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Graphite-Based Bio-Mimetic Nanopores for Protein

Sequencing and Beyond

Chandan K. Das* and Maria Fyta

Protein sequencing using nanopores represents the next frontier in
bio-analytics. However, linearizing unfolded proteins and controlling their
translocation speed through solid-state nanopores pose significant challenges
in protein sequencing. In order to address these issues, this work proposes a
biomimetic graphite-based nanopore construction. These nanopores feature a
nanometer-sized pore with a constriction zone, mimicking the structure of the
a-hemolysin protein pore. Our all-atom Molecular Dynamics simulations
demonstrate the high practical potential of these nanopores by revealing how

analytes pass through the nanopore un-
der the applied potential, they block the
flow of ions, which is reflected in the
time-dependent current traces through the
pore. By analyzing the amplitude and dura-
tion of these blockade currents, this tech-
nique enables the precise identification of
analytes at the single-molecule level, pro-
viding a cost- and time-efficient, as well
as a label-free method. These nanopores

their charge state renders them complete ion-selective and generates an
electro-osmotic flow. This study shows that this nanopore construction can
detect peptides at the single amino acid level by analyzing the ionic current
traces generated as peptides traverse the nanopore. The novelty of the
proposed nanopore lies in its ability to modulate the hydrodynamic drag
induced by electro-osmotic flow, relative to the electro-phoretic force. This
investigation reveals that tuning these forces helps to linearize translocating
peptides and extend the residence time of individual amino acids at the
constriction zone of the pore. This significantly enhances the detection and
sequencing efficiency of the pore. Furthermore, the high relevance of the
proposed nanopores is underscored for seawater desalination through
electrodialysis and extends to ion separation under salinity gradients.

1. Introduction

Nanopores are nanometer-sized apertures that function as
single-molecule biosensors and have achieved significant suc-
cess in label-free single-molecule DNA and RNA sequencing.!'3
In a typical nanopore sequencing setup, a transmembrane bias
potential is applied across the nanopore, allowing for the
measurement of longitudinal ionic current traces. As individual
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can be created in various ways. Bio-
logical nanopores, such as a-hemolysin,
aerolysin, and MspA, are embedded in
lipid bilayers and formed by the self-
assembly of protein subunits.*l In con-
trast, solid-state nanopores are fabricated
from materials like SiO,, SiN,, MoS,, and
graphene using laser-based optical etch-
ing and electron milling techniques.’!

Building on the tremendous success of
nucleic acid sequencing, single-molecule
protein sequencing using nanopores is re-
cently gaining significant attention.[1%12]
Nanopore sequencing offers the potential
for rapid and high-throughput protein anal-
ysis, presenting a significant advantage over
traditional techniques for example Sanger
sequencing!’®’ and Edman degradation!'*, which are time-
consuming, expensive, and enzyme-dependent. However, there
are several challenges associated with protein sequencing using
nanopores due to the complex nature of proteins. One major
issue is the strong intramolecular interactions within proteins,
which prevent them from threading the nanopore in a single-
file, that is as linear chains. Unlike DNA or RNA, proteins have
a heterogeneous charge distribution, making it difficult to utilize
electro-phoretic force (EPF) for unidirectional transport through
the nanopore.[''15] Additionally, the subtle differences between
amino acids pose a challenge for the electrical recognition of in-
dividual amino acids.

Within these restrictions, many efforts have been directed
towards protein sequencing using nanopores. Among them,
Oukhaled and co-workers have achieved a notable success in
single-amino acid detection.['! Their experiments utilizing ionic
current detection for all 20 natural amino acids through the
aerolysin nanopore, aided by a short polycationic peptide carrier,
successfully identified 13 of them. On the other hand, Brinker-
hoff et al. and Yan et al. demonstrated the ability to discriminate
single—amino acid substitutions by using a DNA-peptide conju-
gate, which was pulled through the MspA nanopore by a DNA

[13]
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helicase.['78] In these experimental studies, supported by com-
puter simulations, the claim is that the MspA pore does not need
to be engineered and read-out is compatible with peptides with
either a conjugated N- or C-terminus and only the sample prepa-
ration and data analysis need to be selectively changed. The sub-
sequent research by Dekker and co-workers employed a similar
setup involving a DNA-peptide-DNA conjugate to read the amino
acid composition of the peptide and differentiate between closely
spaced phosphorylation sites.!'! In this setup, an additional DNA
tag was used to induce EPF drag against the ratcheting motion of
the helicase-bound DNA, thereby linearizing the peptide inserted
between the DNA fragments.

As an alternative, several previous studies have explored com-
bining EPF with the electro-osmotic flow (EOF) to facilitate a
single-file translocation of polypeptides through the nanopores.
Theoretically, EOF results from the net flux of water through the
nanopore, due to the accumulation of net ionic charge inside
the nanopore, and is primarily used for the capture and trap-
ping of molecules within nanopores.[?*2!l Li and Muthukumar
have systematically modelled the influence of nanopore charac-
teristics on the EOF and protein translocation.[??l Wanunu and
co-workers achieved unidirectional single-file protein transport
propelled by EOF through an a-hemolysin nanopore by attaching
negatively charged polypeptide tags designed to induce EPF drag,
in the presence of a guanidinium chloride buffer.?*! A detailed
study indicates that exposure of biological nanopores to high con-
centrations of guanidinium chloride causes the nanopore lumen
surface to become positively charged due to the transient bind-
ing of guanidinium cations to the protein surface, thus trans-
forming it into a highly anion-selective nanopore that gener-
ates EOF.[?*] Nevertheless, chaotropic reagents contaminate the
electrical signal during nanopore analysis. Other studies have
also reported that EOF accelerates the unfolding and transloca-
tion of individual polypeptides through an engineered charge-
selective a-hemolysin nanopore.[”’] Maglia and co-workers re-
cently extended the concept of engineered EOF to drive polypep-
tides against EPF by introducing a set of negatively charged
residues in the lumen of a biological CytK nanopore. These pro-
mote the stretching of polypeptides, allowing in this way the
recognition of individual amino acids as these pass through
the reading head of a nanopore.?° Recently other protein de-
tection approaches were also reported in the literature.l?’-33]
These refer to enzyme-assisted peptide sequencing utilizing en-
zymatic cleavage and nanopore sensing that is based on host—
guest interaction-assisted®’] and the read-out of the 20 pro-
teinogenic amino acids and representative post-translational
modifications!*! for peptides associated with diseases.[*’]

