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ABSTRACT
Electro-osmotic flow (EOF) is a phenomenon where fluid motion occurs in porous materials or micro/nano-channels when an external elec-
tric field is applied. In the particular example of single-molecule electrophoresis using single nanopores, the role of EOF on the translocation
velocity of the analyte molecule through the nanopore is not fully understood. The complexity arises from a combination of effects from
hydrodynamics in restricted environments, electrostatics emanating from charge decorations and geometry of the pores. We address this
fundamental issue using the Poisson–Nernst–Planck and Navier–Stokes (PNP–NS) equations for cylindrical solid-state nanopores and three
representative protein nanopores (α-hemolysin, MspA, and CsgG). We present the velocity profiles inside the nanopores as a function of
charge decoration and geometry of the pore and applied electric field. We report several unexpected results: (a) The apparent charges of the
protein nanopores are different from their net charge and the surface charge of the whole protein geometry, and the net charge of inner sur-
face is consistent with the apparent charge. (b) The fluid velocity depends non-monotonically on voltage. The three protein nanopores exhibit
unique EOF and velocity–voltage relations, which cannot be simply deduced from their net charge. Furthermore, effective point mutations
can significantly change both the direction and the magnitude of EOF. The present computational analysis offers an opportunity to further
understand the origins of the speed of transport of charged macromolecules in restricted space and to design desirable nanopores for tuning
the speed of macromolecules through nanopores.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0185574

I. INTRODUCTION

Movement of charged macromolecules under confinement
in the presence of externally applied electric fields is an extremely
important phenomenon in the general context of single-molecule
direct sequencing of biological polymers using electrophore-
sis through nanopores as well as in many biologically relevant
situations.1–4 In the technique of single-molecule electrophoresis
using a single nanopore, ionic current is measured and its modu-
lations during the translocation of a particular molecule are used
to characterize the molecule in terms of its chemical sequence, size,
contour length, etc. Over the past several decades, consider-
able achievements have been made in designing the nanopores
to improve sequencing accuracy, fabrication of solid-state
nanopores,5–7 and the synthetic/mutation of protein nanopores,8
along with a significant molecular understanding of transloca-
tion of charged macromolecules through a nanopore.9 In spite
of these advances, the role of hydrodynamics in the ubiquitous

phenomenon of movement of charged macromolecule under
confinement is not yet adequately addressed.

The nanopore provides confined space as small as a few
nanometers in radius, the inhomogeneous charge distribution, and
the chemical group modification. When these factors are combined
within the confinement system, nanofluidic systems inherently dis-
play nonuniform characteristics. Meanwhile, an electro-osmotic
flow (EOF) arises when the electric field acts on such an inhomoge-
neous system.10–13 The fundamental origin of EOF is the interaction
between the electric field and the charged species present in the elec-
tric double layer, which forms a layer of net charge near a charged
surface. The ions will move under the external electric field and they
drag the surrounding fluid with them, resulting in flow. In recent
years, numerous studies have emphasized the significant influence
of EOF on translocation processes.14,15 In light of this, compre-
hending the behavior of EOF within nanoconfinement is crucial
for the design of nanopore sequencing devices aimed at improving
accuracy.
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Due to these considerations, there has been a growing focus on
nanofluids in the confinement.16 A lot of studies have been made
to reveal the effect of geometry and charge on EOF. For example,
earlier experimental studies provided the first direct measurements
of the force from EOF acting on DNA molecules during translo-
cation through a solid-state nanopore.14,17 Currently, researchers
are capable of devising electro-osmotic traps to investigate the
kinetic characteristics of biomacromolecules based on the aforemen-
tioned principles.18 To promote the capture and analysis of folded
proteins, it is even possible to create EOF by engineering the sur-
face charge of protein nanopores.19 Analytical methods precisely
predicted the size of the capturing region20,21 and translocation
time as a function of salt concentration in bulk solution when
the polymer translocated through a cylindrical nanopore.22 Of the
existing techniques, all-atom molecular dynamics (MD) simulations
are the most directly capable of tracing water molecules in EOF.23

Studies from Aksimentiev’s group have shown that EOF produced
by the high negative charge of the DNA channel’s walls governs
the transport of charged solutes, which can significantly improve
translocation efficiency.24 Results from Chinappi’s group show that
changes in solution pH significantly affect ionic and electro-osmotic
flows through the α-hemolysin nanopore,25 and lower pH gives rise
to an intense EOF.

