 Translocation of a single lysine amino acid through SL-MoS2 nanopores

As shown in Fig. 4.3, the translocation process is comprised of 3 distinct parts: first, the peptide
diffuses in bulk solvent above the membrane but the interaction of the positively charged peptide
with the electric field displaces the peptide towards the membrane in a few nanoseconds. Then,
the peptide is adsorbed on the MoS2 surface, diffusing on the top of the membrane. After around 5
nanoseconds, the peptide threads into the pore and the translocation through the nanopore
occurs. At the end of the MD run (100 ns), the peptide diffuses at the bottom surface of the
membrane and never detached from the membrane to go back to bulk solvent below the
membrane, as expected originally. Longer runs are probably needed to observe the final part of the
full translocation process.

In more details, the translocation takes place at t = 6.25 ns and its duration is τtr ans. = 0.4 ns.
Moreover, the peptide translocates near to the edge of the pore rather than at its center, as shown
in Fig. 4.3 (c). The side-chain of the lysine residue translocates first in the pore, followed by its
backbone. As shown in Fig. 4.3 (e), the long side-chain of lysine amino acid is aligned parallel to
the electric field inside the pore. During the translocation process, we observe a maximum drop of
conductance ∆G around 3 nS relative to the open pore conductance [Fig. 4.3 (b)]. The drop of
conductance is maximum when the number of atoms Na inside the pore is the largest, as indicated
in Fig. 4.3 (d). The maximum drop of conductance due to the translocation of the amino acid is
observed using a time resolution ∆t = 100 ps for the calculation of the ionic current (Eq. 4.3). For a
time resolution ∆t of 1 ns, we do not observe a drop of conductance since the translocation time
τtr ans. is faster than 1 ns. Fluctuations of conductance during translocation events are large. Thus,
maximum conductance drops when the peptide is fully translocated are almost indiscernible
compared to the fluctuations that precede the amino acid full translocation [Fig. 4.4 (b)].
Consequently, the average drop of conductance observed during the translocation of a single lysine
residue is around 0.7 nS. The average drop ∆G is computed as the difference between the average
conductance when the peptide is outside the pore Gout (from 0 ≤ t ≤ 6.25 ns and 6.65 ≤ t ≤ 100 ns)
and the average conductance when the peptide is in, i.e. G i n (from 6.25 ≤ t ≤ 6.65 ns).

Using different initial conditions, we performed a second MD run of 100 ns of the translocation
of a single lysine amino acid through MoS2 nanopores (Fig. 4.4). Results are very similar to those
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(a) (b)

(c) (d)

(e)

Figure 4.3: Translocation of single lysine amino acid through SL-MoS2 extracted from MD run
1 (see Table 2.6 from Computational Methods Chapter). (a) and (c) Normal z and radial ρ
distances of the center of mass of single lysine amino acid as a function of simulation time t .
Dashed blue line represents the z-position of the middle of the membrane in the simulation
box. Dotted red line represents the border of the pore. (b) Ionic conductance G as a function of
simulation time t computed using ∆t = 100 ps (gray line) and ∆t = 1 ns (black line). The blue
line represents the signal when the peptide is inside the pore. The red dashed line represents
the open pore conductance. (d) Number of atoms inside the pore Na as a function of simulation
time t . (e) Snapshots extracted from the MD trajectory. Sphere representation is used here and
the color code is the following: Mo (dark blue), S (yellow), C (black), O (red), N (blue) and H
(white).

found in MD run 1. In this second MD run, we observed a translocation of the lysine residue
at t = 65 ns. The translocation time is the same as for MD run 1 (τtr ans. = 0.4 ns) and the same
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(a) (b)

(c)

Figure 4.4: Translocation of single lysine amino acid through SL-MoS2 extracted from MD run
2 (see Table 2.6 from Computational Methods Chapter). (a) Normal z and radial ρ distances
of the center of mass of single lysine amino acid as a function of simulation time t . (b) Ionic
conductance G as a function of simulation time t computed using ∆t = 100 ps (gray line) and
∆t = 1 ns (black line). (c) Number of atoms inside the pore Na as a function of simulation time
t .

translocation process is observed, i.e. the lysine residue translocates near the edge of the pore and
the amino acid side-chain is the first part of the residue to thread into the pore due to its positive
charge. Finally, the maximum conductance drop detected during the passage of the residue through
the pore is around 3 nS and the average conductance drop is around 0.9 nS, fluctuations of G being
as large as the ones observed in MD run 1.

4.3.2 Translocation of a lysine dipeptide through SL-MoS2 nanopores

We performed 3 independent MD runs to study the translocation of a lysine dipeptide through
SL-MoS2 nanopores (Table 2.6). Fig. 4.5 shows data extracted from MD run 2 of the dipeptide
translocation simulation. After around 15 ns of diffusion of the peptide in bulk solvent, the peptide
is adsorbed on the MoS2 top surface of the membrane and finally threads into the pore and
translocates at t = 34.1 ns of the MD trajectory, as shown in Figs. 4.5 (a) and (c). As already
observed for the single lysine amino acid, the translocation of the lysine dipeptide takes place at
the edge of the pore [Fig. 4.5 (e)].

The translocation, which is characterized by a two-step process as indicated in Fig. 4.5 (c),
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(a) (b)

(c) (d)

(e)

Figure 4.5: Translocation of a lysine dipeptide through SL-MoS2 extracted from MD run 2 of the
lysine dipeptide (see Table 2.6 from Computational Methods Chapter). (a) and (c) Normal z and
radial ρ distances of the center of mass of lysine dipeptide as a function of simulation time t .
(b) Ionic conductance G as a function of simulation time t . (d) Number of atoms inside the pore
Na as a function of simulation time t . (e) Snapshots extracted from MD trajectory. The color
code is the same as in Fig. 4.3.

occurs as follows: first one lysine amino acid enters the pore at t = 34.6 ns, the side chain pointing
in the direction of the electric field and staying there for around 0.7 ns and second. The next lysine
amino acid threads into the nanopore and the whole peptide leaves the channel as one entity after
τtr ans. = 1.0 ns of translocation duration. During this two-step sequence of events, three maximum
drops of conductance are observed of about 6 nS [Fig. 4.5 (b)]. The largest drop is detected when
the second lysine threads into the pore, as shown in Fig. 4.5 (d).

At t = 34.9 ns [Fig. 4.5 (e)], the volume occupied by the two lysine residues inside the pore is
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(a) (b)

(c) (d)

(e) (f)
Figure 4.6: Translocation of a lysine dipeptide through SL-MoS2 extracted from MD run 1 of a
lysine dipeptide (left panels (a), (c) and (e)) and MD run 3 (right panels, (b), (d) and (f)). Normal
z and radial ρ distances of the center of mass of lysine dipeptide, ionic conductance G and
number of atoms inside the pore Na as a function of simulation time t .

the largest (Na(t ) > 40), which increases the ionic current blockade. G(t ) signal computed using a
∆t = 1 ns contains no information about translocation events, as it was the case for single lysine
amino acid translocations since the translocation time τtr ans. ≈ 1.0 ns. The average conductance
drop is around 0.7 nS, which is similar to the average drop detected for a single lysine amino acid.
Although the translocation time is more than twice larger for the dipeptide than for the single
lysine amino acid, fluctuations recorded in the conductance signal are still very large, making the
drops almost indiscernible. Therefore, reducing the translocation speed in order to get discernible
conductance drops out of the fluctuations of the signal is essential for the design of a sequencer.
The fact that a two-step process, i.e. one residue translocating at a time, is observed for a lysine
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dipeptide is an important preliminary result. In MD run 1 of the lysine dipeptide (Fig. 4.6), the
translocation occurs faster than the one observed in MD run 2. The translocation time τtr ans. is
around 0.4 ns in MD run 1, as observed in MD runs of single lysine peptides. According to the
number of atoms inside the pore as a function of time Na(t ), the N-terminal is translocating first
in the pore followed by the C-terminal. The fact that the translocation process of the dipeptide
is extremely fast in this particular MD run involves even larger fluctuations of the conductance
signal G(t) computed using a ∆t = 100 ps and no discernible drops were observed. The same
conclusions were drawn from MD run 3 of the lysine dipeptide [Fig. 4.6 (d)], the translocation being
faster than MD run 2 of the lysine dipeptide (Fig. 4.5). However, as observed in MD run 2 (Fig. 4.5),
the two-step process translocation, i.e. one lysine at a time, was observed in the 3 MD runs with
different initial conditions. From these preliminary results extracted from NEMD simulations,
we observed that lysine residues thread into the hole of the nanoporous membrane from the
side-chains and translocate very fast through MoS2 nanopores. In addition, a step-wise process
exists during the translocation of the lysine dipeptide. From that, no discernible conductance
drops can be associated to the step-wise process of translocation since the translocation speed is
extremely fast involving large fluctuations of the conductance signals. As we previously showed, the
geometry of the nanoporous membranes plays an important role on the performance of nanopore
based sensors. A possibility to improve the nanopore sensor response is to adjust the geometry of
the membrane in order to slow down the translocation process, where the peptide stays for several
nanoseconds into the pore.

4.4 Slowing down the translocation of peptides through MoS2

nanopores

Slowdown of the translocation of biological peptides through MoS2 nanopores has been
studied by modifying the geometry of the membrane system:

(i) reducing its diameter: from 2.0 to 1.5 nm,
(ii) increasing its thickness: from SL-MoS2 to 2L-MoS2.

4.4.1 Reducing the diameter of the nanopore

First, the diameter of the nanopore was reduced from 2.0 to 1.5 nm. This strategy leads to
an open pore conductance reduction from 8.1 to 4.3 nS [60]. During MD run 2 with this new
geometry presented in Fig. 4.7, two attempts of translocation for the dipeptide were observed, the
first one occurring around t = 0.8 ns for which the two lysine residues tried to go through the pore
as one but were rejected due to steric effects. The second attempt occurs at t = 2.6 ns and was
successful. During this second attempt, the translocation follows a two-step process as observed
for the membrane with a 2.0 nm diameter (Fig. 4.5). The N-terminal lysine side-chain enters the
pore, pointing out in the direction of the electric field and at around t = 2 ns, the C-terminal lysine
is threaded into the pore and the full translocation occurs. In opposition to the translocation of
lysine dipeptide through SL-MoS2 pore of diameter 2.0 nm, the translocation occurs closer to the
center of the pore [Fig. 4.7 (a)]. The translocation time τtr ans. is around 2.8 ns, which is 3 times
longer than the one detected for the 2.0 nm pore. In fact, since the translocation time is longer, the
conductance signal G(t) recorded every ∆t = 1 ns is better suited to analyze conductance drops.
Indeed, one discernible drop of around 2.5-3.0 nS is detected during the translocation process and
lasts until the full passage of the peptide is completed. The corresponding average drop is around
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nanopore. Therefore, the ability of the nanopore sensor to detect details about the sequence of the
amino acid of the peptide would be lower for those systems. Therefore, we did not test them here.

To conclude, the combination of the proper diameter of the pore according to the size of the
molecule and the proper thickness according to the sensitivity of the sensor to be designed in terms
of time and spatial resolution is the key to improve the efficiency of the sequencing sensors to
detect single residues of proteins in the near future.

4.5 Translocation of Met-Enkephalin through MoS2 nanopores

Met-Enkephalin is a five residue peptide of sequence TYR-GLY-GLY-PHE-MET (YGGFM). This
biomolecule, which is one of the smallest neurotransmitter peptides has been extensively used as a
reference model peptide in all-atom MD simulations [173]. This peptide is made of 5 neutral
amino acids and, in order to study its threading and translocation through MoS2 nanoporous
membranes, it needs to be artificially charged. Therefore, we decided to attach poly-lysine tags of
different lengths to Met-Enkephalin, from 1 lysine residue (1K) to 5 lysine residues (5K). For each of
the 5 synthetic peptides created here, we performed several MD runs, as indicated in Table 2.6 to
capture threading and translocation events and to establish the relationship between those events
and the signal of the sensor, i.e. drops of ionic conductance ∆G . The electric field was chosen to
correspond to a transmembrane applied voltage V = 1.0 V in all NEMD simulations presented
below, as done for translocation of lysine residues above.

Fig. 4.9 shows the results of the translocation of YGGFM-3K peptide through SL-MoS2

nanoporous membrane extracted from MD run 2 of duration T = 300 ns. After 50 ns of diffusion of
the peptide in bulk solvent and on the MoS2 top surface, the peptide threads into the pore. As
shown in Fig. 4.9 (a), the translocation takes place between t = 50.0 and t = 208.0 ns and is
characterized by a step-wise process. According to the normal distance z(t ) as a function of time, 5
or 6 steps can be distinguished [Fig. 4.9 (a)]. By looking at the number of atoms Na(t) of each
amino acid that are inside the pore as a function of simulation time, the following sequence of
translocation events is suggested. The C-terminal part of the peptide, corresponding to the
poly-lysine tag (residues #6, #7 and #8), is entering the pore at t = 51.2 ns. LYS #8 translocates first,
followed by LYS #7 and LYS #6, as shown in Fig. 4.9 (b). Then, at t = 91.5 ns, MET and PHE residues
enter the pore and stay inside the channel for a long period, over 100 ns. Moreover, LYS #6 and #7
were detected to be in the pore but they were specifically at the bottom surface at the same time as
MET and PHE were in [see snapshots 4, 5 and 6 extracted from MD trajectory in Fig. 4.9 (c)].
Translocation of MET residue occurs at t = 176.8 ns and takes place at the center of the pore when
LYS #7 is completely outside the pore. Finally, at t = 200.1 ns, the two GLY residues translocate
extremely fast and drag the N-terminal residue. TYR and the whole peptide leave the pore at
t = 208.0 ns. Then, the peptide starts to diffuse at the bottom surface up to t = 300 ns, at the end of
the MD trajectory.

In addition, as observed for individual lysine residues, the translocation was located at the edge
of the pore and not at the center of the pore [Fig. 4.9 (a) and (c)]. Indeed, the peptide crawls from
the top surface to the edge of the pore and crawls back to the bottom surface after passing through
the hole, as clearly shown in step 4 at t = 176.8 ns in Fig. 4.9 (c). The total translocation time is
estimated to be τtr ans. = 158 ns.
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(a) (b)

(c)

Figure 4.9: Translocation of Met-Enkephalin with poly-lysine tag (YGGFM-3K) through SL-MoS2
extracted from MD run 2 (see Table 2.6). (a) Normal z and radial ρ distances of the center of
mass of the peptide as a function of simulation time t . (b) Number of atoms Na inside the pore
as a function of simulation time t . (c) Snapshots extracted from MD trajectory. The color code
is the same as in Fig. 4.3.