Akin to biological nanopores, solid-state nanopores, particu-
larly those made from 2D materials like graphene and MoS,,
demonstrate its feasibility in protein sequencing.3**! Precisely
controlling the motion of proteins with DNA-processing en-
zymes, a method used with biological nanopores, is not possible
with solid-state nanopores. However, partial control is achieved in
the case of a single-stranded DNA threaded through a graphene
nanopore due to sticky hydrophobic interactions between the sin-
gle nucleobases and the graphene surface.[*! As an alternative,
the tuning of EPF and EOF is a promising option for obtaining
a controlled motion of protein while traversing nanopores. Addi-
tionally, this strategy could turn useful also in imposing single-
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file translocation of (poly)peptides through solid-state nanopores,
even without the need of chaotropic agents. However, this con-
cept has not yet been fully explored for solid-state nanopores.

On the other hand, the ion selectivity of biological pores,
originating from the surface charge of the pore lumen, can
be mimicked by adjusting the charge of synthetic solid-state
nanopores.[?*37-°] This leads to differential binding of ions in-
side the nanopore lumen, which essentially modulates the molec-
ular flux of water and produces EOF.[?2] Besides nanopore se-
quencing, potential applications of such ion-selective nanofluidic
channels were found for the desalination of seawater, known as
electrodialysis,*®! and for harnessing blue energy from salinity
gradients.*”] Aksimentiev and co-workers investigated the ion
and water transport through a graphene-silica-graphene mem-
brane by varying the charge of graphenel**) and in a separate
study, through a silica membrane in presence of a guanidinium
chloride buffer.’*) It is worth noting that the typical Si-based
solid-state nanopores are more than 1 nm thick, making the read-
outregion too thick to distinguish individual amino acids. In con-
trast, nanopores made from graphene, an atomically-thick layer
of carbon, offer a potential solution to this problem.[3*#1]

In this work, inspired by a-hemolysin and its homologous bi-
ological nanopores, we propose a novel graphite-based 3D solid-
state bio-mimetic nanopore; refer to Figure 1 showing the re-
spective pore construction. In this design, the constriction zone
(which acts as the reading head) halfway along the pore is made
of a graphene layer, allowing for the detection of peptides at the
single-amino acid level. Additionally, graphite is an electrically
conductive material enabling the modulation of the nanopore’s
charge, thereby generating ion-selectivity and EOF. Using all-
atom molecular dynamics (MD) simulations, this study delves
into: (a) examining the selective transport of ions and water based
on the charge state of the bio-inspired graphite nanopore, with
potential applications in water desalination; (b) assessing the
feasibility of using EPF and EOF to stretch unfolded proteins
within the nanopore; (c) monitoring ionic current traces during
the translocation process to evaluate its capability for amino acid
sensing. (d) reversing electrodialysis, utilizing only salinity gra-
dients to create a platform for blue energy generation. The in-
sights elicited from our study demonstrate that the proposed bio-
inspired 3D graphite-based nanopore can potentially detect pro-
teins at the single-amino acid level, and holds a high promise
in other nanotechnological fields, as well. This study additionally
highlights the versatile applications of graphite-based nanopores
beyond bio-sensing, such as ion-selective devices and seawater
desalination. Accordingly, the following discussion will be spread
among these applications, rather than focusing on one.

2. Computational Details

All-atom Molecular Dynamics (MD) simulations were conducted
to model graphite-based bio-mimetic nanopores submerged in
an aqueous solution of 1M KCl using the Gromacs!*/! version
2021.5 simulation program. Note that the respective simulations
are deterministic and do not account for any stochasticity re-
lated with the Brownian motion of the single amino acids and all
other species in the modeled systems. The graphite membrane
consisted of 21 vertically stacked layers of 10 nm x 10 nm
graphene sheets, as constructed using the Carbon Nanostructure
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Figure 1. Top panel. A sketch of the proposed graphite-based solid-state nanopore (right) inspired by the a-hemolysin biological nanopore (left). Both
nanopores are depicted as cut-away molecular surfaces to reveal the presence of a constriction zone (approximately 1.4 nm in diameter) in the pore
lumen. The atomic coordinates of a-hemolysin were obtained from the Protein Data Bank (access code: 7AHL.pdbl#?l). Using the CHARMM-GUI[*3]
webserver, a lipid bilayer was added around the nanopore for a more intuitive representation. Bottom panel. A schematic diagramillustrates the molecular
fabrication of the proposed nanopore, constructed using 21 vertically stacked layers of graphene. The topmost (in blue) and middle (in orange) 10 nm
X 10 nm graphene layers are fully shown in the figure, while the remaining layers are only partially shown for clarity. The nanopore constriction is located

in the middle layer.

builder plugin of the Visual Molecular Dynamics (VMD)!*! edi-
tor. Following this, a circular nanopore was crafted by deleting
atoms satisfying x* + y?> < R?, where x and y are the coordi-
nates of the atoms, and R is the target radius of the opening.
The radius of the lumen was set to 1.1 nm, and the radius of
the constriction zone, located halfway along the pore, was set to
0.7 nm, resulting in a constriction aperture with a diameter of
1.4 nm, closely resembling a biological a-hemolysin nanopore.
The schematic diagram in Figure 1 illustrates the bio-inspired
graphite nanopore proposed in this work. This pore will be used
throughout in our simulations. The carbon atoms of the graphite
nanopore were modeled as aromatic carbon (ca atom type), with
force field parameters described by the generalized Amber force
field (GAFF).l*47] In order to investigate selective ion transport, a
positively charged nanopore was created by assigning a charge of
0.001 to each graphite carbon atom, yielding surface charge den-
sity of 0.006 C m~2. Conversely, a negatively charged nanopore
was modeled using a negative charge of the same magnitude. The
nanopore was placed in a simulation box measuring 10 x 10 x 12

Small 2024, 2407647

2407647 (3 of 13)

nm, which was then filled with 17622 TIP3P!*8] water molecules.
80 K* and 80 Cl~ ions were added to neutralize the net charge of
the negatively charged and positively charged nanopore systems,
respectively. Additional 752 K* and 752 Cl~ ions were added to
achieve a 1M KCl electrolyte solution, bringing the total number
of atoms in each system to 134052. Periodic boundary conditions
were applied in all directions. We also modeled a system using a
neutrally charged graphite nanopore in a similar manner. For this
system, the carbon atoms in the graphite were considered to be
neutral in charge.