Due to the protein’s soft surface, thousands of amino acids
with charges, and an irregular shape,26–28 studies on EOF in protein
nanopores are still challenging. The principal obstacle lies in the dif-
ficulty of experimentally detecting EOF within protein nanopores.29

Additionally, performing all-atom simulations for extensive systems
remains a time-consuming undertaking, even with the availability of
several accelerators.30 The numerical method based on the finite ele-
ment method provides an effective approach to solving this problem,
which can give precise solutions for handling complex and irreg-
ular boundaries.31,32 Nevertheless, despite these significant efforts
to grasp the influence of EOF on translocation, a comprehensive
understanding of EOF remains elusive. For example, considering
the complexity of the protein nanopore, whether the classical EOF
models (like cylindrical nanopores) can be applicable is unknown.
There is a lack of systematic work that compares these models
within the context of protein nanopores. Furthermore, it is crucial
to investigate the differences in EOF behavior among typical protein
nanopores.

The focus of the present paper is to compute EOF for several
protein nanopores in the context of single-molecule electrophore-
sis. We have performed a series of numerical studies based on
Poisson–Nernst–Planck and Navier–Stokes (PNP–NS) equations.
By starting from the solid-state nanopore with cylindrical geome-
try to examine EOF properties, our investigations encompass the
influences of surface charge and radius of the nanopore, the applied
voltage between the trans and cis sides, and salt concentration in the
bulk solution. Furthermore, we conduct a systematic comparison
of EOF in three typical protein nanopores: α-hemolysin (α-HL),26

Mycobacterium smegmatis porin A (MspA),27 and curli transport
lipoprotein (CsgG).28 We provide detailed depictions of EOF flow
velocity distributions in the protein nanopores (wild-type), which
reveal a significantly nonhomogeneous distribution. Through our
comparative study, we observe that both nanopores α-HL and
MspA apparently exhibit negatively charged nanopores. While CsgG
behaves more like a positively charged nanopore. These “apparent

charge” properties are consistent with the net charges of inner sur-
faces of the protein nanopore. We discuss the influence of mutations
on EOF by taking MspA as an example. We show that some effec-
tive point mutations can significantly change both the direction and
the magnitude of EOF. These findings hold significant implications,
serving as valuable reference points and guiding principles for the
future design of novel nanopore systems.

II. METHOD
A. Theoretical expressions

The nanopore system includes the charged nanopore, elec-
trolyte solution with free ions and water molecules, and the external
electric field between the trans and cis sides. In order to get the
velocity distribution, our complete system is described by a series of
coupled partial differential equations: Poisson–Nernst–Planck equa-
tions for the electrostatic field and ion distributions33–36 and the
Navier–Stokes equation for fluid flow.9

The electrostatic potential (Φ) of the nanopore is a combina-
tion of the applied potential, charges in the nanopore, and ions in
the solution, which it is done by self-consistently solving the Poisson
equation:

∇ ⋅ [ε0ε(r)∇Φ(r)] = −[ρpore(r) + ρion(r)]. (1)

Here, the vector r refers to any spatial position in the system. ε0 is the
vacuum permittivity (8.854 × 1012 F m−1), ε is the relative permittiv-
ity, we use ε = 78 and 20, respectively, for water reservoir and protein
nanopore.31 ρpore(r) is the charge density of the solid-state/protein
nanopore, which (for protein pores) was calculated from the all-
atom Protein Data Bank (PDB) coordinates by Eq. (9) given below.
The charge density of mobile ions in the system is given by

ρion(r) = ecnet(r) = e�
i

zici(r), (2)

where e, zi, and ci(r) are, respectively, the electronic charge, the
valency of the ion, and the number density of the ion. cnet(r) is the
concentration of net charge.