During the translocation of YGGFM-3K peptide, we recorded the ionic conductance G(t)
(∆t = 1 ns), as shown in Fig. 4.10 (a). First, we computed the average conductance observed during
the 158 ns of translocation time, corresponding to G i n . When the peptide is inside the pore, the
average conductance is around 5.8 nS while the open pore conductance when the peptide is
outside the pore Gout is around 7.5 nS. The corresponding average drop ∆G is 1.7 nS, which
represents around 23% of the open pore signal. Furthermore, for each of the sequence of events
observed during the MD run, we computed the average ionic conductance between events, as
shown in Figs. 4.10 (b) and (c). For the sequence of events 1-2-3, we observed the smallest
conductance when the three lysine residues are simultaneously inside the pore [Fig. 4.10 (b)]. It
leads to a drop of around 1.9 nS compared to the open pore conductance, Gout .
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(a) (b)
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Figure 4.10: Ionic conductance G as a function of simulation time t recorded during the
translocation of YGGFM-3K peptide through SL-MoS2 (MD run 2, see Fig. 4.9). The conductance
is computed using ∆t = 1 ns (Eq. 4.3). Black lines represent the average conductance G

computed before, during and after translocation. (a) Average conductances G from 0 to 300 ns.
(b) Average conductances G computed from 45 to 95 ns (zoom into sequence of events 1-2-3).
(c) Average conductances G from 170 to 220 ns (zoom into sequence of events 4-5-6).

The same drop is detected when PHE and MET residues joined two of the three lysine between
events number 3 and 4. In addition, average drops ∆G are more or less pronounced depending on
the number and the type of residues that translocate through the pore. For instance, the same drop
is detected when 3 or 4 residues are inside the pore, i.e. KKK or KKMF sequence (G = 5.6 nS). For
events 5 → 6, which corresponds to the passage of the N-terminal part of the peptide (GGY
sequence), a smaller drop is detected compared to event 4 (passage of the KFM sequence). This
behavior could be explained by steric effects since GLY residues are comprised of the smallest
side-chain (H atom), whereas LYS, PHE and MET are characterized by long side-chains.

Finally, the detection of a single amino acid during the translocation of YGGFM-3K peptide
through MoS2 nanopores based on conductance signal is not clearly achieved in the present
simulations although, detection of LYS residues at the C-terminal part of the peptide and the
detection of TYR and GLY residues at the N-terminal part are observed. Similar results were
observed in the work of Chen et al. for highly charged cationic and anionic peptides [48], with
conductance drops between 1.0 and 3.0 nS for identical motifs made from 2 to 4 residues
translocating at the same time.

For the other peptides tested in the present work (Table 2.6), similar results have been extracted
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Figure 4.12: Translocation of Met-Enkephalin with poly-lysine tag YGGFM-4K (MD run 1).
(a) Number of atoms Na inside the pore as a function of simulation time t , and (b) ionic
conductance G as a function of simulation time t . (c) Snapshots extracted from MD trajectories
at different times. The color code is the same as in Fig. 4.11.

passage of the N-terminal sequence (GGY residues) is observed, the Tyrosine translocating
extremely fast (less than a couple of nanoseconds) in each of the MD simulations performed here.
The maximum average conductance drops between specific events and the open pore
conductance observed during translocation are 1.1, 2.6, 1.7 and 1.4 nS for YGGFM-2K [Fig. 4.11 (b)],
YGGFM-4K run 1 [Fig. 4.12 (b)] and run 2 [Fig. 4.13 (b)] and YGGFM-5K [Fig. 4.14 (b)], respectively.
Note that the largest drops characterizing the full translocation of the peptide are detected for the
peptide with 4K tag, the one that translocates the fastest. It comes from the fact that this specific
peptide does not translocate as a thread peptide inside the pore but as a globular molecule
[Fig. 4.12 (c)]. Therefore, the center of the pore is completely blocked during the translocation of
the biomolecule and the conductance drop is maximum.

In summary, we investigated the translocation of biological peptides through MoS2 nanoporous
membranes using MD simulations, We showed that single lysine amino acid and lysine dipeptide,
which are positively charged peptides, translocate easily through single-layer membranes with
pore diameter of 2.0 nm. The translocation time is approximately several hundreds of picoseconds,
which is extremely fast and cannot be detected experimentally with existing techniques, where
the maximum resolution is 10 MHz bandwidth [30]. In the corresponding ionic conductance
signal, the observed drops are not discernible due to the fast fluctuations in the conductance
signal, which are as large as such drops due to the low residence time of peptides in the pore.
To get discernible conductance drops associated with the passage of single amino acid through
MoS2 nanopores, increasing the thickness of the membranes is the best option at the cost of
reducing the SNR (open pore conductance is reduced by a factor of ∼ 1.3) and spatial resolution
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Figure 4.13: Translocation of Met-Enkephalin with poly-lysine tag YGGFM-4K (MD run 2).
(a) Number of atoms Na inside the pore as a function of simulation time t , and (b) ionic
conductance G as a function of simulation time t . (c) Snapshots extracted from MD trajectories
at different times. The color code is the same as in Fig. 4.11.

(a) (b)

(c)

Figure 4.14: Translocation of Met-Enkephalin with poly-lysine tag YGGFM-5K (MD run 1).
(a) Number of atoms Na inside the pore as a function of simulation time t , and (b) ionic
conductance G as a function of simulation time t . (c) Snapshots extracted from MD trajectories
at different times. The color code is the same as in Fig. 4.11.
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of the sensor (by a factor of ∼ 3). For lysine dipeptides, we demonstrated that the translocation
through 2L-MoS2 leads to two conductance drops within the translocation event ∼ 3 nS, directly
related to the step-wise passage of the individual lysine residue. This specific result could be tested
experimentally. Finally, we studied the threading and translocation of Met-Enkephalin protein with
poly-lysine tags through MoS2 nanopores. Adding poly-lysine tags increases the global charge of
the peptide and facilitates the threading of the protein through the nanopore due to interactions
between the charged biomolecule and the electric field. We showed also that poly-lysine tags
translocate first through the pore, followed by specific motifs of the protein in a step-wise manner.
However, from the conductance signal, single amino acids are not distinguishable. The use of
2L-MoS2 with such small pores as membrane for sequencing device or the addition of negatively
charged residues at the N-terminal part of the protein to counterbalance the positively charged
C-terminal part are different options that will be tested in the near future.
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Chapter 5

MD simulations of MoS2 defect pores using

Reax Force Field

In the rich family of 2D layered nanomaterials, TMDC have sparked great interest due to their
unique properties and potential applications in electronic devices, optoelectronics, sensing,
energy storage and catalysis [174]. In regards to the performances and sensitivity of SSN based
sensors, many challenges exist in experimental and theoretical studies, such as limitations in the
spatial and temporal resolutions, translocation speed and biomolecule adsorption on the
nanoporous membrane surface [175]. Pore functionalization is a useful strategy to improve the
sensitivity and diversity of nanopore-based detection [175]. In practical, functionalization involves
depositing or covalently binding active material in the pore and membrane surface, which changes
their physical and chemical properties. For ionic conductivity, functionalization of nanoporous
membrane can substantially alter transport properties of the pore [120].

For example, functionalization of graphene has been widely studied over the past few years and
several methods have been tested for controlled and selective functionalization of graphene
edges [120]. In reactive plasma etching, graphene substrate reacts and forms a compound with
atoms in the plasma, where the chemical reactivity of graphene edges result from its carbon atoms
at the edge with unsaturated bonds [178]. Also preferential binding of peptides to graphene edges
has been observed experimentally and from MD simulations, allowing the creation of
non-covalent functionalized graphene, which can be used as an interesting hybrid material [179].
Common form of functionalized graphene observed experimentally is graphene oxide (GO)
membranes [158], which are 2D networks consisting of oxidized zones made of polar oxygen
functional groups and graphitic zones with great potential for nanofiltration applications [180].
Moreover, although controlled pore functionalization has been difficult to achieve, several
computational studies have been reported on graphene pore functionalization and its effect on
pore properties. For example, Cohen-Tanugi and Grossman [176] found using MD simulations,
that applying hydrostatic pressure on hydrogenated (hydrophobic hydrogen groups) and
hydroxylated (hydrophilic hydroxyl groups) single-layer graphene can effectively separate salt from
water and could be used as a desalination membrane. Also, bioinspired graphene nanopores have
been previously studied using MD simulations to mimic biological sodium (NavAb) and potassium
(KcsA) channels [154, 155]. Another interesting form of functionalized graphene are crown ether
structures [177, 181], which are a family of electrically neutral cyclic ethylene oxide molecules that
exhibit marked selective affinity for metal cations. Crown ethers are a result of removing an entire
carbon hexagon followed by replacing the remaining edge carbons with oxygen atoms. Such a pore
is expected to exhibit significant binding preference for aqueous K+ ions [177]. Crown
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Figure 5.3: Sub-nm pores created from atomic-defect in SL-MoS2 [59]. Ionic conductance
characteristic for different pore sizes published by our collaborators from the experimental
group of Pr. Marija Drndić at University of Pennsylvania (PA, USA).

formation of ionic channels by decreasing hydrophobic interactions between membrane and
water from the electrolyte. Nevertheless, improper pore wetting could affect conductance
measurements, which are extracted from I −V dependence [130]. Based on this, we address the
following question: how does ethanol affect the structure of sub-nm defect pores that are used in
conductance experiments? To gain information at the atomic level about the effect of ethanol in
the pore structure, we performed MD simulations of MoS2 sub-nm pores systems created from
atomic-defects in presence of ethanol molecules using ReaxFF potential in order to model
chemical reactions that might happen.

The main motivations of the work presented in this chapter are the following: first, to
characterize the dynamics of sub-nm defect pores made of SL-MoS2 membranes, simulated using
ReaxFF potential for further transport properties studies. Second, to evaluate the possibility of
pore functionalization with ethanol using ReaxFF potential. Finally, to compute I − V

characteristics of sub-nm defect pore membranes in order to investigate their ionic conductance
performance. Particularly, reactive potentials such as ReaxFF could provide useful insights into
interfaces interactions. Thus, MD simulations were performed for the following systems:

1. Sub-nm MoS2 membranes with defect pores in vacuum.

2. Sub-nm MoS2 membranes with defect pores in presence of ethanol molecules.

3. Sub-nm MoS2 membranes with defect pores in presence of 10 mM KCl.

To characterize the dynamics of defect pores, we performed equilibration MD simulations in
vacuum in the N PT ensemble during 2 ps (time step = 0.25 fs) at T = 300 K and P = 1 bar. Sub-nm
defect pores were created by removing 1 Mo + 5 S, 2 Mo + 7 S and 4 Mo + 14 S atoms as observed
from experimental TEM images (see Fig. 5.4). Systems were labeled according to the nature of the
defect and the removed atoms. The characterization of MD run was performed by computing, first
RMSD and RMSF of membrane atoms in order to study structural fluctuations and dynamics of
defect pores. Then, probability distributions of Mo and S atoms in the normal distance to the
membrane was computed for membranes containing defect pores and compared with the pristine
membrane (without the presence of pore). Then, connectivity of the atoms was also studied by
computing their interatomic distances for porous membranes and compared with the pristine one.
In addition, the surface area of defect pores was computed to quantify the changes in pore shape.
Particularly from surface area calculations, we were able to estimate effective diameters of the
pores. Lastly, the charges of the Mo and S atoms are shown as a function of the atomic index.































Estimation of ionic conductance performance of MoS2 defect pore membrane 101

Open pore conductance of SL-MoS2 defect pore membrane was compared with experimental
data from Ref. [59], shown in Fig. 5.20. According to Thiruramn et al. Ref. [59], conductance
obtained for single pore devices with diameter d ≈ 0.3 to 2.0 nm (MoS2 Pore 1 and MoS2 Pore 2)
was G0 ≈ 0.1 to 10 nS. For porous membranes devices with average diameter d ≈ 0.5 nm (MoS2

Pores Dose 1, MoS2 Pores Dose 2 and MoS2 Pores Dose 3), conductance value was G0 ≈ 1 to 100 nS.
Conductance of defect 1 Mo + 5 S was compared as well with MD simulations data from Ref. [59]
(Fig. 5.20), where pores were simulated using SW potential. In Thiruraman’s et al. work [59], pores
made of defects V1Mo+1S (d ≈ 0.4 nm) and V3Mo+5S (≈ 0.6 nm) exhibited negligible conductance
G0 ≈ 0.02−0.03 nS, confirming the fact that pores made of defects smaller than ∼ 0.6 nm do not
conduct ions as shown experimentally. An interesting remark is that, although experiments show
that pores made of defects smaller than ∼ 0.6 nm present negligible conductance, nanoporous
devices comprised of several defects (with pore density ∼ 1 − 4 pore/nm3), display an
enhancement of conductance, which could be related to variations in atomic structure when they
are introduced in the salt solutions [59]. To confirm this, we could perform analysis of structural
properties of defect pores in presence of solvent. Also, this can be explored from a computational
point of view by performing MD simulations of these systems to subsequently guide experiments.

In summary, we performed MD simulations of vacuum sub-nm MoS2 pores modeled using
ReaxFF potential, showing that defect pores present high structural stability during equilibration
simulations at room temperature. Structural characterization of defect pores showed that atomic
reorganization occurs during MD simulations, leading to changes in the pores shape. Pore surface
area and pore size were also estimated from MD simulations for further analysis, such as the
relationship between pore size and pore conductance performance. Sub-nm MoS2 pores were
simulated also in presence of ethanol molecules in order to study the reactivity of vacancy sites
from defect pores and ethanol. Qualitatively we observed that no reactions occurred between
ethanol and MoS2 defects. Furthermore, although we observed the dissociation of one ethanol
molecule located near 4 Mo + 14 S defect region, this is not an expected behavior at room
temperature. The origin of this results must be identified. For this reason, more simulations with
new initial conditions are needed to improve the quality of the current results. Last but not least,
NEMD simulations were carried out to study the effect of ReaxFF potential onto the ionic
conductance of MoS2 defect porous membranes. We observed that for a defect pore of ∼ 0.68 nm,
the conduction of ions is still possible. However, more simulations with different salt
concentrations and higher voltages are needed to obtain a full picture of defect pores conductance
performances. In general, MD simulations of MoS2 nanoporous membranes functionalization and
closer to experimental conditions could provide a better insight into the creation of new hybrid
materials, for the design of more efficient devices.
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Chapter 6

General conclusions

In the present thesis, we performed all-atom MD simulations to investigate the feasibility of
using ultra-thin MoS2 nanoporous membranes for protein sequencing from the measurement of
ionic current variations due to its translocation through such a pore. As discussed in Chapter 3, in
order to investigate ionic transport properties of MoS2 nanopores, we characterized the ionic
conductance of a 1 M KCl electrolyte through different nanopores (open pore systems) without the
presence of any biomolecule from NEMD simulations.

We studied open pore systems made of nanopores with diameters ranging from 1.0 to 5.0 nm
and membrane thicknesses from single to five-layers. The study was carried out by investigating at
the atomic level the interactions between MoS2 nanopores and the KCl electrolyte. Interfacial
interactions of water with MoS2 membrane surface evidenced its hydrophobic behavior, as
revealed by the water structure modification from the bulk. The water distribution of the MoS2

surface allowed us to extract effective geometrical parameters of the membrane, i.e. effective
membrane thickness h∗ and effective pore diameter d∗. As an example, we found that in SL-MoS2,
h∗ is ∼ 3 times larger than the thickness value h (calculated from the atomic structure). On the
contrary, for a 2.0 nm diameter pore, effective diameter d∗ is ∼ 18% smaller than the diameter
value d (calculated from the atomic structure). This could be attributed to the presence of Mo
hydrophilic atoms that decrease the hydrophobic influence of the membrane in the pore radial
direction. Membrane effective parameters were used to estimate the ionic conductance as a
function of nanopore dimensions. Moreover, the analysis at the atomic scale of the radial ionic
concentration inside SL-MoS2 nanopores provided information about its impact on conductance
drops measured during experiments. More precisely, blockage ionic conductance is ∼ 0 when a
biomolecule that translocates into the nanopore displaces the ions near the the pore edges. This
analysis is useful to determine the most efficient pore size to sequence a molecule according to its
size.