Prior to the MD simulations, each system underwent energy
minimization for 1000 steps using steepest descent algorithm.
Harmonic position restraints with a force constant of 10000 k]
mol™' nm~ were applied to all graphitic carbon atoms, main-
tained throughout the subsequent MD simulations. All systems
were then heated from 0 to 300 K over 2 ns of MD simulation
at a canonical (NVT) ensemble. This was followed by a 10 ns
equilibration at an isobaric-isothermal (NPT) ensemble. The tem-
perature was maintained at 300 K using a velocity rescaling(*!
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thermostat with a coupling time constant of 0.1 ps. A semi-
isotropic pressure coupling allowing independently coupling the
lateral (xy) directions and the normal (z) direction to a pressure
bath, was applied with a weak coupling Berendsen!**! barostat
(time constant of 5 ps and compressibility of 4.5 x 107> bar™}).
This allowed the system to equilibrate along the z direction,
maintaining a pressure of 1 bar. Non-bonded Coulomb and van
der Waals interactions were treated with a buffered Verlet pair
list,>!) with potentials smoothly shifted to zero at a 1.2 nm cut-
off. Beyond that, the particle mesh Ewald (PME)2%3] method
was used for the calculation of the long-range electrostatic in-
teractions with the default settings implemented in Gromacs.
The SETTLEP# algorithm constrained the internal degrees of
freedom of water molecules, while the LINCSP*! algorithm con-
strained all bonds involving H atoms, allowing an integration
with a 2 fs time step using the leap-frog algorithm. Following
equilibration, 100 ns production simulations under an applied
electric field were performed at a NVT ensemble, using the av-
erage dimensions of the system obtained during the NPT equi-
libration. The electric field strength (E) is defined as E = V/I,,
where V represents the target transmembrane bias and I, is the
length of the simulation cell along the z direction.[®! The trans-
membrane voltage, V was set to —1 V and was consistently used
throughout all applied electric field simulations conducted in this
study. Note that this field strength is higher than the typical volt-
age range used in the experiments. As common in atomistic MD
simulations, larger voltage values are needed and are set in or-
der to reach desired time scales or realize—otherwise slower—
processes.

The water desalination (electrodialysis) simulation was mod-
eled by placing two identical graphite nanopores positioned 6.4
nm apart, with their pore axes aligned. One nanopore was pos-
itively charged, and the other was negatively charged. These
nanopores were placed in a 10 X 10 X 25 nm simulation box and
were solvated with 41582 water molecules. 755 Na*, and 755 Cl~
ions were added to produce a 0.48 M NaCl solution, mimicking
the salinity of seawater. The simulation parameters and proto-
cols were consistent with the initial setup presented above. After
minimization and equilibration, 200 ns all-atom MD simulations
were conducted under an applied electric field at a NVT ensem-
ble. Starting from the last frame of the electrodialysis simulation,
areverse electrodialysis simulation was conducted for 20 ns with-
out applying a transmembrane bias potential. The charges of the
positively and negatively charged pores were maintained as dis-
cussed above. In this setup, though, an additional 10 x 10 nm sin-
gle graphene layer was introduced to separate the catholyte from
the anolyte in this setup. The simulations of seawater desalina-
tion and ion separation under a salinity gradient were repeated
twice more, each time starting with different random initial ve-
locities.

In order to model the protein sequencing simulation, an ini-
tial structure of the model protein with the sequence of N’-
K,(GGK),;-C’ was built using the tleap module in Amber and
threaded through the nanopore. The polycationic lysine (K,,) tag
was designed to induce EPF along an electrical gradient. The
Amber ff14SB7! force field was utilized to describe the protein,
while the parameters for the positively charged nanopore were
identical to those used in previous setups. The protein-nanopore
system was placed in an electrically neutral 1M KCl electrolyte so-
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lution contained within a periodic box of 10 X 10 x 20 nm, result-
ing in a total of 216663 atoms with 44403 water molecules, 1266
K* ions, and 1387 Cl~ ions. Upon assembly, we conducted MD
simulations using the same MD protocols as used for the previ-
ous simulations. Additional harmonic position restraints (force
constant of 1000 k] mol~! nm~2) were applied to the protein C,
atoms located within the nanopore lumen during the initial NVT
and NPT equilibration phases, allowing the protein above and
below the graphite nanopore to relax and adhere to the graphite
surface. A 1.5 s production simulation was then carried out un-
der the applied transmembrane voltage of -1 V to simulate the
translocation of the protein through the nanopore. We conducted
an independent 1.5 ps repeat production simulation with a dif-
ferent set of random velocities, which provided similar results.
This setup was further used to calculate the ionic current traces
through the nanopore for all 20 natural amino acids and a cancer-
associated posttranslationally modified lysine typically found in
histone proteins. Besides that, in order to estimate the extent to
which the charge state of nanopore affects translocation speed,
we also conducted an additional 1.5 us MD simulation of protein
translocation through an electrically neutral graphite nanopore
with an applied transmembrane bias of -1V.

For assessing the ionic current for each individual proteino-
genic amino acids, we selected a frame from the translocation
simulation, where the K32 residue was precisely positioned at
the pore’s constriction zone. At this frame, all C, atoms of the
protein were restrained, allowing only the protein side chains to
move, ensuring that the protein did not translocate during the
applied electric field simulation. The purpose of this setup is to
enable the recording of the blockade ionic current signatures of
the residue residing at the pore. The K32 residue was then mu-
tated separately to each individual amino acid. The number of
counter ions were adjusted accordingly to maintain net charge
neutrality. We carried out the energy minimization, followed by
a short 200ps NPT equilibration. Subsequently, 50 ns MD simu-
lation under the applied electric field was conducted. These steps
were repeated for each mutation.