The ionic flux of each i-th ion J i(r) is expressed by the
Nernst–Planck equation:

J i(r) = −Di�∇ci(r) + zici(r)
kBT

∇Φ(r)�, (3)

where Di is the diffusion coefficient of ions. kBT is the Boltzmann
constant times desired temperature. In our calculation, DK+ = 1.96× 10−9 m2�s and DCl− = 2.032 × 10−9 m2�s.31,37 For the steady state,
we have

@ci(r, t)
@t

= −∇ ⋅ J i(r) = 0. (4)

The time dependence of the velocity of fluid flow (v) is
obtained by the Navier–Stokes equation:

ω0
@v(r, t)

@t
+ v ⋅ ∇v(r, t) − η∇2v(r, t) +∇p(r, t) = F(r, t), (5)

where p(r, t) is the local pressure field, ω0 is the mass density of the
fluid, and η is the shear viscosity of the fluid, we use η = 8.904 × 10−4

Pa ⋅ s for water.31 F(r, t) is an external force.
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As the practical system lies in the weak velocity fields and con-
siders the steady state condition, the first two terms on the left-hand
side of the above equation may be ignored to give38

− η∇2v(r) +∇p(r) = F(r). (6)

Based on the assumption that the fluid is incompressible∇ ⋅ v(r) = 0
and thus the pressure field in Eq. (6) can be eliminated, we get the
Navier–Stokes equation for the creeping flow:

− η∇2v(r) = ρion(r)E(r), (7)

where ρion(r)E(r) = F(r). E(r) is the electric field of the nanopore
working on the ions at position r (inside the nanopore), and the
electric field is the gradient of the electric potential E(r) = −∇Φ(r).
B. Geometry and charge distribution of the model

The above partial differential equations are solved by finite ele-
ment solver COMSOL Multiphysics (v5.4, COMSOL Inc., Burling-
ton, MA, USA), and the basic calculation framework follows the
method from the work of Willems et al.31 Both the solid-state and
protein nanopores have a high degree of radial symmetry structures.
Setting up the whole system as a 2D-axisymmetric model can sig-
nificantly save computing time.39 The whole system is schematically
shown in Fig. 1(a). It consists of a hemispherical electrolyte reser-
voir with a radius (R) of 200 nm. A flat wall (corresponding to the

membrane carrying the nanopore) that separates the cis and trans
chambers is placed in the middle. The nanopore is then placed at the
center. The thickness of this wall is 10 nm for solid-state nanopores
and 2.74 nm for the lipid bilayer in protein nanopore assemblies. The
thickness of the lipid bilayer we used is estimated from the all-atomic
coordinates of the phosphatidylcholine lipids, where the coordinates
(DDPC) are provided by CHARMM-GUI.40 This number is also
consistent with the calculation from the input (2.8 nm) presented
in the work of Willems et al.31 The lipid bilayer we considered in
this work is charge neutral and long enough so that its thickness has
little effect on the results of the calculations.

In order to realize 2D-axisymmetric calculations, we need to
make the reduction of the three-dimensional geometry and charge
distribution to two dimensions. For the cylindrical nanopore, the
geometry has already been constructed by the flat region with a
nanopore in the center. Uniformly distributed charges have been
assigned to the columnar surface (the blue line in the first column of
Fig. 1(b)). For the protein nanopores, we get the geometry through
the atomic density map [Eq. (8)] and charge density in a pseudo-3D
space through the atomic partial charges [Eq. (9)].

We computed the three-dimensional atomic density maps
from the all-atom coordinates of the protein nanopores, which the
structures were from Protein Data Bank (PDB)41 with the entry
IDs are 7AHL, 1UUN, and 4UV3 respectively for α-HL, MspA,
and CsgG. We used PBD2PQR42 and the web server43 to add the
missing hydrogen atoms and used PROPKA44,45 method to assign

FIG. 1. (a) Representative schematic of the calculation system: the 2D-axisymmetric geometry of α-HL assembled with either a solid layer or a lipid bilayer and surrounded
by a spherical water reservoir (light green). (b) The 2D-axisymmetric geometries studied in this work, and the boundaries of protein nanopores denote the contour lines
corresponding to 25% atomic density in their density maps (Fig. S1). (c) The charge density in three-dimensional space of the three protein nanopores, which is calculated
by ρpore(r , z)�2πr . The detailed expression is given in Eq. (9). The short dash and solid lines are respectively the 4% and 25% protein atomic density. The inner-surface
area is shown in red, and the criterion values of r and z are as follows: α-HL: r � 1.36 and z � 0, r < 2.26 and z > 0; MspA: r � 2 and z � −2, r < 2.5 and z > −2; CsgG: r� 2.37 nm.
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protonation states at pH = 7. The mapping of the 2D density map
from three-dimensional spaces is assigned to 0.5 Å resolution grid
using the Gaussian function:46