The study of the open pore systems was followed by computing the ionic conductance of MoS2

nanopores from I −V characteristics, by monitoring the time-dependent ionic current in the
nanopore for each applied voltage (between 0 and 3.0 V). The ultra-thin and symmetric nature of
MoS2 nanoporous membranes showed linear I −V dependence for low voltages regime (between 0
and 1.0 V). Thus, I −V curves allowed us to extract open pore conductance G0 for MoS2 nanopores
with different diameters and thicknesses. By comparing ionic conductance values between the
different nanopores, we observed that it decreases as the pore diameter decreases, where
d = 1.0 nm is a critical diameter for MoS2 nanoporous membranes. Here, G0 value for d = 1.5 nm is
∼ 6 times larger than G0 for d = 1.0 nm. Multi-layer MoS2 nanopores conductance performances
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were characterized as well for a constant pore diameter (d = 2.0 nm). By comparing G0 values
between SL-MoS2 and 2L-MoS2, we observed a decrease of ∼ 35% by increasing the thickness by a
factor of 3. However, no significant difference was observed by increasing the membrane thickness
from 2L- to 3L- (a decrease of ∼ 13%). This implies that 3L-MoS2 could be reasonable option for
SSN sequencing devices since manipulating thicker objects at the nanoscale might be easier.
Regarding the thickest nanoporous membrane, a decrease of ∼ 50% was observed when thickness
increases by a factor of 9. Multi-layer configurations may be an interesting alternative depending
on the biomolecule size, due to the well established translocation signal and geometry of the
nanopore.

We validated our results of ionic conductance through MoS2 nanopores by comparing these
values with the classical macroscopic model of conductance of nanopores used in experiments.
The comparison between conductance values obtained from MD data and the classical model
showed that G0 values are overestimated by the classical model. Thus, we proposed a linear model
of conductance that would better fit MD data, from which we determined that no current can be
detected below a critical diameter ∼ 0.7 nm. The results were in agreement with recent
experimental data reported [59]. Additionally, we explored in more detail ionic transport
properties of MoS2 nanopores based on previous theoretical works, in which the source of the
failure of the classical model is explained in terms of its dependency on bulk ionic conductivity
σbulk . In the present thesis, we discussed the ionic conductivity and pore diameter dependency,
showing that conductance model validity was restored for SL-MoS2 sub-5 nm pores if σpor e (d∗) is
used instead of σbulk . From equilibrium MD simulations, we developed a modified model of ionic
conductance by considering that conductivity can be expressed as in terms of the product of
concentration and electrical mobility of ionic species of the electrolyte. We showed that the
behavior of the KCl electrolyte deviates by 50% from bulk properties for diameters below 2.0 nm.
This is attributed to the fact that at the nanoscale, ions are confined in spaces whose dimensions
are of similar sizes to that of the ionic radii. Thus, ionic concentrations, mobilities and hydration
are different from their bulk counterpart.

To gain further insight into the origin of the deviations of ionic conductivity σpor e (d∗) at the
nanoscale, we expressed the problem in terms of concentration and mobility partition coefficients.
On one hand, concentration partition coefficient is related to the difference between the
free-energy associated to an ion specie in the pore and in bulk electrolyte, being dependent on the
pore size as well. On the other hand, we developed and empirical expression for the mobility
partition coefficient where we observed that ions mobilities decrease by 70% through a pore of 1.0
nm diameter. We expressed the classic model of conductance in terms of σpor e (d∗) and obtained
an improved model of ionic conductance for SL-MoS2 sub-5 nm pores. By comparing the
improved model of conductance with G0 values extracted from the literature, we observed that our
model is in very good agreement with simulations and experimental data. Furthermore, it can be
used with nanopores made of other TMDC materials, such as WS2. We showed that the model in
terms of σpor e (d∗) can be used to interpret experimental data and is essential to understand the
transport properties of pores of sub-5 nm diameter. Understanding of such transport properties is
necessary for the design of SSN devices for DNA and protein sequencing via translocation
technology using transverse applied voltage.

Once we characterized ionic conductance of open pore systems, we investigated biomolecule
translocation system (nanopore + biomolecule). In Chapter 4, we proposed an alternative method
to translocate proteins by using tags made of positively or negatively charges amino acids such as
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lysine residues covalently bonded to the N- or C- terminal part of proteins. We started the study by
first characterizing the impact of membrane flexibility onto the dynamics of peptide translocation.
RMSD and RMSF results showed that fluctuations of the membrane atoms are dependent on their
radial position relative to the center of mass of the pore and they increase when the peptide is
translocating through the pore. We could verify at the atomic level that the dynamics of the
nanoporous membrane plays a role in the diffusion of the biomolecule on the membrane surface
and in its translocation process.

The next step was the investigation of the translocation of peptides made of lysine residues
through SL-MoS2 nanopores from non-equilibrium MD simulations. We performed MD
simulations of the full translocation process of lysine residues through SL-MoS2 nanopores of
diameter d = 2.0 nm, which constituted a critical step before the study of poly-lysine tagged
proteins. To study the translocation of a single amino acid through SL-MoS2 nanopores, we
performed 2 MD runs with different initial conditions. We observed that in both MD runs the
threading process was comprised of 3 parts: first, the peptide diffused in bulk solvent above the
membrane. Second, adsorption on the MoS2 surface occurred due to the interaction of the
positively charged amino acid with the electric field. Third, the peptide threaded into the pore
(near the edge) leading to translocation through the nanopore. We observed also that the
side-chain of the lysine residue was aligned parallel to electric field direction and translocated first
in the pore, followed by its backbone. In both MD runs translocation of lysine residue lasted
τtr ans. = 0.4 ns and the conductance fluctuations during and at the end of translocation process
were almost indiscernible, being the average conductance detected in both cases ∆G ∼ 0.7 nS (MD
run 1) and ∆G ∼ 0.9 nS (MD run 2). Translocation of lysine dipeptide through SL-Mo2 nanopores
was studied by performing 3 MD runs with different initial conditions. In all three 3 MD runs, we
observed that a threading process similar to that of single lysine residue occurred for lysine
dipeptide. We observed also that dipeptide translocation occurred in a two-step process: one
lysine residue entered the pore with the side chain pointing in the direction of the electric field,
and the next lysine residue entered into the nanopore and the whole peptide left the pore after
translocation. In MD run 2 translocation occurred during τtr ans. = 1.0 ns and an average
conductance drop of ∆G ∼ 0.7 nS was detected. However, MD run 1 and 3 showed that the
translocation time was extremely fast (translocation time decreased to τtr ans. = 0.4 ns) and no
discernible drops associated to the process were detected due to the large fluctuations on the
conductance signals.

As we previously discussed, ionic conductance performance of nanoporous membranes does
depend on the geometry and size of the pore. Thus, a possibility to improve the resolution of ionic
conductance drops associated to translocating biomolecule is by changing the nanopore size and
geometry in order to slow down the translocation process and to increase the residence time of the
peptide inside the pore. To achieve this goal, we modified the geometry of the membrane system:
first, reducing its diameter from 2.0 to 1.5 nm, and second by increasing its thickness from single to
bilayer MoS2. We studied dipeptide translocation through 1.5 nm SL-MoS2 nanopores. In this new
geometry, we observed a two-step process translocation similar to that observed for the nanopore
with d = 2.0 nm diameter. The N-terminal entered the pore aligned in the direction of the electric
field, and the C-terminal threaded into the pore, leading to a full translocation. Contrary to the
translocation of lysine dipeptide through SL-MoS2 pore of d = 2.0 nm, translocation occurred
closer to the center of the pore during τtr ans. = 2.8 ns, being 3 times larger than the one detected
for 2.0 nm pore. The corresponding drop average ∆G ∼ 1.4 nS was two times larger than the one
detected by the 2.0 nm pore. We note that conductance signal with this pore geometry does not
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allowed to detect the passage of two residues separately. Dipeptide translocation through a
bilayer-MoS2 nanopores was explored as well. We observed again that translocation occurred in a
two-step process (N-terminal lysine entered into the pore and it was followed by the C-terminal),
and this time we were able to detect two traces of the signal associated the passage to each lysine
residue. Translocation time in this case was τtr ans. = 18 ns (18 times larger than for SL-MoS2),
which means that we were able to reduce the translocation speed with this pore geometry. As
pointed out in Chapter 4, the cost of increasing the signal resolution in time domain by increasing
the thickness of the nanopore is that the spatial resolution is reduced. Furthermore, this result
represents a step forward for the design of protein sequencing devices. Here we showed that the
key to improve the efficiency of the sequencing sensor for single residue detection in terms of time
and spatial resolution, involves a proper combination between the diameter and thickness fo the
nanopore according to the size of the biomolecule.

Last but not least, we examined the possibility of translocating proteins by attaching tags made
of charged amino acids (lysine residues, for example) to functionalize N- or C- terminal of the
protein. We tested this method with the five residue peptide Met-Enkephalin (YGGFM sequence)
for the best performing membrane extracted from the previous simulations (SL-MoS2 with
d = 2.0 nm). We attached poly-lysine tags of different lengths to Met-Enkephalin, from 1 lysine
residue (1K) to 5 lysine residues (5K) and we performed several MD runs for each of the synthetic
peptides created here. Results extracted from the different MD runs for YGGFM-2K, YGGFM-3K,
YGGFM-4K and YGGFM-5K peptides, showed that after peptide diffused in bulk solvent and on the
MoS2 top surface, it threaded into the pore by a step-wise process. The sequence that
characterized the translocation events started with the threading of the C-terminal part of the
peptide, which corresponds to the poly-lysine tags. Thereafter, M and F residues entered the pore
and finally the two G residues translocated extremely fast dragging the N-terminal residue. Y
residue and the whole peptide, left the pore and started to diffuse at the MoS2 bottom surface. We
detected drops of conductance associated to the translocation events. The detection of lysine
residues at the C-terminal, Y and G residues at the N-terminal of the peptide were observed,
although we did not detect single amino acid conductance signals. The maximum average
conductance drops between specific events and the open pore conductance observed during
translocation are 1.1 nS (YGGFM-2K for MD run 2), 1.7 nS (YGGFM-3K for MD run 2), 2.6 and
1.7 nS (YGGFM-4 K for MD run 1 and 2) and 1.4 nS (YGGFM-5K for MD run 1). The translocation
time observed for the different peptides correspond to: YGGFM-2K (τtr ans. = 111 ns for MD run 2),
YGGFM-3K (τtr ans. = 158 ns for MD run 2), YGGFM-4K (τtr ans. = 15 and 16 ns for MD run 1 and 2,
respectively) and YGGFM-5K (τtr ans. = 71 ns for MD run 1).

From the presented results, we showed that the addition of poly-lysine tags increase the global
charge of the peptide and facilitates the threading of the protein through the nanopore due to
interactions between the charged biomolecule and the electric field. We showed also that
poly-lysine tags translocate first through the nanopore, followed by the specific motifs of the
protein in a step-wise manner. In this way, we determined that the chemical composition of a
translocating biomolecule does affect the guidance process. Indeed, we confirmed that it is
possible to detect the passage of a polypeptide and single residue amino acids using conductance
signal.

Finally, the study of MoS2 sub-nm defect pores discussed in Chapter 5, was performed by
characterizing the dynamics and structural properties of pore defect membranes in vacuum
simulated using reactive potential ReaxFF. We studied different defect pores labeled as the nature
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of the removed atoms (1 Mo + 5 S, 2 Mo + 7 S and 4 Mo + 14 S). We observed from the
corresponding atomic structures that sub-nm defect pores here simulated presented changes in
pore shape, mainly attributed to atomic reorganization in the pore region. Structural fluctuations
of membrane atoms corresponding to the system relaxation were quantified and we showed that
such fluctuations depend on their radial position relative to the center of mass of the pore.
Structural modifications of defect membranes confirmed also the presence of S atoms in Mo
atomic plane due to their migration along the simulation. In addition, we observed changes in Mo
and S atoms connectivity in the pore region, evidenced with changes in the hexagonal lattice in the
pore mouth. We estimated the surface area and pore size of defect pores and compared these
values to the corresponding experimental reference samples. An increase of ∼ 26,10 and 37% of the
pore size extracted from MD data was observed due to the structural changes of the pore and the
dynamics of the system. Furthermore, we examined atomic partial charges in MoS2 defect pores.
We observed that due to unbalanced bonds in the defect region, pore atoms presented smaller
partial charge as a consequence of non-shared electrons.

We simulated MoS2 membranes with defect pores in presence of ethanol molecules to explore
the feasibility of MoS2 pores functionalization. Qualitative observations of the atomic structures
showed that in general, ethanol molecules did not interact with Mo and S atoms from defect pore
membranes. However, we observed from atomic structure of defect 4 Mo + 14 S that one ethanol
molecule unexpectedly dissociated near the pore region. However, this phenomenon is not
expected in the current simulations conditions, since at room temperature the energy should not
be sufficient to break ethanol bonds and could be produced by simulation artifacts. More
simulations with different initial conditions, more ethanol molecules and deeper analysis about
the impact of MoS2 defects on ethanol, are needed in order to get a full understanding of chemical
reactions between MoS2 and organic molecules.

Lastly, we studied ionic conductance performance of 1 Mo + 5 S (d = 0.68 nm diameter) defect
from NEMD simulations for voltages between V = 0 and 4.0 mV. Open pore conductance value
obtained from I −V characteristics showed that 1 Mo + 5 S defect pore slightly conduct ions
(G0 ≈ 0.68 nS). Comparison with experimental data extracted from the literature indicates that 1
Mo + 5 S defect pore conducts within the range of single pore devices with diameter d ≈ 0.3 to
2.0 nm (G0 ≈ 0.1 to 10 nS). However, MD data extracted from literature for defect pores simulated
with Stillinger-Weber potential showed that pores of d ≈ 0.4 and 0.6 nm exhibit negligible
conductance (G0 ≈ 0.02−0.03 nS). This difference in conductance could be attributed to structural
changes of the defect pore simulated using ReaxFF potential. We remark that more simulations
with different initial conditions, different salt concentrations and higher voltages are needed for a
full characterization and understanding of conductance performance of pores with sub-nm sizes.

To conclude, it is convenient to address some perspectives to continue this research work:

• First, a more general expression of the improved open pore conductance model could be
obtained by investigating the dependency of the pore ionic conductivity σpor e as a function
of the membrane thickness h∗. The idea is to test the result with thicker 2D nanoporous
membranes such as SiNX, heterostructures made of graphene, hBN, glass nanopores and
other TMDC materials. Moreover, ionic transport properties of MoS2 could be also studied
for different salt concentrations and different electrolytes such as NaCl, MgCl2 or pure ionic
liquids (ILs), which are used to slow down the fast permeation events through nanopores.
Translocation speed could be slowed down with the use of other methods such as the use of
viscosity gradients of the solvent, as shown experimentally in the literature. This technique,
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could be combined with a proper pore geometry in order to optimize the conductance signal
detection. Time series analysis techniques such as construction of effective free-energy
landscape, permutation entropy or detrended fluctuations from time-series of biomolecule
translocation through SSN could also be used to investigate hidden information in the signal
fluctuations during translocation process. The idea is to decipher the fingerprints of the
translocation of each residue in polypeptide translocation from conductance signals.