In our analysis, we primarily focused on the time-dependent
ionic current traces to determine whether the total current was
predominantly due to cations or anions of the electrolyte, which
in turn defines the strength and direction of the EOF. Addition-
ally, we analyzed the amino acid composition of the protein based
on their ionic current signatures. The instantaneous ionic cur-
rent, I(t), was computed as

1) = 75 2 @il + A —z(9)] M

where i sums over all ions, I, is the box-dimension along the z-
axis, At is the time between subsequent frames (set to 10 ps), z;
is the z-coordinate, and g; is the charge of the ith ion.>®! Instan-
taneous current traces were block-averaged over 100 ns to reduce
noise. The average ionic current was calculated by summing I(t)
for all frames and dividing by the total number of frames. We also
calculated the average ion and water flux, defined by computing
the molecular flux through a defined plane, for these nanopores.
In addition, ion concentrations (monitored through number
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Figure 2. A. The setup of a positively (top) and a negatively (bottom) charged graphite-based bio-mimetic nanopore submerged in a TM KCl electrolyte.
The molecular surface of the pore lumen is represented in a cut-away view (dark gray), while the transparent molecular surface illustrates the aqueous
KCl solution. The K* and Cl~ ions are depicted as purple and yellow van der Waals spheres, respectively. The direction of the applied electric field, E and
the induced EOF in each case are indicated. B. The average instantaneous ionic current, C. the cumulative ionic current, carried by the ionic species, and
the D. average ion distribution inside the pore lumen over the course of the MD simulation. In panels B-D, the results for both types of ions and their
sum (‘Total’) in the two different nanopores under a transmembrane voltage of -1V for the 1M KCl solution are shown. The charge state of nanopores

are indicated at the top.

densities) along the pore axis (i.e., z-axis) were evaluated at dif-
ferent stages of the simulations.

3. Results and Discussion

3.1. lon Selective Nanopore Induces EOF

Our investigation commences by unraveling the ionic transport
properties of the bio-mimetic graphite-based nanopores as illus-
trated in Figure 1 under the applied electric field. In the respec-
tive setup, depicted in Figure 2A, the graphite-based nanopore
is submerged in a 1M KCI electrolyte solution. A transmem-
brane voltage is applied to create a potential difference across
the nanopore, inducing ion flow between the two electrolyte-filled
compartments and generating an ionic current. Additionally, an
independent voltage source (also sketched in Figure 2A) modu-
lates the charge state of the graphite nanopore. With this setup,
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we investigate the influence of the charge state of the nanopore
on the ion selectivity, that in turn induces the EOF under the
transmembrane bias potential. As presented in the following, the
EOF can in turn be tuned for target applications ranging from
protein sequencing to desalinating seawater. We conducted MD
simulations under an applied transmembrane bias potential of —
1V for two different charge states of the nanopore and computed
the cation-conducting current, the anion-conducting current, and
their total contribution in the instantaneous ionic current and the
cumulative current provided in Figure 2B-D.

The ionic current values in Figure 2B clearly show that for a
positively charged nanopore, the average anion-conducting cur-
rent dominates the average total current, contributing +102.7%
of the total current. In contrast, the average cation-conducting
current contributes —2.7% to the total current. In fact, these find-
ings are corroborated by the slopes of the cumulative currents
carried by ion species through nanopore over the course of MD
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Figure 3. Top-panel. The setup for a neutral graphite nanopore. Bottom-
panel. The average instantaneous ionic currents carried by K* and Cl~ ions
in a TM KCl solution under a transmembrane bias potential of —1V.

simulation as shown in Figure 2C. The negative slope of the
cation-conducting current for the positively charged nanopore
suggests their negative contributions to the total ionic current.
On the other hand, inverse trends are observed for a nega-
tively charged nanopore. The nearly identical slopes between the
total and anion-conducting currents for the positively charged
nanopore, as well as between the total and cation-conducting cur-
rents for the negatively charged nanopore (see Figure 2C), indi-
cate that these ions fully contribute to the total nanopore current.
Besides that, the magnitude of the ionic current generated in the
charged graphite nanopores is significantly higher than that of
the neutral graphite nanopore presented in Figure 3, in which the
additional membrane voltage is not applied inducing nanopore
neutrality. This indicates a superior performance of the charged
graphite nanopore in facilitating ionic transport, potentially of-
fering enhanced efficiency for applications requiring high ionic
conductivity. These findings are in line with previous reports
on graphene-silica-graphene membrane with varying graphene
charge-states.["]

Further analysis of the ion distributions computed as num-
ber densities of ions along the nanopore’s normal (z-axis) in
Figure 2D reveals the anion-selectivity of a positively charged
pore over the the cation-selectivity of a positively charged pore.
It is worth noting that the number density of anions reduces
significantly at the constriction zone of the positively charged
pore under the given transmembrane potential, indicating a sig-
nificant potential drop at the pore’s constriction. A similar den-
sity profile is noted for cations in the negatively charged pore in
Figure 2D. Interestingly, nearly no cations pass through the pos-
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Figure 4. The average water (top panel) and ion (bottom panel) flux
through nanopores in the different charge states: positively charged, and
negatively charged, and neutral, as indicated at the top. The directions of
the electric field, E and the EOF are also indicated through the respective
arrows.

itively charged pore, and no anions pass through the negatively
charged pore under the given conditions, implying that the setup
achieves exclusive ion selectivity, either for cations or anions.
However, we did not observe prolonged binding of ions on the
nanopore lumen surface leading to ionic current rectification re-
ported for polymer and silicon based nanopores.[*®5°! Under the
given transmembrane voltage, the nanopore produces the same
magnitude of ionic currents regardless the charge state of the
nanopore (refer to Figure 2B), ensuring that the ionic current rec-
tification does not occur in this nanopore model. In fact, depend-
ing on the nanopore charge state, the cations or anions are elec-
trophoretically driven through the charged nanopores together
with a giant water flux (reflected by an average of 360 and 584 wa-
ter molecules/ns for positively and negatively charged nanopore,
respectively). This substantial unidirectional water flux generates
an EOF in the direction of the particular ion flow as can be in-
spected in Figure 4 for the water and ion flux. For the positively
charged nanopore, the direction of the EOF is opposite to the elec-
tric field, E, while for the negatively charged nanopore, the EOF
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direction is parallel to E. Notably, in the case of a neutral pore,
an insignificant resultant water flux is observed due to the dif-
ference in diffusivity between K* and Cl~ ions. This difference
leads to a net flux of K* ions, which in turn drives a water flux
in the same direction as the K* ion movement. Given that the
electric field (E) is applied along the —z direction, the K* ions
move in the -z direction, resulting in a negative water flux. These
trends offer a simple but precise and tunable approach to adjust
the strength and direction of the EOF by varying the membrane
voltage under a given transmembrane bias. In order to explore
this further, we conducted additional simulations with higher
graphene carbon atom charges. Two independent simulations
were performed with carbon charges of +0.0012 and +0.0015
under transmembrane bias of -1V, and the average water flux
was estimated. The simulation results show that the water flux,
representing the strength of EOF, enhances with the increasing
nanopore charge magnitude (see Figure S1, Supporting Informa-
tion), demonstrating the potential for fine-tuning the graphene
carbon atom charge to optimize the strength of the EOF.