c̃pore = 1 −�
i
�1 − exp�− d2

i(σrvdW,i)2 ��, (8)

where c̃pore refers to the normalized number density of the atoms
in the space, for which the reference value is 1 for each grid. For
each atom i, rvdW,i is the van der Waals radius, and σ = 0.93 is a
width factor. di = [(x − xi)2 + (y − yi)2 + (z − zi)2]1�2 is the distance
of grid coordinates (x, y, z) from the target atom center (xi, yi, zi).
The resulting three-dimensional density map was then radially aver-
aged along the z-axis, relative to the center of the nanopore to obtain
a 2D-axisymmetric density map. The 2D-axisymmetric density map
results (r-z axis) of the three nanopores are shown in Fig. S1, and
the contour line at 25% density was used as the boundary of the
nanopore geometry [Fig. 1(c) and S1].

The partial charges of nanopores at atomic level are also
obtained by PBD2PQR,42,43 and the force field is CHARMM.47 We
also check the output of PQR results by selecting other force field
in the web server, like AMBER,48 the partial charges are the same.
Thus, the output of force field from the standard web server does
not influence the results in this work. We should note that this is
the output of the server. If we use other methods to get the partial
charge in different force fields like “gmx pdb2gmx” in GROMACS,
the partial charges of the force fields CHARMM and AMBER may
differ. The charge distribution of the nanopore at specific points in
two-dimensional space ρpore(r, z) is calculated by31,49

ρpore(r, z) =�
i

eδi

π�σ′rvdW,i�2 exp
������−
(r − ri)2 + (z − zi)2

�σ′rvdW,i�2

������, (9)

where δi is the partial charge in the three-dimensional space
(xi, yi, zi), which contributes δi�(2πri) in two-dimensional space
ri = (x2

i + y2
i )1�2. σ′ = 0.5 is used for the calculation and the grid res-

olution is 0.1 Å. A Gaussian distribution of the space charge density
of each atom i around its respective 2D-axisymmetric coordinates is
considered in Eq. (9). The van der Waals radius and partial charge of
each atom are obtained by PBD2PQR42 by inputting the PDB file of
each protein nanopore. The results of the charge density in the above
calculation are the results of charge density in three-dimensional
space mapping to two-dimensional space. Within COMSOL
Multiphysics, the data of ρpore(r, z) are imported as a 2D linear
interpolation function and converted into a pseudo-3D volumetric
charge density through ρpore(r, z)�2πr as shown in Fig. 1(c).

C. Boundary conditions
The boundary conditions of the whole system are broadly

divided into two classes: the boundary of the reservoir; the nanopore
and the flat (lipid) membrane. The schematic is illustrated in
Fig. 1(a). The potential of the cis side is grounded (Φcis = 0) and
a fixed bias potential Φtrans was applied along the trans edge. The
salt concentrations (monovalent cations and anions in this study) at
these two boundaries are fixed as c+ = c− = cbulk. The flow is enabled
by the “no normal stress” condition. The surface of flat or lipid
bilayer and edges of the nanopore are treated with no-flux (J i = 0)

and no-slip (v = 0) conditions, which means that ions and water
molecules cannot pass through the membrane and that the fluid
velocity v is zero.

D. Limitations
Even though a full three-dimensional model is preferable,

which requires substantial computational demands, we use only
2D-axisymmetric approach. This is based on the assumption that
both the geometry and charge distribution are almost radially
symmetric. Although there are a few localized asymmetries for
the three protein nanopores in this work, we expect that their
consequences are only minor. Since the applied voltages in the
experiments are small, we ignore the nonlinear terms in velocity
in accounting for hydrodynamics. Furthermore, we have ignored
the concentration dependencies of ion diffusion coefficients, elec-
trophoretic mobilities, electrolyte viscosity, density, and relative
permittivity.31