• It has been demonstrated in the literature that the presence of DNA basis can induce
changes in the electronic structure of pore atoms, which is the base of transverse tunneling
current in field-effect transistor detection devices. Thus, complementary signals obtained
from spectral calculations such as electronic current, IR or Raman spectra via ab initio MD or
density functional theory (DFT) can also be useful to study at the atomic level how do
proteins and biomarkers interact with nanopores.

• A major challenge from a computational point of view, is the addition of chemical groups to
functionalize the structure of TMDC materials. Nowadays, ReaxFF potential is a powerful tool
that can be used to simulate chemical reactions, thus it opens the possibility to perform MD
simulations closer to experimental conditions. Both ionic transport properties of sub-nm
pores and translocation of biomolecules though nanopore are sensible to the chemical
environment and new alternatives of nanopore sensing devices could be explored by taking
advantage of 2D materials surface reactivity.
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Abstract: Solid-state nanopores have emerged as versatile devices for probing single molecules. Because the
channel conductance of the ionic flow through nanopores scales inversely with the membrane thickness, few-atoms
thick materials are ideal candidates with an expected high signal-to-noise ratio. On one hand, graphene nanopores
have been extensively studied because they exhibit the highest signal. However, they also exhibit high noise. On the
other hand, transition metal dichalcogenides such as molybdenum disulfide (MoS2) are potentially advantageous
due to their rich optoelectronic and mechanical properties. In this paper, we investigate the dynamics of KCl ions
through MoS2 nanopores using non-equilibrium molecular dynamics (MD) simulations. MoS2 nanopores with
different diameters, from 1.0 to 3.0 nm and nanoporous membranes with different thicknesses, from single-layer
to trilayers MoS2 are studied. The structural properties of ions and water inside MoS2 nanopores are discussed and
the performance of MoS2 nanopores to conduct ions at low voltages is quantified by computing I-V curves in order
to extract open pore conductance and by comparing MD data to analytical models. This comparison reveals that
ionic conductance and effective geometrical parameters for MoS2 nanoporous membranes extracted from models
are overestimated. We provide open pore benchmark signals for further translocation simulations/experiments
using MoS2 nanopores.

Key–Words: nanopores, MoS2, MD simulations, open pore conductance, bulk conductivity, effective diameter,
effective thickness

1 Introduction

Solid-state nanopores (SSN), which are typically
synthesized using stimuli-responsive materials as the
body component, arise as sensor for the detection of
single molecules [1]. One of the highest-profile
applications of SSN is DNA sequencing, as they hold
the potential to do that faster and cheaper than
current industrial standards [2]. SSN sequencing is
based on experimental measurement of the variations
in ionic current as the molecules translocate through
nanometer-sized channels when an external voltage is
applied across the membrane. As charged molecules
in ionic solution pass through nanopores, they
displace ions from the pore volume. Therefore,
ultrafast monitoring of ion flow [3] during the
passage of a particle through SSN yields information
about the particle structure and chemical properties.
Precisely, SSN detect the presence of individual
molecules via a change in ionic conductance ∆G.
∆G represents a drop in ionic conductance, such as
∆G = G0 − Gm, where G0 is the open pore
conductance and Gm is the conductance when the

nanopore is obstructed by a translocating molecule,
also called translocation conductance. Therefore,
increasing ∆G and decreasing the signal noise yield
a higher signal-to-noise ratio (SNR). Thus, assuming
constant noise, increasing ∆G improves the
performance of nanopore devices. Hence, the
magnitude and statistical properties of ∆G provide
good metrics for the nanopore sensing capability [4].

For instance, if the molecule translocating
through a SSN is characterized by the same size as
the pore dimension, for instance a double strand
DNA molecule translocating in a SSN of diameter
D ∼ 2.2 nm, the theoretical conductance drop is
equal to the open pore conductance, ∆G = G0. In
order to fabricate DNA sequencing devices with a
high-resolution recognition and detection of DNA
bases, the diameter of the nanopore must be of the
same order of magnitude as that of the molecule to be
detected. SSN are characterized by two parameters:
the diameter of the pore D and the thickness of the
membrane h. These two parameters can be easily
characterized in all-atom simulations compared to
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experiments where they are usually estimated and
named effective parameters. Since the diameter of the
pore is chosen according to the size of the molecule
that is probed, the thickness h is the controllable
parameter. Therefore, nanopores drilled in solid-state
thin films improve significantly the signal for
molecule detection because the conductance of the
ionic flow through SSN scales inversely with the
nanoporous membrane thickness [5]. It follows that
both the magnitudes of the open pore current G0 and
of the blockade current Gm increase with the
decreasing thickness of the film.

Based on the above discussion, ultra-thin
membranes are thus ideal candidates for
single-molecule sequencing with a high SNR. Over
the past decade, stable nanomaterials have enabled
the investigation of advanced thin-film nanopores, in
which single-residue discrimination should be
possible and has already been done using biological
nanopores [8]. For example, graphene nanopores
have emerged as ideal candidates due to the fact they
exhibit the highest signal (one-atom thick layer). In
particular, experiments on DNA translocation
through single-layer graphene nanopores have been
successfully performed in 2010 by three independent
groups [9–11]. However, the high noise that
characterizes graphene nanopores experimentally
have made them poor devices [12], leading to a SNR
around 3.5. Furthermore, efforts to fabricate
nanoporous membranes including thinning silicon
nitride (SiNx) films can be an alternative path but
drilling a nanometer-sized pore with reactive-ion
etching [6, 7] or using an electron beam [4] is very
sensitive to the mechanical strength of such
thin-films. For instance, in a previous work on
amorphous silicon (a-Si) membranes, we showed that
the thickness limit lies at about 1.0 nm [4]. In parallel
to experiments, molecular dynamics (MD)
simulations were also performed to study the
performances of solid-state nanopores for DNA
translocation through ionic current
measurements [13]. In particular, graphene
nanopores have been extensively studied [14–16].

New two-dimensional (2-D) materials in which
nanopores can be drilled experimentally with a high
reproducibility are therefore needed.
Transition-metal dichalcogenides (TMD) are a class
of 2-D materials in the form of MeX2 (Me =
transition metal such as Mo, W, Ti, Nb, etc. and X =
S, Se, or Te), which are potentially advantageous for
SSN applications due to their rich optoelectronic and
mechanical properties [17]. Structurally, one layer of
Me atoms is sandwiched between two layers of X
atoms and TMD bulk crystals are formed of
monolayers bound to each other by van der Waals

(vdW) attraction (Figure 1a). In addition,
encouraging experimental results on MoS2 nanopores
published in 2014 indicate improved signal-to-noise
ratio (SNR > 10) [18], ease of DNA translocation,
and no special surface treatment requirement.
However, the diameters of the nanopores studied in
this early work were too large for DNA sequencing
(from 5 to 20 nm). Since then, only one
computational study has been carried out on DNA
base detection using a single-layer MoS2 [19].

In the present paper, we focus on the open pore
conductance of a 1M KCl ionic solution through
MoS2 nanoporous membranes using classical MD
simulations. SSN with diameters ranging from 1.0 to
3.0 nm are studied here. The characteristics of SSN
with a diameter D = 2.0 nm made of single-layer
(SL), bilayers (BL) and trilayers (TL) MoS2 are also
presented (Figure 1). Current-voltage characteristics
(I-V curves), water distribution around MoS2

nanoporous membranes and concentration of ions
inside SSN are discussed. Finally, the data extracted
from MD simulations are compared to a theoretical
model commonly used to characterize ionic
conductance and effective parameters of SSN in
experiments [5, 6], with a combination of access
resistance and pore resistance:

1

G
= R = Raccess +Rpore =

1

Dσ
+

4h

πσD2
(1)

where D is the pore diameter, σ is the ionic bulk
conductivity, and h is the thickness of the membrane.
The aim of this work is to provide a benchmark of
expected open pore conductances G0 and to estimate
ideal conductance drops ∆G of MoS2 nanopores for
further simulations/experiments. A comparison of
MoS2 with graphene nanopores is also discussed.

2 Materials and Methods

2.1 System Setup

Initially, MoS2 layers were constructed using
2-D unit cell lattice vectors ~a = (3.13, 0, 0) and
~b = (0, 5.42, 0). Each rectangular unit cell for MoS2

has 6 atoms, 2 Mo and 4 S atoms. The Mo-S bond
length was taken as dMo−S = 2.38 Å and the S-S
distance was taken as dS−S = 3.11 Å. The unit cell
was replicated in both x and y direction in order to
generate layers of dimension 10 × 10 nm2. For
multiple-layers MoS2 membranes, as shown in
Figure 1a, the interlayer spacing was taken as
dis = 3.15 Å. MoS2 pores were constructed by
removing atoms whose coordinates satisfy
x2 + y2 < R2, where D = 2R is the diameter of the
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total net ionic current I(t) as

I(t) =
1

∆tLz

N
∑

i=1

qi[zi(t+∆t)− zi(t)] (2)

where ∆t is the time between MD frames chosen to
be 10 ps here), Lz is the dimension of the simulation
box in the z-direction, which is the direction of the
applied electric field, N is the total number of ions, qi
is the charge of the ion i and zi(t) is the z-coordinate
of the ion i at time t. Ionic currents reported later are
computed as the simple moving average of the 10 ns
MD runs. The standard error of the ionic current was
computed using σ/

√

Nf , where Nf is the number of
frames used for calculating the average current and σ
is the standard deviation. Error bars are of the order
of magnitude of 0.2 nS for MoS2 nanopores of
diameter D = 2.0 nm with an applied voltage
V = 1.0 V. Therefore, they are not represented in
I − V curves shown in Figure 2.

Normal and in-plane radial distributions of water

In order to estimate the effective thickness and
diameter of the different nanoporous membranes
made of MoS2 layers, we computed the radial
distribution of water molecules inside the pore (ρ
direction) as well as the distribution of water
molecules in the direction normal to the membrane (z
direction here). First, the normal distribution was
computed by counting the number of water
molecules in boxes of dimension Lx × Ly × ∆z,

with ∆z =1 Å. Starting from the membrane, the box
was displaced by 0.1 Å in the normal direction up to
reaching the top of the simulations box. Second, the
in-plane radial distribution of water was computed
over concentric cylinders with the pore axis. Each
ring is characterized with a height corresponding to
the z-position of the center of the nanopore
±1 Å (total height of 2 Å) and with a 1 Å width from
the inner to the outer boundaries. Starting from the
center of the pore, the inner boundary of each
cylinder was displaced by 0.25 Å in the radial
direction, up to reaching the nanopore edge. The
radial and normal distributions reported below were
averaged over the 10 ns MD runs with voltages
0 < V ≤ 1.0 V, for a total duration of 40 ns (4 runs).

Radial ionic concentration

In order to investigate the ion distribution inside
the nanopores and particularly near the nanopore
edges, we computed the ion concentration (number
of ions/nm3) as a function of the radial distance ρ

from the center of the pore (ρ = 0) from MD
trajectories. For that purpose, we averaged the ion
concentration over concentric cylinders with the pore
axis. Each ring has a height corresponding to the
effective height of the nanopore heff and a width of

1 Å from the inner to the outer boundaries. Starting
from the center of the pore, the inner boundary of
each cylinder was displaced by 0.25 Å in the radial
direction, up to reaching the nanopore edge. The
radial ionic concentrations reported below are
average values over positively and negatively charged
ions, for the 10 ns MD runs with voltages
0 < V ≤ 1.0 V, for a total duration of 40 ns (4 runs).

3 Results and Discussion

3.1 Current-Voltage characteristics

I − V curves for each system were computed as
explained in section 2 and are presented in Figure 2.
First, I − V curves were only computed from
simulation with positive voltages since nanoporous
membranes made of graphene and MoS2 are
symmetric and extremely thin along the normal
direction of the membrane (z-direction). Therefore,
no ionic rectification is observed [33]. However,
negative voltages were tested for one system
(SL-MoS2 with D = 2.0 nm) and the absence of
rectification was confirmed (data not shown).

From simulations with V = 0 to 3.0 V, two types
of regime were detected: a linear regime from 0 to
1.0 V, corresponding to an ohmic behavior of the
nanopore, and a sublinear regime from 1.0 to 3.0 V
(inset Figure 2a). Several interpretations of the
physical meaning of this sublinear behavior of I − V
curves at high voltages are still being debated in the
literature. In particular, permeation of ions through
small confined spaces such as ionic channels has
been considered diffusion-limited. Recently, in
contrast with the permeation theory, factors such as
ion hydration and their configurational restraint due
to the coordination with water molecules while
crossing the channel, can induce a free-energy barrier
that leads to a saturation of the current I at high
voltages [34]. In the present work, we only focus on
the linear part of the I − V curves since
experimentally, the applied voltages are usually of
magnitude of several hundreds of mV at maximum.
The values of open pore conductance were extracted
from the linear response regime, as the slope of the
I − V characteristics.

By comparing graphene and MoS2 nanopores of
diameter D = 2.0 nm, we observed that the slope of
the I − V curves are relatively close, leading to open
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ionic conductivity which depends on the diameter of
the pore σ(D). In fact, it also depends on the
thickness h for multiple layers SSN and on the
interactions between the ionic solution and the 2-D
materials. In the present work, the goal was not to
give the exact analytical expression of σ(D,h, ...)
but to provide a benchmark of G0 values for further
experiments. As shown in Figure 5, a linear model of
conductance could also be used to represent the MD
data, i.e. G0(D) = αD + β (panel a) and
G0(h) = γh + δ (panel b). It actually provides a
better fit than the model defined in Eq. 1. The values
of the linear fit are: α = 8.5 nS m−1, β = -8.3 nS,
γ = -2.3 nS m−1 and δ = 8.6 nS. Finally, from MD
simulations data shown in Figure 5a, i.e. G0 = f(D),
the value of the critical diameter for MoS2 nanopores
observed earlier in the paper (Figure 3c) can be
extracted from G0(Dmin) = 0, leading to
Dmin = −β/α = 0.98 nm.

4 Conclusion

We have studied the ionic conductance through
MoS2 nanopores of different diameters (D = 1.0,
1.5, 2.0, 2.5 and 3.0 nm) and different thicknesses
(single, bi- and trilayers). Using MD simulations, we
extracted values of open pore conductance G0 that
can be related directly to conductance drops ∆G
measured in single molecule detection experiments.
If the size of the molecule to be translocated through
the nanopore is similar to the diameter of the pore,
we find that ∆G ∼ G0. Therefore, there is a strong
interest to provide benchmarks of conductance
signals using MD simulations. Here, we provide
linear conductance models to estimate G0 = f(D)
and G0 = f(h) and we show that there exists a
critical diameter Dmin = 1.0 nm for SL-MoS2

nanopores. In addition, these models extracted from
the present MD simulations allow us to estimate the
geometrical parameters of MoS2 nanopores from
conductance measurements. The estimation of the
pore diameter and thickness of the nanoporous
membranes from conductance measurements is
commonly used in experiments with the analytical
model presented in Eq. 1. This approach can lead to
large error bars according to the present
computational study.
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V. Meunier, M. Drndić, DNA translocation
in nanometer thick silicon nanopores,
ACS. Nano 9, 2015, pp. 6555–6564.