3.2. Protein Detection at the Single Amino Acid Level

The efficiency and potential impact of these proposed graphite-
based bio-mimetc nanopores is further emphasized in view of
protein detection at a single amino acid level. It is noteworthy that
the nanopore-based protein sequencing must address several key
challenges, including protein unfolding, controlled translocation
speed, and reliable detection of all 20 amino acids and their post-
translational modifications.!'""*>] The EOF exerts a hydrodynamic
drag that, which can be tuned together with the electric field in-
duced EPF drag in order to linearize (i.e., open or unfold the
3D structure of) translocating peptides and control the respective
translocation speed in view of protein detection and sequencing.
The role of the EOF in the translocation of biopolymers through
different types of biological and solid-state nanopores has been
analyzed in detail.??] In this study, we demonstrate the interplay
of this with the EPF and the respective potential to tune this with
a highly positively charged model polypeptide, N'-K,,(GGK),;-
C’, threaded through a positively charged graphite nanopore; see
Figure 5 for the schematic illustration of the nanopore setup for
protein detection considered in this work. Note that, by lower-
ing the pH below 3, the Asp and Glu residues become neutral.
Through this, a positively charged or at least neutrally charged
polypeptide chain can be achieved, without affecting the chem-
istry of the graphite nanopore. In this setup, the additional N-
terminal poly-lysine (K,,) tag is introduced to enable the translo-
cation. Specifically, due to its high charge it experiences a strong
EPF drag due to the transmembrane bias potential, thus driving
the target peptide (-(GGK),;—) through the nanopore along the
electric field. Simultaneously, the hydrodynamic drag, acting op-
posite to the EPF, due to the EOF provides a subtle molecular
friction on the peptide residues within the pore lumen, helping
to overcome the barriers associated with protein stretching and
facilitating the linearization of the protein inside the pore lumen.

MD simulations were performed with this setup, immersed
in a 1M KCI solution under a transmembrane voltage of —1V.
Throughout the simulation, the (GGK),, part of the protein chain
adheres to the surface of the graphite nanopore. Specifically, the
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Figure 5. The nanopore setup for protein detection considered in this
work. A voltage difference across the chambers induce an electric field
at the pore region, while another applied voltage can charge the 3D pore
material, as indicated by the two sources. A polypeptide chain with a se-
quence of N’-K,o(GGK),3-C’ is threaded half-way through the positively
charged nanopore, immersed in a 1M aqueous solution of KCI. The pep-
tide is shown using stick representation coloured according to the residue
type (lysine (K) is blue and glycine (G) is green) and the nanopore is shown
as a cut-away molecular surface in gray. K* and CI~ ions are shown in pur-
ple and yellow spheres, respectively. A transmembrane bias potential of
-1V is applied to induce EPF drag acting opposite to EOF, as indicated by
the arrows.

backbone carbonyl oxygen atoms form direct contacts to the pos-
itively charged graphite surface. However, the positively charged
lysine side chains do not form contacts with the membrane
due to the strong repulsive Coulombic interactions involved. For
the same reason, the high positively charged residues of the N-
terminal poly-lysine (K,,) tag, also do not form any contacts to the
positively charged nanopore surface. Instead, this poly-cationic
N-terminal remains fully solvated. In order to determine whether
the protein maintained its stretched conformation during the
non-equilibrium MD simulation with an applied electric field,
the distance between the C, atoms of K26 and K38 was mon-
itored throughout the simulation; see Figure 6A. Interestingly,
the time trace of the K26:C,---K38C, distance clearly indicates
that the part of the peptide inside the pore lumen maintained
a stretched conformation during the applied electric field sim-
ulation, as we anticipated. This trend clearly demonstrates that
the tug of war between the hydrodynamic drag and the EPF drag
on the peptide leads to the linearization of the unfolded peptide
inside the charged solid-state nanopore. This observation com-
pletely aligns with previous reports using a dynamic biological
CytK nanopore.[?] Furthermore, since this straightening phe-
nomenon is independent of the peptide sequence intended for
sequencing, a similar observation can be expected in the case of
real proteins.

The step-wise movement of peptide chains is vital for an effi-
cient protein read-out using nanopores. Extended pauses at spe-
cific positions enable longer ionic current measurements, en-
hancing the accuracy of pore content identification. Additionally,
controlled pausing during nanopore translocation can facilitate

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOWILIOD BAIFeR1D 3|ceo! dde au Aq peusenob a1e sajolfe YO '8SN J0 S3|Ni o4 A%eiq 1 UIIUO 43| UO (SUO 1 IPUOD-PUR-SWSH D" AB|IMA 1 1[RU1IUO//SANY) SUORIPUOD PUe SWB L 83 88S * [202/2T/70] U0 Arelqi auijuo A8 |Im ‘Ueydey umy Aq L#9.07202" [IWS/200T OT/10pALI00 43| im Afeiq i feuuo//sdny woly papeojumod ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

A

www.small-journal.com

45 L 1 1 L
E 40- K26:C ..K38:C, |
K35 S
(O]
K32 2 357 \’W [
8
.9 30 B
[a]
25 T 1 1 T
0 300 600 900 1200 1500
time (ns)
B 1 1 1 1
3.2 M L
G31 + K32 G33  G34 K35
< 37 i
S
— 2.8 -
2.6+ -
L] L] | L]
0 300 600 900 1200 1500
time (ns)