III. SOLID-STATE NANOPORES
WITH CYLINDRICAL GEOMETRY

Solid-state nanopores are tiny holes, typically with a radius
ranging from 1 to 10 nm, fabricated in thin insulating membranes.
For the applications of translocation, the solid-state nanopore is
robust and highly customizable, and the size, shape, and surface
properties can be precisely controlled during fabrication. In most
cases, the solid-state nanopore has cylindrical geometry as shown
in Fig. 2(a).50 The velocity of EOF within this cylindrical geome-
try is a classical problem with analytical solutions.20 From Eq. (7),
the velocity of EOF v(r) is directly determined by the net local
charge concentration ρion(r) and electric field E(r). In this section,
our primary focus lies on examining the determinants of ρion(r)
and E(r), and consequently EOF. This includes the charge density
of the nanopore’s inner surface, applied voltage, ion concentration
in the bulk solution, and the nanopore’s radius. After establish-
ing the validity of the present numerical scheme for this classical
problem, we will compute EOF for the more complex protein
nanopores.

We investigate the impact of charge density σ on the inner sur-
face of the nanopore by assigning different charge densities (−0.624,
0, 0.062, 0.312, and 0.624 e/nm2) while keeping other parameters
constant. In our setup, the direction of the external electric field
is from negative to positive along the z-axis direction. The veloc-
ity distributions in two dimensions for the positively and negatively
charged nanopore are presented in Figs. 2(b) and 2(c), respectively.
A positively charged nanopore causes EOF in the opposite direc-
tion to the electric field, while a negatively charged nanopore results
in EOF in the same direction as the electric field. For cylindrical
nanopores, the velocity of EOF v well inside the pore is essentially
the same at a given radial position r, except near the entrance of the
trans and cis sides. Taking the radial direction at z = 0 for exam-
ple [Fig. 2(d)], the magnitude of v increases nonlinearly from the
nanopore wall (r = ±2 nm) toward the center (r = 0 nm) and tends to
plateau near the center. At any specific radial position r, v increases
with surface charge density. This nonlinear velocity profile is due
to the presence of an electrical double layer, which is caused by the
attraction of counterions near the charged surface. The length scale
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FIG. 2. (a) Schematic of solid-state nanopore with a cylindrical geometry, r0 is the radius and L = 10 nm is the length of the nanopore. (b), (c) Velocities of EOF in r-z plane
for positively (0.624 e/nm2) and negatively (−0.624 e/nm2) charged nanopores. (d) Velocity v of the radial direction at z = 0. (e), (f) Net charge concentration cnet along r-axis
and z-axis, the legends are the same as shown in (e). (g) Velocity v as a function of net charge concentration cnet.

of this double layer can be estimated by the Debye length.51 From the
results of the cation/anion and net charge concentration cnet = ρion�e
in Figs. 2(e) and 2(f), and Figs. S2(a) and S2(b), the higher charge
density of the wall surface will attract more counterions, and leads
to the higher values of cnet. The average electric field from the trans
side to the cis side is the same for the given applied voltage, although
there is a little difference locally at different z positions [Figs. S2(c)
and S2(d)]. Therefore, EOF is highly affected by cnet in addition to
the electric field according to Eq. (7). Furthermore, we find that the
relationship between v and cnet is linear for a given applied voltage
[Fig. 2(g)].

Translocation behavior is significantly influenced by the
applied voltage, denoted as Φtrans. Consequently, understanding the
relationship between the velocity of EOF v, and the applied voltage
is imperative. In Fig. 3(a), we plot the radial velocity distribution
of EOF at z = 0, with a surface charge density of 0.624 e/nm2. In
general, similar to our previous observations, v exhibits a nonlin-
ear increase from the nanopore wall toward its center and ascends
with an increase in Φtrans. Notably, when Φtrans equals 3.5 V, v ini-
tially grows nonlinearly but subsequently diminishes, which exhibits
a “W” shape. This behavior is linked to the observation that the
strength of the electric field escalates with an increase in applied
voltage [Figs. S3(a) and S3(b)]. The non-monotonicity of v is caused
by the net charge concentration cnet according to Eq. (7). The cal-
culated results given in Figs. 3(b) and 3(c) and Figs. S3(c) and S3(d)
show that as the applied voltage increases, cnet changes from nega-
tive to positive (wall to center) for Φtrans = 3.5 V. This shift in cnet’s
sign implies the emergence of localized velocities that oppose the
primary solvent motion direction, leading to a reduced flow velocity.