[5] S. W. Kowalczyk, A. Y. Grosberg, Y. Rabin
and C. Dekker. Modeling the conductance
and DNA blockade of solid-state nanopores,
Nanotechnology 22, 2011, pp. 315101.

[6] M. Wanunu, T. Dadosh, V. Ray, J. Jin,
L. McReynolds, M. Drndić, Rapid electronic
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ABSTRACT

Solid-state nanopores made of two-dimensional materials such as molybdenum disulfide are of great interest thanks in part to
promising applications such as ion filtration and biomolecule translocation. Controlled fabrication and tunability of nanoporous
membranes require a better understanding of their ionic conductivity capabilities at the nanoscale. Here, we developed a model
of ionic conductivity for a KCl electrolyte through sub 5-nm single-layer MoS2 nanopores using equilibrium all-atom molecular
dynamics simulations. We investigate the dynamics of Kþ and Cl� ions inside the pores in terms of concentration and mobility.
We report that, for pore dimensions below 2.0nm, which are of particular interest for biomolecule translocation applications, the
behaviors of the concentration and mobility of ions strongly deviate from bulk properties. Specifically, we show that the free-
energy difference for insertion of an ion within the pore is proportional to the inverse surface area of the pore and that the
inverse mobility scales linearly as the inverse diameter. Finally, we provide an improved analytical model taking into account the
deviation of ion dynamics from bulk properties, suitable for direct comparison with experiments.

VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5061825

Solid-state nanopores (SSNs) made of two-dimensional (2D)
materials such asMoS2 have emerged as versatile sensors for ion
and biomolecule manipulation.1–10 One of the most promising
applications of SSN is the sequencing of biological molecules.11

SSN sequencing experiments are based on the measurement of
ionic current variations when a biomolecule immersed in an
ionic solution is driven through the nanoporous membrane by
applying a transverse electric field. During the process of trans-
location, the molecule occupies the pore volume, blocking the
passage of ions. Consequently, an ultrafast monitoring of ionic
flow during the passage of the biomolecule yields information
about its structure and chemical properties, as experimentally
demonstrated with sub-microsecond temporal resolution.12,13

However, understanding atomic and sub-nanometer sized pores
in bare and functionalized 2-D membranes used for molecular
and ionic selectivity are still a matter of study,14–19 since the fun-
damental principles behind electrical transport of ionic solution
through those pores have not been explored in detail yet. Only

two experimental studies of ionic conductance through MoS2
nanoporous membranes with diameters lower than 2.0nm have
been reported.3,8

The analytical model used to predict the conductance G0 of
nanoporous MoS2 membranes from the knowledge of their
dimensions is a continuum model, which results from a combina-
tion of three resistors in series: one pore resistance Rpore modeled
as a cylindrical resistor and two access resistances constituted by
themouth of the pore at each side of themembrane20

G0 ¼ rbulk
4h� þ pd�

pd�2

� ��1

; (1)

where d* and h* represent the effective pore diameter and
membrane thickness, respectively. Effective pore diameter d*

and membrane thickness h* correspond to the effective dimen-
sions of the ionic conducting cylindrical channel of the nanopo-
rous membrane experienced by solvent molecules and are
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extracted from the probability distributions of solvent molecules
inside the pore. In Eq. (1), the only term related to the ionic prop-
erties is the bulk conductivity of the electrolyte, rbulk. In physical
chemistry, the conductivity exhibited by an ionic solution is
expressed as the product of the concentration ci of the ionic
species, their charge qi¼ ezi, and their electrical mobility li

rbulk ¼ e
X

i

jzij cibulk l
i
bulk; (2)

where e is the elementary (positive) charge, z is the charge num-
ber, and the index i represents the ionic species. For a neutral
KCl ionic solution, Eq. (2) becomes rbulk ¼ 2ecbulkhlbulki, where
cbulk is the concentration of Kþ or Cl� ions and hlbulki ¼ ðlK

þ

bulk

þlCl
�

bulkÞ=2. At the nanoscale, ions are confined in space whose
dimensions are of similar sizes to that of the ionic radii. It follows
that their concentration, mobilities, and hydration are different
than their bulk counterparts, as already shown for graphene
nanopores.21 Consequently, the conductivity of the electrolyte
in nanopores is expected to deviate from its bulk value and the
conductance of open nanopores predicted by Eq. (1) is likely to
be inaccurate for the smallest pores. We found previously that
open pore conductance G0 predicted from Eq. (1) using rbulk and
the values obtained from experimental I-V curves8 and molecu-
lar dynamics (MD) simulations22 were overestimated for single-
layer (SL) MoS2 nanopores with diameters ranging from 1 to
3nm.We showed that MD values ofG0 for this system were bet-
ter represented by a simple linear interpolation model G0(d

*)
¼ ad* þ b where a and b are fitted parameters. In this simple lin-
ear relation, no current can be detected below a critical diame-
ter d�min ¼ �b=a � 0:7 nm.22 Recent experimental measurements
of ionic transport through sub-nanometer sized pores made of
atomic vacancies fabricated in SL-MoS2 show indeed that pores
with diameters<0.6nm display negligible conductance.8

Failure of Eq. (1) to reproduce experimental and MD data
demands to reexamine the modeling of G0 at the atomic scale.
Here, thanks to all-atom MD simulations for SL-MoS2 mem-
branes with diameters ranging from 1 to 5nm [Fig. 1(a)], we
derive an analytical model of the electrolyte conductivity at
room temperature in SL-MoS2 nanopores as a function of the
pore diameter, and we named rpore(d

*). As shown in Fig. 1(b), the
ion conductivity inside the pore deviates significantly from the
bulk electrolyte conductivity for the range of diameters studied
here, which corresponds to those used for biomolecule sensing.
Replacing the bulk electrolyte conductivity rbulk in Eq. (1) by
rpore(d

*) restores the validity of the continuum model, provided
that the diameter dependence of the electrolyte conductivity is
taken into account. The corrected continuum model derived
here is given by Eq. (7) which can be used by experimentalists to
extract the effective diameter of the SL-MoS2 nanoporous
membranes. We will now describe how the improved analytical
model was derived from all-atomMD data at 300K.

For each pore diameter, we performed a 10ns all-atom MD
simulation of the SL-MoS2 membrane with a 1 M KCl electrolyte
as detailed in the supplementary material. We computed the
ionic conductivity of each pore presented in Fig. 1(a), i.e., rpore,
using Eq. (2). Ionic concentrations in nanopores were defined as

the average number of ions inside each pore computed from the
10nsMD run divided by the pore volume represented by a cylin-
der with effective diameter d* and thickness h*. Pore effective
diameters (see Table SI) and thickness (0.96nm for SL-MoS2)
were defined from the water density profiles at the interface
with the membrane (see Fig. S1). The bulk 1M KCl, i.e., rbulk, was
computed from Eq. (2) for a 10ns all-atom MD simulation of the
bulk electrolyte without the MoS2 membrane.22 Ion mobilities
were computed from the MD trajectories by applying the
Einstein equation with the ion diffusion coefficients calculated
from the mean-square displacements of Kþ and Cl� inside the
pores. More details about this procedure can be found in the
supplementary material. The exact same procedure was applied
to extract the bulk ion mobilities from the MD run of the bulk
electrolyte. All the values and their error bars extracted from
MD runs are given in Table SI. Figure 1(b) presents the ratio
between bulk and pore conductivities extracted fromMD simu-
lations for each pore diameter (gray filled circles). For diameters
around 2nm, the ion pore conductivity is about half the bulk
value, which means that Eq. (1) overestimates the membrane
conductance by a factor of 2. For diameters approaching 1nm,
the pore conductivity is only a third of the bulk value. To gain

FIG. 1. (a) Atomic structures of single-layer MoS2 nanopores studied in the present
work. The color code is the following: Mo atoms in green and S atoms in yellow.
Diameters d and effective diameters d* are given in nm. (b) Ratio between KCl bulk
and pore conductivity as a function of effective diameters d* extracted from equilib-
rium MD simulations. The solid black line represents the ratio of rpore over rbulk (in
%) as a function of d* (in nm), obtained from Eq. (3).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 114, 023107 (2019); doi: 10.1063/1.5061825 114, 023107-2

VC Author(s) 2019



further insight into the origin of the deviations of the conductiv-
ity at the nanoscale, we reformulate the problem in terms of par-
tition coefficients U

i � cipore=cbulk (concentration) and C
i � lipore=

hlbulki (mobility). From Eq. (2), we have

rpore

rbulk
¼

1

2

X

i

cipore l
i
pore

cbulkhlbulki
¼

1

2

X

i

U
i
C
i: (3)

Similar to rpore, the partition coefficients are diameter-
dependent. The coefficient Ui can be written as U

i ¼ Pi
pore=P

i
bulk

with Pi
pore and Pi

bulk the probabilities to find an ion of species i in
the pore and in an equivalent volume in the bulk electrolyte,
respectively. Therefore, Ui is related to the difference between
the free-energy of an ion of species i in the pore and in the bulk
electrolyte, named DGi, by the Boltzmann law: U

i ¼ Pi
pore=

Pi
bulk ¼ expð�DGi=RTÞ, where R is the perfect gas constant and T

the temperature. The free-energy difference is expected to be
positive due to the loss of entropy and to the dehydration phe-
nomenon21,23,24 in the nanopore, both causes being dependent
on the pore size. From the ion concentrations computed from
MD data, we found that DGi is well represented by the following
relation [see Fig. 2(a)] for the range of diameters studied (1 nm
�d*� 3nm):

DGi ¼ ui RT

A�

� �

; (4)

where A� ¼ pd�2

4 is the nanopore effective area and /i is a positive
fitted parameter. The variation of the free-energy difference DGi

as a function of 1=d�2 observed in MD data is significantly differ-
ent from the one found in graphene nanopores21 where DGi was
fitted by the 1/d* law. Finally, as shown in Fig. 2(b) for
U

i ¼ expð�4ui=pd�2Þ, there is no large difference observed
between Kþ and Cl� species. The values obtained from least-
squares fitting are uKþ

¼ 0:832nm2 and uCl� ¼ 0:793nm2.

Next, we study the mobility partition coefficient C
i inside

MoS2 nanopores. By plotting the inverse mobility as a function
of the inverse effective diameter [Fig. 3(a)], we find that ð1=lipore
�1=libulkÞ scales as 1/d*. A similar behavior for mobilities was
observed in graphene nanopores.21 This result leads to an
expression of pore mobility lipore for each ionic species i

lipore ¼
ci

d�
þ

1

libulk

 !�1

; (5)

where ci are fitted parameters: cKþ ¼ 4:27� 10�3 V sm�1 and
cCl

�
¼ 4:61� 10�3 V sm�1.

FIG. 2. (a) Effective free-energy DG as a function of the inverse of the effective
pore surface area A��1. Dashed lines represent a linear fitting of the MD data
(filled circles). (b) Concentration partition coefficient as a function of effective diame-
ter d*. Dashed lines represent the model given by Ui ¼ expð�4ui=pd�2Þ.

FIG. 3. (a) Inverse mobility l�1 as a function of inverse effective diameter d��1.
Dashed lines represent a linear fitting of the data (filled circles). (b) Mobility partition
coefficient as a function of effective diameter d*. Dashed lines represent the model
given by Eq. (6).
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It is worth noting that there is a significant difference
between Kþ andCl� mobilities, Kþ having a larger diffusion coef-
ficient D than Cl�, as it can be explained from Stoke’s law.
Indeed, from Stoke’s law, DðKþÞ=DðCl�Þ ¼ RðCl�Þ=RðKþÞ � 1:1,
where R(Kþ) and R(Cl�) are the ionic radii.25 Using Eq. (5), we can
write an analytical expression for C and plot its evolution as a
function of effective diameter d* [Fig. 3(b)]

C
i ¼

lipore

hlbulki
¼

d�libulk
hlbulkiðc

ilibulk þ d�Þ
¼

d�

di þ �id�
; (6)

where di ¼ cihlbulki and �i ¼ hlbulki=l
i
bulk, the corresponding val-

ues being dK
þ

¼ 0:38nm and dCl
�

¼ 0:41 nm; �K
þ
¼ 1:03 and �Cl

�

¼ 0:97. As shown in Fig. 3(b), when the pore diameter is around
1.0nm, mobility is reduced from the bulk value by about 40%.
For the same diameter, the concentration was reduced by 70%.
This means that for small diameters, the concentration of ions
in the pore is the dominating factor. Finally, the analytical model
for rpore developed in the present work is inserted in the contin-
uum model of conductance [Eq. (1)] leading to the final model
described by Eq. (7), which is compared to conductance values
obtained from I-V curves extracted from non-equilibrium MD
simulations with an external voltage performed in a previous
work and to experimental data for sub 5-nm MoS2 nanoporous
membranes (Fig. 4)

G0 ¼ rbulk
1

2

X

i

exp
�4ui

pd�2

 !

d�

di þ �id�

0

@

1

A

4h� þ pd�

pd�2

� ��1

: (7)

For all the different G0 data reported in the literature, dif-
ferent experimental conditions were used leading to different
values of ionic conductivity rbulk of KCl solutions depending on
the temperature and the concentration of the electrolyte.
In order to rationalize the data and as already done elsewhere
for Si pores,26 we decided to compute scaled conductance ~G0

¼ ðG0=rbulkÞgiven � r1MKCl@RT
bulk , where G0 and rbulk were directly

extracted from the literature and r1MKCl@RT
bulk is the value of 11.18

Sm�1 measured experimentally recently.8 First, as shown in Fig.
4, the difference between the pore and bulk conductivities has a
significant effect on the value of the predicted conductance for
pore with diameters lower than 2.0nm. For such diameters, the
original model [Eq. (1)] overestimates conductance by a factor of
2. This overestimation becomes a factor 5 for the diameter
around 1.0nm. In addition, Eq. (7) developed here using equilib-
riumMD simulations is in very good agreement with conductan-
ces computed from I-V curves extracted from non-equilibrium
MD simulations using an external electric field. Compared to the
linear empirical model proposed elsewhere,22 the conductance
for the SL-MoS2 nanoporous membrane becomes negligible
(10�1 nS) for diameters below 0.6nm. Moreover, from experi-
mental conductance data for SL-MoS2 nanopores with diame-
ters around 2.0nm,3,4 according to the present model [Eq. (7)],
the effective diameter of the pore would be closer to 3.0nm
than to 2.0nm. Finally, experimental data1 for diameters larger
than 2.0nm are very close to the present model [Eq. (7)] within
the error bar when available. We also added into the conduc-
tance graphs presented in Fig. 4 conductance values extracted
from measurements of WS2 nanopores.

27 As shown in Fig. 4, for

nanopores of diameters between 2 and 5nm, conductance val-
ues are similar within the error bars. Therefore, the present
model may be used also for other TMDs such asWS2. Finally, for
few-Angstrom size defect pores (diameters lower than the limit
of 0.6nm), according to our model, conductance values are
often overestimated. In a recent work,8 we showed using MD
simulations in the presence of an applied voltage that defect
pores characterized by effective diameter d*<0.6nm do not
conduct ions, characterized by negligible conductance below 20
pS. For those particularly tiny pores, more experimental mea-
surements are needed to test the validity of the model since the
passage of an ion across the membrane is a rare event. However,
for pores with diameters around 1.0nm, our model is in good
agreement with experiments.