Figure 6. A. The stretching, i.e., linearization, of the peptide inside the pore lumen is monitored by the distance between the C, atoms of K26 and
K38 throughout the 1.5 us MD simulation. B. The time traces of the blockade current, presented as a running average computed in consecutive 100 ns
windows monitor the translocation of the K,,(GGK),; peptide through the pore. The blockade regions corresponding to the passage of specific residues
(residue name and index) are indicated by the arrows and the legends. The ionic current traces obtained from an independent repeat simulation of

peptide translocation is provided in Figure S6 (Supporting Information).

the determination of the peptide sequence from the ionic cur-
rent data. In view of these points, we monitored the transloca-
tion events of the peptide throughout the MD simulation un-
der the applied electric field and calculated the time traces of
the ionic current during translocation. Note that, the overwhelm-
ing EPF drag on EOF drives the peptide through the nanopore
along the direction of the transmembrane electric field E. Note
that we focus on the concept of the interplay between the EPF
and the EOF in the nanopore and not the exact quantification
of their relation, which can be handled more efficiently by us-
ing mean-field approaches involving the Poisson—Nernst-Planck
and/or the Smoluchowski-Poisson-Boltzmann equations.!?2¢]
In order to provide, though, with a rough quantitative estimate
of this interplay, we rely on the calculations of the the average
water and ions fluxes discussed above and are directly related to
the EOF and EPF, respectively. In order to neutralize, for exam-
ple, the EOF caused by an average water flux of 360 molecules/ns
in a positively charged pore, a flux of approximately 56 K* ions/ns
generating the EPF (moving in the opposite direction to 56 Cl~
ions/ns) is required. Accordingly, under a field strength of 1V, the
EPF needs to be roughly 17.5 % of the EOF in order to balance
the EOF and linearize the protein. In other words, 7 K* ions can
balance 40 water molecules per nanosecond.

The simulation shows that a total of five residues namely G31,
K32, G33, G34, and K35 of the peptide pass through the con-
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striction zone of the pore in 1.5 ps simulation time (refer to
Figure 6B). This corresponds to a translocation speed of roughly
0.15 msec for a short peptide of 500 amino-acids within the
uniform translocation time per residue approximation. The ex-
ceptional long residence time at the constriction zone for each
translocating residue, which is so far only achieved with biologi-
cal nanopores using DNA processing enzymes for DNA-protein
conjugates, 'l originates on the EOF-induced hydrodynamic
friction acting against the EPF drag in the positively charged
solid-state nanopores. Accordingly, the signal-to-noise ratio of the
nanopores is expected to be enhanced. In contrast, in the ab-
sence of the hydrodynamic friction induced by the EOF, the EPF-
guided translocation rate of the protein through 2D graphene
nanopores is substantially higher, blurring the ionic signatures
of individual amino acids in the protein.** Interestingly, our
nanopore setup enables the distinct identification of blockade
current profiles for the translocated lysine and glycine residues;
see Figure 6B. Figure 6B demonstrates that the current block-
ades and their duration are directly correlated to the excluded
volumes (steric sizes) of lysine and glycine residues. The steri-
cally bulkier lysine residue blocks more ionic flow compared to
the glycine residue, resulting in a larger drop in the blockade cur-
rent of lysine and at the same time, also longer blockade duration.
Thus, our study potentially paves the way to regulate the protein
translocation rate through nanopores by selectively utilizing the
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Figure 7. A. The sketch of a peptide threaded through the pore illustrating individual mutations to all proteinogenic 20 amino acids and a post-
translationally modified acetylated lysine (denoted as acK) at the position 32 as indicated in the figure. The structurally very similar Ser (S) and Cys
(C) residues, the structural isomers Leu (L) and lle (I) residues, and the post-translationally modified acetylated lysine (acK) residues are also high-
lighted in the figure. B. The superimposed average ionic current values obtained from the individual simulations performed for each of the 21 peptides
are summarized in this figure. At the far right, part of this current spectrum is zoomed in to reveal the differences at the sub-nA level. The errors in the

estimation are provided in Figure S2 (Supporting Information).

competition between the EPF and the EOF. This in turn strongly
enhances the efficiency in resolving proteins at the single amino
acid level. This figure highlights the differences in the calculated
blockades with respect to the type and the combination of amino
acids threading the constriction zone. In this sense, the transport
of only G reveals shallower blockades than the combination of K
and G. In this case, the presence of K decreases further the cur-
rent. These trends can guide further investigations to fine tune
the read-out.

In order to briefly address the influence of the EOF on the
translocation process we bring again in attention previous re-
ports on the generated electroosmotic flow in CytK biologi-
cal nanopores that induces the unidirectional transport of un-
structured natural polypeptides against a strong electrophoretic
force facilitating linearization of proteins and a unidirectional
translocation.[?®! These reports strongly highlight how the EOF
drag counteracts that of the EPF. We assess and confirm this
in our simulations by repeating the peptide translocation under
the same applied voltage of -1V, but remove the pore charges.
In this way, we technically switch off the EOF and observe that
16 amino acids passed through the nanopore constriction zone
within a 1.5 ps simulation period, implying a translocation speed
of 0.047 ms for 500 amino acids, which is significantly higher

Small 2024, 2407647

2407647 (9 of 13)

than that observed with a positively charged pore. This clearly
demonstrates the high importance of the EOF in controlling the
translocation process.

The feasibility of detecting and characterizing all 20 proteino-
genic amino acids has been previously reported by Oukhaled and
co-workers!(!®) using a wild-type aerolysin biological nanopore
and a short polycationic carrier. The solid-state charged graphite-
based bio-mimetic pore proposed here, is expected to show a sim-
ilar feasibility due to the controlled translocaiton and the pro-
longed capture of the individual residues at the pore constriction,
discussed above. We present evidence that our bio-mimicked
charged graphite nanopore can distinguish all 20 natural amino
acids in Figure 7. These amino acids are broadly classified as
electrically charged (namely K, R, D, E), hydrophobic aromatic
(namely W, F, Y), polar uncharged (namely H, Q, N, T, S, C), hy-
drophobic non-aromatic (namely L, I, V, G, A, P, M). We also con-
sider a posttranslationally modified acetylated lysine (acK) con-
sidered as a biomarker for cancer detection!®! to emphasize the
potential of the nanopore in identifying epigenetic markers. In
order to unravel the difference in the ionic signatures of all these
amino acids, a frame was chosen from the previous transloca-
tion simulation, in which the K32 residue was precisely located
at the pore constriction. All C, atoms of the protein were then
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restrained, allowing only the protein side chains to move. In this
way, it was ensured that the protein did not translocate during the
applied electric field simulation, but remained at the pore con-
striction enabling the recording of the respective ionic blockade
for the respective residue. The K32 residue was then mutated to
each individual amino acid and a MD simulation was performed
as implied in Figure 7A. Note that our amino acid identification
strategy provides a qualitative assessment of the detection poten-
tial of the charged graphite-based biomimetc nanopore.