A deeper analysis of computed results reveals that ion distribu-
tion within the nanopore predominantly results from the competi-
tion between the charge density of the nanopore and the longitudinal
electric field [Figs. 3(d) and 3(e)]. In the case of a positively charged
pore wall, for example, when the attracting force provided by the
wall is greater than the force from the electric field [Fig. 3(d)], more
anions accumulate near the interface.52,53 As a result, the fluid veloc-
ity contribution arising from the interfacial charge dominates over
the electrophoretic contribution at the central axis of the pore. On
the other hand, if the electric field is too strong, cnet at the inte-
rior of the pore can change its sign, as shown in Figs. 3(b) and 3(c).
This in turn creates a velocity opposing the velocity field generated
by the charged interface. This is schematically shown in Fig. 3(e).
It is essential to highlight that our study’s voltage range aligns
with experimental conditions. Therefore, scenarios involving much
higher voltages that could induce turbulence are not addressed.
Building on this foundation, the dependency of averaged v̄ on the
averaged electric field Ē about various surface charge densities σ is
plotted in Fig. 3(f). At lower σ (like σ = 0.062 and ±0.624 e/nm2), the
relationship between v̄ and Ē is nonlinear. For weak electric fields,
v̄ is directly proportional to the applied electric field as expected.
However, as the applied electric field becomes progressively
stronger, at a given surface charge density, the above-mentioned
local velocity reversal becomes significant, resulting in a retardation
effect on the net EOF velocity. In fact, this retardation effect can
become so strong at even higher electric fields that the nonlinear
behavior can exhibit non-monotonicity. By further increasing the
applied voltage, the direction of EOF becomes the same as the elec-
tric field direction, which in turn leads to increased localized flow
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FIG. 3. (a) EOF velocity v in the radial direction at z = 0, the legend is the same as for (b) and (c). (b), (c) Net charge concentration cnet along r-axis and z-axis, the short
dashed lines refer to the region of the solid-state nanopore. cnet = cK+ − cCl−, cK+ and cCl− are, respectively, the concentration of K+ and Cl−. Schematics of the electric
forces acting on ions and distribution of ions in the nanopores with (d) lower and (e) higher applied voltages, where fwall−chr and fE , respectively, refer to the forces of the
charged wall of the nanopore and the electric field. Relationship between velocity v̄ and electric field Ē averaged over the radial direction at z = 0, for (f) different charge
densities σ and (g) radius of nanopores r0.

instability. The deviation from the linear law becomes weaker as
the surface charge density is increased, as shown by the green data
in Fig. 3(f). As an example, for a larger surface charge density of
σ = 3.121 e/nm2, a direct linear correlation between v̄ and Ē is
observed. In short, the steeper slope observed in the linear range
indicates a higher σ. This elevated σ also results in a reduced prob-
ability of encountering a retarded EOF at higher applied voltages
(electric fields), indicating a strong resistance to applied electric
fields.

Expanding on the previous discussion, we consider the influ-
ences of the ion concentration in the bulk solution (cbulk) and the
nanopore’s radius r0 on velocity (Fig. S4). The representative rela-
tionship between v̄ and Ē with various values of r0 is shown in
Fig. 3(g). Since the charge density of the nanopore has been fixed,
we find that the slopes of v̄ and Ē do not vary much in the linear
region. However, the system with a large radius (r0 = 4 nm) shows
non-monotonicity earlier with increasing Ē, which exhibits a weaker
resistance to applied electric fields. For the scenario that the ion

concentration (cbulk = 1 M) or the radius (r0 = 4 nm) is large, the
radial distributions of v at z = 0 also show a “W” shape. The reason
is that the net charge is 0 near the center (r = 0 nm) as shown in
[Figs. S4(b) and S4(e)]. Although there is no reverse net charge,
it does not cause reverse flow. The physical significance of this
is that when the net charge becomes 0, the local driving force
becomes 0 and it causes a localized weakening of the velocity. We
should note that in the real situation the surface charge cannot
be perfectly uniformly distributed, which can affect the property
of EOF.

IV. PROTEIN NANOPORES
Unlike solid-state nanopores, protein nanopores possess com-

plicated structures and nonuniform space charge distribution. These
characteristics play a key role in the complicated nature of EOF
within protein nanopores. In this section, we aim to generalize
the EOF properties of three protein nanopores (wild-type), α-HL,
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MspA, and CsgG, by applying the results of cylindrical nanopores.
Moreover, taking MspA as an example, we discuss the influence of
the mutation on EOF.