In summary, we developed a model of ionic conductance
for sub 5-nm SL-MoS2 nanoporous membranes using MD simu-
lations. Our model, which takes into account the concentration
and the mobility of ions in the nanopores, shows that the behav-
ior of the KCl electrolyte deviates by 50% from bulk properties

FIG. 4. (a) Conductance ~G0 (in nS) scaled to 1 M KCl at RT as a function of effec-
tive diameter d* (in nm), extracted from experimental data (red, blue, green, and
magenta filled circles) and from non-equilibrium MD simulations (gray filled circles
and squares). Black dashed lines represent the original continuum model of con-
ductance from Eq. (1). Black thick lines represent data obtained with the model of
conductance developed in the present work and given in Eq. (7). (b) Same graph
as panel (a) with the log-log scale.
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for diameters below 2.0nm. Moreover, our model is in very good
agreement with simulation and experimental data of conduc-
tances in MoS2 nanoporous membranes. This model is essential
for understanding the behavior of 2-D nanopores in this range
of diameters to design and fabricate sensors for DNA or protein
sequencing applications.

See supplementary material for nanopore modeling and
numerical calculations, the ion concentrations and mobilities
(Table SI), radial distribution of water molecules (supplementary
Fig. S1), number of ions in the nanopore (supplementary Fig. S2),
ion mean square displacements (supplementary Fig. S3), ion res-
idence time (supplementary Fig. S4), and trajectories of ions
crossing the nanopore (supplementary Fig. S5).

The simulations were performed using HPC resources
from DSI-CCuB (Universit�e de Bourgogne). This work was
supported by a grant from the Air Force Office of Scientific
Research (AFOSR), as part of a joint program with the
Directorate for Engineering of the National Science
Foundation (NSF), Emerging Frontiers and Multidisciplinary
Office Grant No. FA9550-17-1-0047, and the NSF Grant No.
EFRI 2-DARE (EFRI-1542707). Part of the work was funded by
the Conseil R�egional de Bourgogne Franche-Comt�e (Grant
Nos. PARI NANO2BIO and ANER NANOSEQ).
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ABSTRACT: Solid-state nanopores (SSN) made of two-
dimensional materials such as molybdenum disulfide (MoS2)
have emerged as candidate devices for biomolecules
sequencing. SSN sequencing is based on measuring the
variations in ionic conductance as charged biomolecules
translocate through nanometer-sized channels, in response to
an external voltage applied across the membrane. Although
several experiments on DNA translocation through SSNs have
been performed in the past decade, translocation of proteins
has been less studied, partly due to small protein size and
detection limits. Moreover, the threading of proteins through
nanopore channels is challenging, because proteins can exhibit
neutral global charge and not be sensitive to the electric field.
In this paper, we investigate the translocation of lysine residues and a model protein with polylysine tags through MoS2
nanoporous membranes using molecular dynamics simulations. Adding lysine tags to biological peptides is the method
proposed here to promote the entrance of proteins through SSN. Specifically, we study the relationship existing between the
translocation events and the ionic conductance signal drops. We show that individual lysine residues translocate easily through
MoS2 nanopores, but the translocation speed is extremely fast, which leads to indiscernible ionic conductance drops. To reduce
the translocation speed, we demonstrate that increasing the thickness of the membrane from single-layer to bilayer MoS2 reveals
a stepwise process of translocation with discernible conductance drops that could be measured experimentally. Finally, a study
of the threading of proteins with polylysine tags through MoS2 nanopores is presented. The addition of the positively charged
tag to the neutral protein allows the threading and full translocation of the protein through the pore (at least two lysine residues
are necessary in this case to observe translocation) and a similar sequence of translocation events is detected, independently of
the tag length.

■ INTRODUCTION

Solid-state nanopore (SSN)-based sensor for the detection of
biomolecules is an emerging experimental tool with promising
applications in medical diagnostics.1−4 In SSN experiments,
biomolecules, which are suspended in an ionic solution, are
driven by a transverse electric field through a nanopore within
an ultrathin membrane, while the ionic conductance G is
monitored to detect the translocation of molecules across the
nanopore. Typically, translocation is detected as drops in
conductance signal ΔG. The passage of the biomolecule yields
information about its structure and chemical properties, as
experimentally demonstrated with sub-microsecond temporal

resolution.5 Atomically thin two-dimensional (2D) materials
such as transition-metal dichalcogenides6,7 (TMDs) are ideal
candidates for SSN, as they exhibit larger ionic conductance
compared to thicker membranes such as silicon-based
membranes.8 Among all TMDs that have been explored
theoretically and experimentally, molybdenum disulfide
(MoS2) layers are showing great potential thanks to the fact
MoS2 monolayer films and nanostructured materials can be
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fabricated using cost-effective and reliable methods.9−11

Moreover, pores smaller than 5 nm can be drilled
experimentally with high reproducibility.12,13 Finally, MoS2
layers are also potentially advantageous for such applications
due to their rich optoelectronic and mechanical properties.14

MoS2 nanopores have been studied experimentally as SSN
for DNA sequencing6,15−17 and for detection of DNA labeled
with proteins.18,19 To the best of our knowledge there is to-
date no experimental evidence of the translocation of single
proteins through MoS2 or any other TMDs yet. Only a few
experimental studies about protein translocation through
silicon-nitride nanoporous membranes have been re-
ported.20−22 In contrast to DNA strands, which are highly
negatively charged biomolecules, that is, the total charge being
proportional to the number of bases, proteins can be globally
neutral, independently of its number of residues, sequence, or
size. Therefore, driving such a biomolecule into SSN and
detecting ionic conductance drops related to its amino acid
sequence requires a different strategy than using an electric

field as driving force. Indeed, a compromise must be made
between facilitating the threading of the protein through the
pore and the translocation speed, which should allow the
detection of discernible conductance drops associated with its
specific sequence. In this way, SSNs with a very high
translocation speed of proteins through the pore may limit
their usability as sequencing devices. The threading of the
biomolecule through SSN and the translocation speed can be
tuned by adjusting different parameters in experiments such as
solvent properties23,24 (ionic species, concentration, temper-
ature, viscosity, etc.) or by tuning the material’s size and
shape.25 More drastically, the physical technique used to drive
the biomolecule through the pore can also be modified.
Recently, a theoretical study has shown the feasibility of
translocating uniformly (repetition of identical motifs) and
highly charged (up to ±24e) proteins through single-layer
MoS2 (SL-MoS2) nanoporous membranes in a bias electric
field and in a water-flow, used to generate a hydrostatic
pressure gradient.26 The authors of the study showed that this

Figure 1. Translocation of single lysine amino acid through SL-MoS2 extracted from MD run 1 (see Table 1). (a, b) Normal z and radial ρ
distances of the center of mass of single lysine amino acid as a function of simulation time t. Dashed blue line represents the z-position of the
membrane in the simulation box. Dotted red line represents the center of the pore. (c) Snapshots extracted from MD trajectory. Sphere
representation is used here, and the color code is the following: Mo (dark blue), S (yellow), C (black), O (red), N (blue), and H (white). (d) Ionic
conductance G as a function of simulation time t computed using Δt = 100 ps (gray line) and Δt = 1 ns (black line). The blue line represents the
signal when the peptide is inside the pore. The red dashed line represents the open pore conductance. (e) Number of atoms inside the pore Na as a
function of simulation time t.
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latter method offers an alternative possibility, other than
transmembrane bias, to drive peptides through MoS2 nano-
pores, even though the fragility of such ultrathin nanoporous
membranes might be problematic.27 Another theoretical work,
based on nanoporous membranes made of graphene MoS2/
heterostructures, showed as proof-of-principle that mixing 2D
materials with different van der Waals interactions and
consequently different chemical potentials might be the
solution to transport and translocate neutral or weakly charged
biomolecules through SSNs.28 In that work, the authors did
not present ionic conductance signals recorded during the
translocation of proteins and, therefore, no drops related to the
passage of specific amino acids through the graphene/MoS2
pores were shown. Finally, the use of tags made of positively or
negatively charged amino acid such as lysine residues to
functionalize the N- or C-terminal part of proteins to promote
their entrance inside SSN might be an alternative approach to
the two previous methods. The test of this alternative method
is the purpose of the present work. In biochemistry, polyionic
tags such as small lysine peptides are used as enhancers of
protein solubility in recombinant protein production. Because
of their small size and their repetitive amino acid content, they
do not necessarily have an ordered three-dimensional (3D)
conformation. As a result, they can exert their solubility-
enhancing effect without interfering with the structure of the
protein of interest or compromising its activity.29

In this work, we performed all-atom non-equilibrium
molecular dynamics (NEMD) simulations to explore the
feasibility of using polylysine tags to thread and fully
translocate peptides through MoS2 nanopores. First, the
threading and translocation of individual lysine residues were
studied as a proof-of-principle of the proposed technique. The
relationship between the passage of lysine residues through the
pore and the detected ionic conductance is established.
Second, different types of membranes were tested by tuning
the diameter of the nanopore from 1.5 to 2.0 nm and by tuning
the thickness of the membranes, from single-layer to bilayer
MoS2. The best performing membrane was extracted from
these initial simulations. Finally, tags made of polylysine
residues, from 1 to 5 amino acid length, were attached to Met-
Enkephalin protein and translocated through single-layer
MoS2. Finally, ionic conductance and translocation sequence
of events were analyzed and discussed.

■ MATERIALS AND METHOD

NEMD Simulations. All-atom NEMD simulations using
periodic boundary conditions (PBC) were performed using the
LAMMPS (http://lammps.sandia.gov) software package.30

Each simulation box of dimension 10 × 10 × 20 nm3 is
comprised of a MoS2 nanoporous membrane, a biological
peptide, and a 1 M KCL ionic solution, and it is globally
neutral. Initially, MoS2 single-layer (SL) is constructed using
2D unit cell lattice vectors a⃗ = (3.13, 0, 0) and b⃗ = (0, 5.42, 0).
Each rectangular unit cell for MoS2 has six atoms, two Mo and
four S atoms. The Mo−S bond length was taken as dMo−S =
2.38 Å, and the S−S distance was taken as dS−S = 3.11 Å. The
unit cell was replicated in both x and y directions to generate
layers of dimension 10 × 10 nm2. For bilayer MoS2
membranes, the interlayer spacing was taken as dis = 3.15 Å.
MoS2 pores were constructed by removing atoms whose
coordinates satisfy x2 + y2 < R2, where D = 2R is the diameter
of the pore and considering the center of the pore at the origin
of the box. The pore diameters considered in this work are D =

1.5 and 2.0 nm. In total, the simulation box is comprised of
∼200 000 atoms. For instance, the simulation box used for the
translocation of an individual lysine residue (positively
charged, +1e) through SL-MoS2 nanopore of diameter D =
2.0 nm and presented in Figure 1 is comprised of 1115 Mo
atoms, 2230 S atoms, 34 peptide atoms, 59 927 water
molecules, 1177 K+ ions, and 1178 Cl− ions. In the present
simulations, we do not consider the membrane to be rigid as
was done in recent works about protein translocation through
MoS2 nanopores

26 and graphene/MoS2 heterostructures.
28 As

shown in Figure S1 of the Supporting Information, the
fluctuations of the membrane atoms are dependent on their
radial position relative to the center of mass of the pore, even
though they are relatively small in terms of amplitude. In
addition, according to root-mean-square deviation (RMSD),
fluctuations of the membrane atoms increase when the peptide
translocates through the pore. Therefore, the dynamics of the
nanoporous membrane play a role in the diffusion of the
biomolecule on the surface and in the threading of the
biomolecule through the pore. Consequently, a Stillinger-
Weber potential31 is used to simulate the dynamics of Mo−S
bonded interactions. The peptide is modeled using the Amber
ff99SB-ILDN force-field.32 The water model used in the
present work is the TIP3P model.33 Non-bonded interactions
between MoS2, peptide atoms, water, and ions are described
using a Lennard-Jones (LJ) plus Coulomb potential. LJ
parameters for K+ and Cl− ions were taken from ref 34,
where specific parameters were developed for the water model
employed. LJ parameters and bulk partial charges for Mo and S
atoms were taken from refs 35 and 36, respectively, as already
used in other works.13,26,37−39 Initially, the biological peptide is
placed above the MoS2 nanoporous membrane at a vertical
distance of 20 Å. By doing so, we avoid biased threading when
the peptide is originally placed into the pore. Before running
NEMD simulations, an equilibration of the system in the NPT
ensemble (T = 300 K and P = 1 bar) without any electric field
was performed during 100 ps to relax the system at the target
temperature and pressure. Equilibration was followed by
molecular dynamics (MD) production runs of different
duration times (see Tables 1 and 2), which were performed

in the NVT ensemble using the velocity-Verlet algorithm40

with a time step of 1 fs. A Nose−́Hoover thermostat41,42 was
used to maintain the temperature at 300 K with a time
constant of 0.1 ps. Particle−particle particle-mesh method43

was used to describe long-range electrostatic interactions. A
cutoff of 1.0 nm was applied to LJ and Coulomb potentials for
nonbonded interactions. A SHAKE algorithm44,45 was used to
constrain the bond lengths and angle of TIP3P water

Table 1. Summary of MD Simulations Performed on
Translocation of Single Lysine Amino Acid through MoS2
Nanoporous Membranes with Diameter D and Nlayer Layers
of 2D Materialsa

D [nm] Nlayer peptide run 1 run 2 run 3 total

2.0 1 K 100* 100* 200

2.0 1 KK 50* 57* 23* 130

1.5 1 KK 100 88* 188

2.0 2 KK 100 100* 200
aThe total simulation time is 718 ns distributed across nine different
runs with different initial conditions. (*) indicate trajectories for
which a complete translocation event was observed.
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molecules. Finally, simulations were performed by applying a
uniform electric field, oriented normal to the nanoporous
membrane (z-direction), to all atomic partial charges in the
system. The corresponding applied voltage is V = −ELz, where
Lz is the length of the simulation box in the z-direction, with V
= 1 V for all MD runs presented below. The value of 1 V,
corresponding to an electric field of 5 × 10−3 V/nm, was used
to accelerate MD simulations to observe translocation events.
The order of magnitude of the potential used in the present
work is similar to the ones used in previous works.26,46

Trajectory Analysis. Ionic Conductance. Ionic conduc-
tance G(t) is computed from MD trajectories as the ratio
between the total net ionic current I(t) and the applied voltage
V, with ikjjjjjj y{zzzzzz∑=

Δ
[ + Δ − ]

=

G t
V tL

q z t t z t( )
1 1

( ) ( )
z i

N

i i i

1 (1)

where V is the applied voltage, Δt is the time between MD
frames chosen for the calculations (Δt = 100 ps or 1 ns
depending on the runs, see text), Lz is the dimension of the
simulation box in the z-direction, which is the direction of the
applied electric field, N is the total number of ions, qi is the
charge of the ion i, and zi(t) is the z-coordinate of the ion i at
time t.
Number of Atoms Inside the Pore. Translocation events

observed during NEMD simulations are characterized by
computing the number of atoms of each amino acid that are
inside the pore as a function of time, Na(t). Two conditions are
necessary to consider that an atom is in the pore: first, the
radial distance ρi of an atom i from the center of the pore must
be lower than the radius R, and, second, the absolute value of
the normal distance |zi| of an atom i to the center of the pore
must be lower than half the effective thickness heff/2, which is
taken as the geometrical thickness of the MoS2 membrane (i.e.,
3.1 Å) plus twice the van der Waals radius of sulfur atoms (i.e.,
1.8 Å).