The average blockade current recordings obtained from the in-
dividual simulations for all mutations, lie within a 1 nA range
and clearly show that the among 20 amino acids, G, S, A, K, C,
N, T, P, W, R, I, F, D and L produced distinct current blockade
signals; see Figure 7B. In contrast, the average blockade currents
of the remaining 6 peptides collected into two groups (Q, E, M,
H) and (V, Y) lie all in a range of 0.06 nA and could only be re-
solved with pA recordings. However, the average current block-
ade of these 6 amino acids were distinctly different from the rest.
Interestingly, our nanopore can differentiate between structurally
isomeric amino acids, namely leucine (L) and isoleucine (I), with
the same molecular mass, based on their blockade currents. Like-
wise, serine (S) and cysteine (C) with similar molecular masses
and volumes produce distinguishable blockade currents. It is im-
portant to note that these pairs of residues differ by only a few
atoms from each other. The differentiation in the ionic current
for each pair of residues arises purely from their steric volumes.
For example, the S, atom in the cysteine residue blocks ion flow
to a greater extent than the O, atom in the serine residue. Ad-
ditionally, in the strategy employed here, the residence time of
the residue at the nanopore is effectively infinite, as translocation
is halted. This allows for extended recording of the ionic current
traces, which increases the signal-to-noise ratio, enabling the dis-
tinction between these two structurally isomeric residues based
on their average ionic current. Note that this approach relies on
the specific structural and characteristics of all amino acids, their
isomers, and mutations and differs from other approaches that
focus on detecting the shape of entrapped peptides in the pore.[’]
However, glutamate (E) and glutamine (Q) produce nearly iden-
tical ionic current with this setup, pointing to a further tuning
of the setup. Importantly, the charged graphite nanopore con-
struction successfully detected subtle changes of around 0.3 nA
due to post-translational modifications, as evidenced by the dif-
ferent current blockades of natural lysine (K) and posttranslation-
ally modified lysine (acK). The zoomed-in window in Figure 7B
points to the use of recording equipment that can resolve pA cur-
rents, as in the case of biological nanopores. Note that in this
figure, the ionic current does not refer to the full configurational
space of each amino acid, since the backbone was restrained. In
order to resolve the whole spectrum of the ionic currents obtained
from all possible molecular configurations is not the scope of this
work and has been reported elsewhere.[6263]

3.3. Desalination of Seawater by Electrodialysis
Such exclusive ion-selective membranes also play a pivotal role in
the electrodialysis, which is an advanced desalination and purifi-

cation technique applied in drinking water production and indus-
trial wastewater reclamation.[®*%] This process utilizes an elec-
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Figure 8. Snapshots referring to the electrodialysis of salt water at the be-
ginning and the end of the process (see indicated times on the right). The
electrodialysis setup relies on alternating cation- and anion-conducting
graphite nanopores placed within two electrodes. The simulation box is
filled with a 0.48M NaCl electrolyte solution, closely mimicking seawater.
After applying an electric field, all ions are collected in the middle chamber
shown in the top panel. The color coding of the pore and the ions follows
that of Figure 2. The bottom panel depicts the number densities of the Na*
and CI~ ions along the pore’s axis (i.e., z-coordinate) at different stages of
the process, as described in the legend.

tric field to drive the separation of ions from sea water through
selectively permeable membranes, which are configured to allow
either cations or anions to pass through while blocking the op-
posite charge. The setup typically consists of alternating cation
and anion exchange membranes placed between two electrodes,
as illustrated in Figure 8. This is similar to the configuration used
in nanoscale ion pumps based on voltage-gated, ion-selective bi-
ological water channel aquaporins. These pumps are capable of
efficiently transporting ions from one solvent chamber to another
against their chemical gradient, in response to an alternating
electric field.[”]

A previous study by Chen and co-workers emphasized
the feasibility of charged graphite nanopores in seawater
desalination.?®] In this work, authors reported that the graphite-
based nanopores with surface charge densities ranging from —
0.09 to -0.12 C m™2, diameters less than 3.5 nm, and mem-
brane thicknesses of 8-10 graphene layers demonstrate optimal
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performance in ion selectivity. Our proposed bio-inspired
nanopore constructions, with a much lower surface charge den-
sity of 0.006 C m~2, differentiating from previous approaches (see
Table S1, Supporting Information, for a list of technical charac-
teristics of comparable studies).

In the following, we assess the potential of such nanopore
constructions also in the desalination process. For this, we car-
ried out MD simulations to model the electrodialysis process for
0.48M NacCl solution, closely mimicking the salt concentration
in the seawater. When an electric field is turned on, we observed
that the negatively charged cation-conducting pore collects Na*
ions, while the positively charged anion-conducting pore collects
Cl™ ions, trapping them in the middle chamber between the two
ion-selective membranes shown in Figure 8. The ion distribu-
tion along the pore’s axis (z-axis) at various stages of the sim-
ulation shows the accumulation of ions in the middle chamber
during the electrodialysis process and subsequently the depletion
of ions concentration from the cathode and anode chambers; see
the bottom panel in Figure 8. Interestingly, the ion number densi-
ties in the middle chamber converge after 100 ns, indicating that
nearly all ions are concentrated in the middle chamber within
this time frame. These results are successfully reproduced in two
additional simulations; see Figure S4 (Supporting Information).
This strongly demonstrates a highly efficient desalination of salt
water and the production of fresh water in the cathode and anode
chambers. Thus, we achieve nearly complete ion rejection using
charged biomimetic graphite nanopores with a pore area of 3.8
nm? (1.5 nm? at the pore constriction zone) and a surface charge
density of 0.006 C m~2 through electrodialysis. For a comparison
of the efficiency, previous studies demonstrated that MoS, mem-
branes, with pore areas between 0.2 and 0.6 nm?, rejected 88%
of ions through reverse osmosis which is another widely used
water desalination method.[%®] It is worth noting that in the elec-
trodialysis, it is the charge of the pore that drives the salt sepa-
ration from the electrolyte solution. Technically, this differs from
the reverse osmosis process. In the process of reverse osmosis,
the effectiveness of salt rejection and water permeation is signif-
icantly influenced by the diameter of the pores and the chemical
properties of the pore surfaces.[®®! These dependencies on pore
size and chemistry do not apply to electrodialysis.