■ RESULTS AND DISCUSSION

Translocation of Lysine Residues through MoS2
Nanopores. Before attaching polylysine tags onto proteins,
we studied the translocation of single lysine amino acid and
lysine dipeptide through SL-MoS2 nanopores of diameter D =
2.0 nm. Lysine residues are positively charged and interact with
the external electric field. The electric field was chosen to
correspond to a transmembrane applied voltage V = 1 V in all

NEMD simulations presented below, which is relatively close
to applied voltages used in experiments47 (a few hundreds of
mV). Lysine peptides were capped at each N- and C-terminal
part using acetyl and N-methyl groups, respectively. As
explained in the Materials and Methods section, biological
peptides are initially positioned in the bulk solvent, 20 Å above
the membrane, to simulate the complete translocation process,
from diffusion in bulk solvent above the membrane to diffusion
in bulk solvent below the membrane after threading and
translocating through the pore. To the best of our knowledge,
simulations of the full translocation process of peptides
through MoS2 nanopores has never been done. Several MD
runs using different initial conditions were performed for each
system (see Table 1 for more details).

Translocation of Single Lysine Amino Acid through
Single-Layer MoS2 Nanopores. As shown in Figure 1, the
translocation process is comprised of three distinct parts: first,
the peptide diffuses in the bulk solvent, but the interaction of
the positively charged peptide with the electric field makes it
really fast (a few nanoseconds), and second, the peptide is
adsorbed on the MoS2 surface, diffusing on the top of the
membrane. After ∼5 ns, the peptide threads into the pore, and
the translocation through the nanopore occurs. At the end of
the MD run (100 ns), the peptide has diffused at the bottom
surface of the membrane and never detached from the
membrane to go back to the bulk solvent, as expected
originally. Longer runs are probably needed to observe the final
stage of the full translocation process. In more details, the
translocation takes place at t = 6.25 ns and lasts for τtrans = 0.4
ns. Moreover, the peptide translocates close to the edge of the
pore rather than its center, as shown in Figure 1b. The side
chain of the lysine residue translocates first in the pore,
followed by its backbone. As shown in Figure 1c, the long side
chain of lysine amino acid is aligned parallel to the electric field
inside the pore. During the translocation process, we observe a
maximum drop of conductance ΔG of ∼3 nS relative to the
open pore conductance (Figure 1d). The drop of conductance
is maximum when the number of atoms Na inside the pore is
the largest (Figure 1e). The maximum drop of conductance
related to the translocation is observed using Δt = 100 ps for
the calculation of the ionic current. Using a Δt of 1 ns, we do
not observe drops of conductance, indicating that the
translocation time τtrans is faster than 1 ns. Fluctuations of
conductance during the translocation are large, making the
instantaneous maximum conductance drops detected almost
indiscernible compared to the fluctuations. Consequently, the
average drop of conductance observed during the translocation
of a single lysine residue is ∼0.7 nS. The average drop ΔG̅ is
computed as the difference between the average conductance
when the peptide is outside the pore G̅out (from 0 ≤ t ≤ 6.25
ns and 6.65 ≤ t ≤ 100 ns) and the average conductance when
the peptide is in, that is, G̅in (from 6.25 ≤ t ≤ 6.65 ns).
Using different initial conditions, we performed a second

MD run of 100 ns for the translocation of a single lysine amino
acid through MoS2 nanopores (see Figure S2). Results are very
similar to MD run 1. In this second MD run, we observed a
translocation of the lysine residue at t = 65 ns. The
translocation time is the same as for MD run 1 (τtrans = 0.4
ns), and the same translocation process is observed, that is, the
lysine residue translocates close to the edge of the pore, and
the side chain is the first part of the residue to thread into the
pore due to its positively charged characteristics. Finally, the
maximum conductance drop detected during the passage of

Table 2. Summary of MD Simulations Performed on
Translocation of Met-Enkephalin with Polylysine Tags
through Single-Layer MoS2 Nanoporous Membranes (D =
2.0 nm)a

peptide run 1 run 2 total τtrans
run1

τtrans
run2

YGGFM 100 100 200

YGGFM-1K 100 150 250

YGGFM-2K 200 250* 450 111

YGGFM-3K 100 300* 400 158

YGGFM-4K 200* 50* 250 15 16

YGGFM-5K 250* 150 400 71
aThe total simulation time is 1.95 μs distributed across 12 different
runs with different sequences of peptides and initial conditions. (*)
indicate trajectories for which a complete translocation event was
observed.
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the residue through the pore is ∼3 nS, and the average
conductance drop is ∼0.9 nS, the fluctuations of G being as
large as the ones observed in MD run 1.
Translocation of Lysine Dipeptide through Single-

Layer MoS2 Nanopores. We performed three independent
MD runs to study the translocation of the lysine dipeptide
through single-layer MoS2 nanopores. Figure 2 shows data
extracted from MD run 2. After ∼15 ns of diffusion of the
peptide in bulk solvent, the peptide is adsorbed on the MoS2
top surface of the membrane and finally threads into the pore
and translocates at t = 34.1 ns of the MD trajectory (Figure
2a,b). As already observed for single lysine amino acid, the
translocation of lysine dipeptide takes place at the edge of the
pore (Figure 2c). Furthermore, the translocation process is
characterized by a two-step process (Figure 2b): first one
lysine amino acid enters the pore at t = 34.6 ns, the side chain
pointing in the direction of the electric field, and stays there for
∼0.7 ns, and then the second lysine amino acid threads into
the nanopore, and the whole peptide leaves the channel as one
entity after τtrans = 1.0 ns of translocation duration. During this
two-step sequence of event, three maximum drops of
conductance are observed and are ∼6 nS (Figure 2d). The
largest drop is detected when the second lysine threads into
the pore, as shown in Figure 2e. At t = 34.9 ns (Figure 2c), the
volume occupied by the two lysine residues inside the pore is
the largest (Na = 40), which increases the ionic current

blockade. G(t) signal computed using a Δt = 1 ns contains no
information about translocation events, as it was the case for
single lysine amino acid translocation, because the trans-
location time τtrans ≈ 1.0 ns. The average conductance drop is
∼0.7 nS, which is similar to the average drop detected for a
single lysine amino acid. Although the translocation time is
more than twice larger for the dipeptide than for the single
lysine amino acid, the fluctuations recorded in the conductance
signal are still very large, making the drops almost
indiscernible. Therefore, reducing the translocation speed to
get discernible conductance drops out of the fluctuations of the
signal is essential for the design of such a sequencing sensor.
Nevertheless, the fact that a two-step process, that is, one
residue translocating at a time, is observed for a lysine
dipeptide is an important preliminary result. In MD run 1
(Figure S3), the translocation occurs faster than the one
observed in MD run 2. The translocation time τtrans is ∼0.4 ns,
as observed for single lysine peptide. According to the number
of atoms inside the pore as a function of time Na(t), the N-
terminal lysine is translocating first in the pore followed by the
C-terminal lysine after 0.1 ns of translocation. The fact that the
translocation process is extremely fast in this particular MD
run involves even larger fluctuations of the conductance signal
G(t) computed using a Δt = 100 ps, and no discernible drops
are observed. The same conclusions are drawn from MD run 3,
the translocation being faster than MD run 2 (Figure S3).

Figure 2. Translocation of a lysine dipeptide through SL-MoS2 extracted from MD run 2 (see Table 1). (a, b) Normal z and radial ρ distances of
the center of mass of lysine dipeptide as a function of simulation time t. (c) Snapshots extracted from MD trajectory. The color code is the same as
in Figure 1. (d) Ionic conductance G as a function of simulation time t. (e) Number of atoms inside the pore Na as a function of simulation time t.
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However, as observed in MD run 2, the two-step process
translocation, that is, one lysine at a time, is observed in the
three MD runs with different initial conditions.
From these preliminary results extracted from NEMD

simulations, we saw that lysine residues thread into the hole
of the nanoporous membrane from the side chain and
translocate very fast through MoS2 nanopores. In addition, a
stepwise process exists during the translocation of lysine
dipeptide. From that, no discernible conductance drops can be
associated with the stepwise process of translocation, since the
translocation speed is extremely fast involving large fluctua-
tions of the conductance signals. A possibility to improve the
nanopore sensor response is to tune the membrane system to
slow the translocation process, having the peptide staying for
several nanoseconds into the pore. To do so, we modified the
geometrical parameters of the MoS2 nanoporous membrane

one at a time, that is, by reducing the diameter from 2.0 to 1.5
nm and by increasing the thickness of the membrane
considering a bilayer instead of a single-layer MoS2.

Slowing the Translocation by Reducing Diameter of
the Pore or Increasing Thickness of the Membrane.
First, the diameter of the nanopore was reduced from 2.0 to
1.5 nm. This strategy leads to an open pore conductance
reduction from 8.1 to 4.3 nS.38 During MD run 2 presented in
Figure 3a−d, two attempts of translocation for the dipeptide
were observed, the first one occurring at t ≈ 0.8 ns, for which
the two lysine residues tried to go through the pore as one but
were rejected due to steric effects. The second attempt occurs
at t = 2.6 ns and was successful. During this second attempt,
the translocation follows a two-step process as observed for the
membrane with a 2.0 nm pore diameter (Figure 2). The N-
terminal lysine side chain enters into the pore, pointing out in

Figure 3. Translocation of a lysine dipeptide through MoS2 nanoporous membranes with different diameters (D = 1.5 nm, MD run 2, left panels)
and thickness (bilayer MoS2, MD run 2, right panels, see Table 1). (a) Normal z and radial ρ distances of the center of mass of lysine dipeptide as a
function of simulation time t for SL-MoS2 nanopores with D = 1.5 nm. (b) Snapshots extracted from MD trajectory. The color code is the same as
in Figure 1. (c) Ionic conductance G as a function of simulation time t. (e) Number of atoms inside the pore Na as a function of simulation time t.
Panels (e−h) are equivalent to panels (a−d) for the translocation of lysine dipeptide through bilayer MoS2 (D = 2.0 nm), respectively.
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the direction of the electric field, and at t ≈ 2 ns the C-terminal
lysine is threaded into the pore, and the full translocation
occurs. In opposition to the translocation of lysine dipeptide
through SL-MoS2 pore of diameter 2.0 nm, the translocation
takes place closer to the center of the pore (Figure 3a). The
translocation time τtrans is ∼2.8 ns, which is 3 times longer than
the one detected for the larger pore. In fact, the translocation
time being longer, the conductance signal G(t) recorded every
Δt = 1 ns is better suited to analyze conductance drops.
Indeed, one discernible drop of ∼2.5−3.0 nS is detected
during the translocation process and lasts until the full passage
of the peptide is completed. The corresponding average drop is
∼1.4 nS, which is twice larger than the one detected for the
larger pore. The conductance signal in this case allows to
detect the passage of the dipeptide but is not relevant to
distinguish the two residues separately.
Second, the thickness of the membrane was increased from

0.31 to 0.94 nm (from single-layer to bilayer MoS2).
Compared to the decrease of the pore diameter, the open
pore conductance only drops from 8.1 to 6.0 nS.38 The
expected maximum conductance drop is then larger by
increasing the thickness than reducing the diameter. Therefore,
a larger signal-to-noise ratio is expected for the corresponding

SSN device, leading to a good compromise sensor resolution.
As shown in Figure 3 e−h, the translocation of lysine dipeptide
through bilayer MoS2 occurs at t = 50 ns of MD simulation
(see Movie S1). As already observed for single-layer MoS2
nanoporous membranes, the translocation process can de
described in two steps, the N-terminal lysine threading first
into the pore followed by the C-terminal lysine 15 ns later. In
total, the translocation time is ∼18 ns, which is 18 times larger
than for single-layer MoS2. The initial goal, which was to
increase the translocation time (i.e., reduce the translocation
speed) of the peptide in the pore, is thus achieved.
Furthermore, the conductance signal recorded every Δt = 1
ns shows two distinct and discernible drops: the first one of
∼3.0 nS when the N-terminal lysine enters the pore at t = 50
ns and a second drop of the same magnitude when the C-
terminal lysine threads into the pore at t = 65 ns. The
corresponding average drop is ∼1.4 nS, the same as the one for
the smaller diameter pore, but this time, two traces of the
signal are detected clearly (Figure 3g). This result is important
for the design of protein sequencing devices. Indeed, for
several years, experimentalists have been trying to reduce the
thickness of the membranes, particularly using 2D materials to
get a larger conductance signal (i.e., larger signal-to-noise

Figure 4. Translocation of Met-Enkephalin with polylysine tag (YGGFM-3K) through SL-MoS2 extracted from MD run 2 (see Table 2). (a)
Normal z and radial ρ distances of the center of mass of the peptide as a function of simulation time t. (b) Number of atoms Na inside the pore as a
function of simulation time t. (c) Snapshots extracted from MD trajectory. The color code is the same as in Figure 1.
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ratio) and a better spatial resolution. In the present work, we
show that increasing slightly the thickness by considering
bilayer 2D materials might lead to drops of conductance in
relationship with the number of residue translocating through.
The cost of increasing the signal resolution in the time domain
by increasing the thickness is that the spatial resolution is
reduced. In this example, the thickness of bilayer MoS2 is ∼1
nm. For comparison, the length of a lysine side chain is ∼0.6
nm, and the distance between side chains in two consecutive
amino acids (Cα

−Cα distance) is ∼0.4 nm, dimensions that are
very close to the thickness of the membrane. Considering
three- or four-layer MoS2 membranes increase the thickness of
the membrane to 1.5 and 2.0 nm, respectively, which
consequently decreases the spatial resolution of the nanopore.
Therefore, the ability of the nanopore sensor to detect details
about the sequence of the amino acids of the peptide would be
lower for those systems and were not considered here. To
conclude, the combination of the proper pore diameter
according to the size of the molecule and the proper thickness
according to the sensitivity of the sensor to be designed in
terms of time and spatial resolution is the key to improve the
efficiency of the sequencing sensors to detect single residues of
proteins in the near future.
Translocation of Met-Enkephalin through MoS2

Nanopores. Met-Enkephalin is a five-residue protein of
sequence TYR-GLY-GLY-PHE-MET (YGGFM). This bio-
molecule, which is one of the smallest neurotransmitter
peptides, has been extensively used as a reference model
peptide in all-atom MD simulations.48 This peptide is made of
five neutral amino acids, and, to study its threading and
translocation through MoS2 nanoporous membranes, it needs
to be artificially charged. The electric field was chosen to
correspond to a transmembrane applied voltage V = 1 V in all
NEMD simulations presented below, as done for translocation
of lysine residues above. We attached polylysine tags of
different lengths to Met-Enkephalin, from 1 lysine residue
(1K) to 5 lysine residues (5K). For each of the five synthetic
peptides created here, we performed several MD runs (see
Table 2) to capture threading and translocation events and to
establish the relationship between those events and the signal
of the sensor, that is, drops of ionic conductance ΔG.
Figure 4 shows the results of the translocation of a YGGFM-

3K peptide through SL-MoS2 nanoporous membrane extracted
from MD run 2 of duration T = 300 ns (see Movie S2). After
50 ns of diffusion of the peptide in bulk solvent and on the
MoS2 top surface, the peptide threads into the pore. As shown
in Figure 4a, the translocation takes place between t = 50.0 and
t = 208.0 ns and is characterized by a stepwise process.
According to the normal distance z(t) as a function of time,
five or six steps can be distinguished (Figure 4a). By
monitoring the number of atoms Na(t) of each amino acid
that are inside the pore as a function of simulation time, the
following sequence of translocation events is suggested. The C-
terminal part of the peptide, corresponding to the polylysine
tag (residues #6, #7, and #8), is entering the pore at t = 51.2
ns. LYS #8 translocates first, followed by LYS #7 and LYS #6
(Figure 4b,c). Then, at t = 91.5 ns, MET and PHE residues
enter the pore and stay inside the channel for a long period,
over 100 ns. Moreover, LYS #6 and #7 are detected to be in
the pore, but they are specifically at the bottom surface at the
same time as MET and PHE are in (see snapshots 4, 5, and 6
extracted from MD run in Figure 4b). Translocation of MET
residue occurs at t = 176.8 ns and takes place at the center of

the pore when LYS #7 is completely outside the pore. Finally,
at t = 200.1 ns, the two GLY residues translocate extremely fast
and drag the N-terminal residue; that is, TYR and the whole
peptide leave the pore at t = 208.0 ns and start to diffuse at the
bottom surface up to t = 300 ns, the end of the MD trajectory.
In addition, as observed for individual lysine residues, the
translocation takes place at the edge of the pore rather than at
the center of the pore (Figure 4a,c). Indeed, the peptide crawls
from the top surface to the edge of the pore and crawls back to
the bottom surface after passing through the hole, as clearly
shown in step 4 at t = 176.8 ns in Figure 4c. The total
translocation time is estimated to be τtrans = 158 ns.
During the translocation of YGGFM-3K peptide, we

recorded the ionic conductance G(t) (Δt = 1 ns), as shown
in Figure 5a. First, we computed the average conductance
observed during the 158 ns of translocation time, correspond-

Figure 5. Ionic conductance G as a function of simulation time t
recorded during the translocation of YGGFM-3K peptide through SL-
MoS2 (MD run 2, see Figure 4). The conductance is computed using
Δt = 1 ns (eq 1). Black lines represent the average conductance G̅
computed before, during, and after translocation. (a) Average
conductances G̅ from 0 to 300 ns. (b) Average conductances G̅
computed from 45 to 95 ns (enlarged sequence of events 1−2−3).
(c) Average conductances G̅ from 170 to 220 ns (enlarged sequence
of events 4−5−6).

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b10634
J. Phys. Chem. B 2019, 123, 2342−2353

2349



ing to G̅in. When the peptide is inside the pore, the average
conductance is ∼5.8 nS, whereas the open pore conductance
when the peptide is outside the pore G̅out is ∼7.5 nS. The
corresponding average drop ΔG̅ is 1.7 nS, which represents
∼23% of the open pore signal. Furthermore, for each of the
sequence of events observed during the MD run, we computed
the average ionic conductance between events, as shown in
Figure 5b,c. For the sequence of events 1−2−3, we observed
the smallest conductance when the three lysine residues are
simultaneously inside the pore (Figure 5b), leading to a drop
of ∼1.9 nS compared to the open pore conductance, G̅out. The
same drop is detected when PHE and MET residues joined
two of the three lysine between events number 3 and 4. In
addition, the average drops ΔG̅ are more or less pronounced
depending on the number and the type of residues that
translocate through the pore. For instance, the same drop is
detected when 3 or 4 residues are inside the pore, that is, KKK
or KKMF sequence (G̅ = 5.6 nS). For event number 5 → 6,
which corresponds to the passage of the N-terminal part of the
peptide (GGY sequence), a smaller drop is detected compared
to event 4 (passage of the KKMF sequence). This behavior
could be explained by steric effects, since GLY residues are
comprised of the smallest side chain (H atom), whereas LYS,

PHE, and MET are characterized by long side chains. Finally,
the detection of a single amino acid during the translocation of
YGGFM-3K peptide through MoS2 nanopores based on
conductance signal is not clearly achieved in the present
simulations, although detection of LYS residues at the C-
terminal part of the peptide and the detection of TYR and
GLY residues at the N-terminal part is observed. Similar results
were observed in the work of Chen et al. for highly charged
cationic and anionic peptides,26 with conductance drops
between 1.0 and 3.0 nS reported for identical motifs made
from 2 to 4 residues translocating at the same time.
For the other peptides tested in the present work (Table 2),

similar results were extracted from NEMD simulations (Figure
6 and Figure S4). First, translocation events are observed for
peptides: YGGFM-2K, YGGFM-4K, and YGGFM-5K. No
translocation occurs for peptides YGGFM and YGGFM-1K for
the duration of the MD simulations presented in this work (see
Table 2). Translocation times of 111, 15, 16, and 71 ns were
recorded for YGGFM-2K (Figure 6a), YGGFM-4K run 1
(Figure 6c) and 2 (Figure S5), and YGGFM-5K (Figure 6e),
respectively. The fact that the translocation time is remarkably
smaller for peptides with a 4K tag is not explained here, as our
statistics to extrapolate trends about translocation time τtrans as

Figure 6. Translocation of Met-Enkephalin with polylysine tag YGGFM-2K (MD run 2, panels a and b), YGGFM-4K (MD run 1, panels c and d),
and YGGFM-5K (MD run 1, panels e and f) through SL-MoS2 (see Table 2). Panels (a, c, e) represent the number of atoms Na inside the pore as a
function of simulation time t, and panels (b, d, f) represent the ionic conductance G as a function of simulation time t.
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a function of the polylysine tag length are not sufficient. For
the YGGFM-2K peptide, after the complete passage of the
biomolecule through the nanopore evidenced by the trans-
location of the tyrosine amino acid at t = 129.3 ns (Figure
S4a), the C-terminal lysine came back to the pore interacting
with sulfur atoms at the mouth of the pore. As shown in Figure
6a, it stays in there up to the end of the MD trajectory (see
also state 5′ in Figure S4a). It has no substantial impact on the
average conductance calculations, since only the side chain of
the lysine residue and particularly the −NH3

+ termination
interacts with the pore (see Figure S4a in Supporting
Information).
For each of the MD trajectories where a translocation

occurs, a similar sequence of events is observed: first the
passage of the polylysine tag located at the C-terminal part of
the peptide through MoS2 nanopore is detected, followed by
the passage of PHE and MET residues. These two specific
residues, which are the amino acids with the largest volume
among the Met-Enkephalin sequence, remain inside the pore
for several tens of nanoseconds, blocking the most the passage
of the ions through the hole and involving a discernible average
drop of conductance. Finally, the passage of the N-terminal
sequence (GGY residues) is observed, the tyrosine trans-
locating extremely fast (less than a couple of nanoseconds) in
each of the MD simulations performed here. The maximum
average conductance drops between specific events and the
open pore conductance observed during translocation are 1.1,
2.6, 1.7, and 1.4 nS for YGGFM-2K (Figure 6b), YGGFM-4K
run 1 (Figure 6d) and run 2 (Figure S5), and YGGFM-5K
(Figure 6f), respectively. Note that the largest drops
characterizing the full translocation of the peptide are detected
for the peptide with 4K tag, the one that translocates the
fastest. It comes from the fact that this specific peptide does
not translocate as a thread peptide inside the pore but as a
globular molecule (Figure S4b). Therefore, the center of the
pore is completely blocked during the translocation of the
biomolecule, and the conductance drop is maximum.

■ CONCLUSION

In this work, we investigated the translocation of biological
peptides through MoS2 nanoporous membranes using MD
simulations. We showed that single lysine amino acid and
lysine dipeptide, which are positively charged peptides,
translocate easily through single-layer membranes with pore
diameter of 2.0 nm. The translocation time is approximately
several hundreds of picoseconds, which is extremely fast and
cannot be detected experimentally with existing techniques, the
maximum resolution being 10 MHz bandwidth so far.5 In the
corresponding ionic conductance signal, drops are observed,
but they are not discernible due to the fast fluctuations in the
conductance signal as large as the drops because of the low
residence time of peptides in the pore. To get discernible
conductance drops associated with the passage of single amino
acid through MoS2 nanopores, increasing the thickness of the
membranes is the best option at the cost of reducing the signal-
to-noise ratio (open pore conductance is reduced by a factor of
∼1.3) and spatial resolution of the sensor (by a factor of ∼3).
For lysine dipeptides, we demonstrated that the translocation
through bilayer MoS2 leads to two conductance drops within
the translocation event ∼3 nS, directly related to the stepwise
passage of individual lysine residue. This specific result could
be tested experimentally. Finally, we studied the threading and
translocation of Met-Enkephalin protein with polylysine tags

through MoS2 nanopores. Adding polylysine tags increases the
global charge of the peptide and facilitates the threading of the
protein through the nanopore due to interactions between the
charged biomolecule and the electric field. We showed that
polylysine tags translocate first through the pore, followed by
specific motifs of the protein in a stepwise manner. However,
from the conductance signal, single amino acids are not
distinguishable. The use of bilayer MoS2 with such small pores
as membrane for sequencing device or the addition of
negatively charged residues at the N-terminal part of the
protein to counterbalance the positively charged C-terminal
part are different options that will be tested in the near future.
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(39) Peŕez, M. D. B.; Nicolaï, A.; Delarue, P.; Meunier, V.; Drndic,́
M.; Senet, P. Improved model of ionic transport in 2-D MoS2
membranes with sub-5nm pores. Appl. Phys. Lett. 2019, 114, 023107.
(40) Swope, W. C.; Andersen, H. C.; Berens, P. H.; Wilson, K. R. A
computer simulation method for the calculation of equilibrium
constants for the formation of physical clusters of molecules:
Application to small water clusters. J. Chem. Phys. 1982, 76, 637−649.
(41) Nose,́ S. A unified formulation of the constant temperature
molecular dynamics methods. J. Chem. Phys. 1984, 81, 511−519.
(42) Hoover, W. G. Canonical dynamics: Equilibrium phase-space
distributions. Phys. Rev. A: At., Mol., Opt. Phys. 1985, 31, 1695−1697.
(43) Isele-Holder, R. E.; Mitchell, W.; Ismail, A. E. Development
and application of a particle-particle particle-mesh Ewald method for
dispersion interactions. J. Chem. Phys. 2012, 137, 174107.
(44) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. C. Numerical
integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 1977,
23, 327−341.
(45) Andersen, H. C. Rattle: A velocity version of the shake
algorithm for molecular dynamics calculations. J. Comput. Phys. 1983,
52, 24−34.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b10634
J. Phys. Chem. B 2019, 123, 2342−2353

2352



(46) Barati Farimani, A.; Heiranian, M.; Aluru, N. R. Identification
of amino acids with sensitive nanoporous MoS 2: towards machine
learning-based prediction. NPJ. 2D Materials and Applications 2018, 2,
14.
(47) Wu, L.; Liu, H.; Zhao, W.; Wang, L.; Hou, C.; Liu, Q.; Lu, Z.
Electrically facilitated translocation of protein through solid nanopore.
Nanoscale Res. Lett. 2014, 9, 140.
(48) Sicard, F.; Senet, P. Reconstructing the free-energy landscape of
Met-enkephalin using dihedral principal component analysis and well-
tempered metadynamics. J. Chem. Phys. 2013, 138, 235101.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b10634
J. Phys. Chem. B 2019, 123, 2342−2353

2353






	Introduction
	Nanopore based sensors for DNA sequencing: a brief review
	Solid-state nanopores for biological detection: the state of the art
	DNA sequencing with solid-state nanopores: from graphene to other 2D materials
	Transition metal dichalcogenides nanopores for DNA sequencing
	Transition metal dichalcogenides: towards protein sequencing


	Computational Methods
	Simulating reality
	Modeling of the all-atom structures
	MoS2 nanoporous membranes
	Biological peptides (K, KK, YGGFM, YGGFM + K-tail)
	Solvation of the system

	Molecular dynamics
	MD algorithm
	Force calculation
	Integration of equations of motion
	Periodic boundary conditions
	Thermostat and barostat

	Interatomic potentials
	Stillinger-Weber potential for Vpore (circular pores)
	Reax force field (ReaxFF) for Vpore (defect pores)
	AMBER99sb-ILDN for Vpeptide
	TIP3P for water
	VLJ + VCoulomb

	MD simulations procedure
	Energy minimization
	Equilibration of the system
	Production run



	Characterization of the ionic conductance through MoS2 nanopores
	Interfacial interactions of solvent with MoS2 nanoporous membranes
	Distribution of water molecules near the pore
	Extracting the geometrical parameters of the membrane

	Concentration of ions in the pore

	I-V curves from non-equilibrium MD simulations
	Ionic current as a function of time
	Ionic conductance of MoS2 nanopores from I-V curves

	Macroscopic model of ionic conductance and comparison with MD and experimental data
	Improved model of ionic conductance through SL-MoS2 nanopores
	Ionic conductivity
	Concentrations and mobilities inside the pore
	Partition coefficients of ions concentrations and mobilities
	Improved model of ionic conductance
	Comparison with experimental ionic conductance data


	Translocation of biological peptides through MoS2 nanopores
	MoS2 nanopores for protein sequencing: A general context
	Analysis tools
	Normal and radial distance of the peptide
	Ionic conductance through MoS2 nanopores
	Number of atoms of the peptide inside the pore
	Root Mean-Square Deviation (RMSD) and Root Mean-Square Fluctuations (RMSF) of MoS2 nanoporous membrane

	Translocation of lysine residues through MoS2 nanopores
	Translocation of a single lysine amino acid through SL-MoS2 nanopores
	Translocation of a lysine dipeptide through SL-MoS2 nanopores

	Slowing down the translocation of peptides through MoS2 nanopores
	Reducing the diameter of the nanopore
	Increasing the thickness of the membrane

	Translocation of Met-Enkephalin through MoS2 nanopores

	MD simulations of MoS2 defect pores using Reax Force Field
	Characterization of the dynamics and structural properties of MoS2 defect pores in vacuum
	Structural fluctuations of MoS2 membranes with defect pores
	Structural modifications of MoS2 membranes with defect pores
	Impact of defect pores onto the connectivity of Mo and S atoms
	Surface area and estimation of sub-nm MoS2 defect pores diameters
	Atomic charges in MoS2 defect pores

	MoS2 defect pores interacting with ethanol molecules: towards pore functionalization
	Estimation of ionic conductance performance of MoS2 defect pore membrane

	General conclusions
	References
	Appendices
	Computational investigation of the ionic conductance through molybdenum disulfide (MoS2) nanopores
	Improved model of ionic transport in 2-D MoS2 membranes with sub-5 nm pores
	Molecular Dynamics Investigation of Polylysine Peptide Translocation through MoS2 Nanopores