The narrow channel constriction, which acts as the reading
head, is crucial for nanopore sequencing technology; however, it
is not essential for ion selectivity or ion separation studies. This
study elucidated that the exclusive ion selectivity originates from
the surface charge of the nanopore lumen (Coulomb blockade).
Therefore, we conducted an additional MD simulation of a pos-
itively charged nanopore without the narrow channel constric-
tion; see Figure S3 (Supporting Information). As anticipated, the
nanopore without the constriction also exhibits similar ion se-
lectivity, as indicated by the average ion density inside the pore
lumen. Actually, the pore without the constriction shows signifi-
cantly higher water flux compared to the pore with constriction,
which could lead to more efficient ion separation.

3.4. lon Separation Under Salinity Gradients
Relying on the reverse process of electrodialysis, these charged

nanopore constructions can also serve as gate-all-around
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nanopores, making them particularly well-suited for harness-
ing renewable energy from salinity gradients, widely known as
blue energy generation.[®*7% Recent reports show that highly
ion-selective nanopores with a gate voltage significantly increase
the energy conversion efficiency under a salinity gradient.’!) It
is also shown that spending minimal energy due to the gate
voltage does not impair the power generation efficiency, rather
the osmotic power generation is greatly enhanced through the
field-strengthened perm-/selectivity.l*"] In a typical reverse elec-
trodialysis setup, seawater and freshwater are alternately passed
through a stack of ion-exchange membranes. Due to the concen-
tration gradient, the ions naturally move from seawater to fresh-
water. This ion movement creates an electric potential difference
across the membranes, which in turn generates an electric cur-
rent. In this work, we modeled the reverse electrodialysis process
to showcase the potential of charged graphite-based biomimetic
nanopores, revealing their capability to separate ions and possi-
bly generate blue energy. For this, we used the same nanopore
setup as in Figure 8. We initiated the simulations using the final
configuration of that setup, where the saltwater was placed in the
mid-chamber and the freshwater was separated, as depicted in
Figure 9.

We begin the simulation with initial concentrations as shown
in Figure 9, without applying any transmembrane voltage. Within
20 ns, we could successfully observe the ion separation and their
accumulation in different channels (refer to Figure 9 at the time
20 ns). Specifically, under solely the salinity gradient, the cations
are transported by the negatively-charged (cation conducting)
pore to the far right chamber. Similarly, the anions are trans-
ported by the positively-charged (anion conducting) pore to the
far left chamber. The corresponding accumulation of cations and
anions in the terminal chambers, along with their depletion in
the middle chamber, is illustrated in the bottom panel of Figure 9,
showing number densities at the start (0 ns) and end (20 ns) of
the simulation. Note that within 20 ns, approximately 15% of the
ions have been transported. These results have been successfully
reproduced in two additional simulations; see Figure S5 (Sup-
porting Information). This transport rate can be efficiently ad-
justed by tuning the charging of the graphite nanopores. In fact,
different absolute values of nanopore charges can potentially also
induce different transport rates among the cations and the an-
ions. These findings clearly demonstrate the potential of charged
graphite-based bio-mimetic nanopores for harnessing renewable
energy from salinity gradients, thus extending the use of these
nanopores beyond bio-sensing, also in the field blue energy gen-
eration.

4, Conclusion

Bio-mimetic graphite-based nanopores with small constrictions
are proposed and modelled in this present study with the aim
to provide proof-of-principles of their high potential in diverse
applications. Our comprehensive MD investigations reveal that
the charge state of these nanopores renders them completely
ion-selective, producing substantial EOF. We have demonstrated
that the interplay of EPF and EOF facilitates the linearization of
unfolded proteins and modulates the protein translocation dy-
namics through the nanopore, greatly enhancing the accuracy of
protein detection at the single amino acid level. These findings
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Figure 9. Top-panels. Two snapshots representing the reverse electrodial-
ysis process, which involves separating cations and anions under salin-
ity gradients without applying transmembrane voltage, are shown in the
figure. An additional single-layer graphene sheet, which acts as a separa-
tor between the catholyte and anolyte, is not depicted in the figure. Na‘*
and Cl~ ions are shown in purple and yellow spheres, respectively. Bottom
panel. The number densities of cations and anions along the z-axis at the
beginning and the end of the simulation as denoted in the legend.

provide pathways to further optimize the transport and detec-
tion processes. For example, the residence time of each amino
acid can be increase by a selective tuning of the interplay of the
EPF and EOF in order to better resolve the respective protein seg-
ment and enhance the signal-to-noise ratio. This study showcases
the remarkable capability of these graphite nanopores in identify-
ing all 20 proteinogenic amino acids and their post-translational
modifications, highlighting the high sensitivity of the nanopore
constriction, and are expected to be applicable to real pro-
teins. Furthermore, we explored the significant potential of these
charged bio-mimetic solid-state nanopores in seawater desalina-
tion, leveraging their complete ion-selectivity. Our electrodialy-
sis study shows the efficient production of fresh water from sea-
water at a high rate. Conversely, by reversing the electrodialysis
process and harnessing only the salinity gradient (without apply-
ing a transmembrane electric field), these charged nanopores can
separate cations from anions, providing a platform for renew-
able energy solutions. These selected examples clearly provide a
proof-of-principles of the robust nano/biotechnological potential
of graphite-based bio-mimetic pores. We do claim here the high
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potential of this novel type of pores that shows promise in effi-
ciently utilizing the interplay of the well known EOF and the EPF
concepts for various applications. However, further detailed ex-
ploration is needed to fully substantiate these findings, while ex-
perimentation should verify and further develop the potential un-
wound here. Within this context, we anticipate that biomimetic
graphitic nanopores can be synthesized using—and possibly fur-
ther developing—common synthesis techniques like carbon de-
position methods combined with electron-beam drilling or elec-
trochemical reaction processes.
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