Given the experimental conditions, our discussion is focused
on the results of the following conditions: The applied voltage is
0.12 V and the salt concentration in bulk solution is 1 M. The veloc-
ity distributions in two dimensions for α-HL, MspA, and CsgG are
presented in Figs. 4(a), 4(d), and 4(g), respectively. In these fig-
ures, red and blue colors correspond to positive and negative fluid
flows within the protein nanopores. The velocities of EOF v inside
all three nanopores exhibit nonhomogeneous distributions. For

α-HL, a slightly uneven flow, characterized by regions of heightened
flow intensity [Fig. 4(a)], is seen. MspA displays a more concentrated
flow, particularly at the constriction point (id: D91) as shown in
Fig. 4(d), while CsgG exhibits a mixed flow pattern, including local-
ized reverse flow near the cis entrance. Comparing the results for the
cylinder in Sec. III, in general, we find that α-HL and MspA have a
positive direction of v. The behavior of their fluids is closer to the
negatively charged cylindrical nanopores. It implies that they pre-
vent the capture of the object from being translocated. Whereas, the
v direction in CsgG is negative and therefore closer to a positively
charged cylindrical nanopore. Interestingly, the “apparent charges”

FIG. 4. Velocities of EOF in r-z plane, comparison of velocities in wild-type (WT) and charge neutral proteins, and velocities in protein nanopores under different applied
voltages for (a)–(c) α-HL, (d)–(f) MspA, and (g)–(i) CsgG. (j) Comparison of velocities in the three protein nanopores, v at r = 0. (k) Change of the averaged velocities
between WT v̄WT and neutral proteins v̄neutral. (l) Relationship between velocity v̄ and electric field Ē averaged over the vertical direction at r = 0, σapparent refers to the
“apparent charge density” of protein nanopores.
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of these proteins, as inferred from the fluid direction, neither align
with their net charges (α-HL: +7 e; MspA: −88 e; CsgG: −9 e) nor
the surface charge of the whole protein geometry (α-HL: +9.53 e;
MspA: −14.01 e; CsgG: −6.98 e). However, the net charge of the
inner surface is −0.33, −2.05, and +1.76 e, respectively, for α-HL,
MspA, and CsgG, which is consistent with the “apparent charges.” A
comparison of v of the three protein nanopores at the longitudinal
direction (r = 0 nm) is shown in Fig. 4(j), and all of them have a peak
flow velocity at the constriction position, e.g., α-HL at z = 0.29 nm
(id: M113), MspA at z = −3.58 nm (id: D91), CsgG at z = 0.23 nm
(id: N55 and F56), where the gradients of the electric field and ion
concentration are large. The averaged relationship of v among the
three nanopores is v̄MspA > v̄CsgG > v̄α−HL.

To further explore the effect of charge in the protein nanopore
on EOF, we compared v of natural (wild-type, denoted as “WT”)
and uncharged protein nanopores (only has a geometric shape,
denoted as “neutral”) in Figs. 4(b), 4(e), 4(h), and 4(k). The results in
Fig. 4(b) show that the values of v in both the WT and neutral α-HL
are predominantly positive within the nanopore, with minimal
variation between them. The results of v in MspA [Fig. 4(e)] display
a significant positive velocity peak for the WT condition, but the
neutral condition has reduced the velocity. On the other hand, EOF
in CsgG demonstrates a prominent negative velocity peak for the
WT condition [Fig. 4(h)]. A summary of the change in averaged
velocities (�v̄ = v̄WT − v̄neutral) of the three protein pores is illus-
trated in Fig. 4(k) and Figs. S5(a) and S5(b). The values of �v̄ follow
the relationship MspA > CsgG > α-HL. We also analyzed the change
ratio of the averaged velocities through v̄WT−v̄neutral

v̄WT
(Fig. S5a). For

MspA and CsgG, the ratios are close, and both of them are larger
than 1, which means that the velocities have reversed. The change
ratio for α-HL is only 0.1, and there is no velocity reversal.

A comparison of EOF of three nanopores under different
applied voltages is shown in Figs. 4(c), 4(f), and 4(i). In this analysis,
the velocities within the three protein nanopores exhibit fluctuations
at the constriction region with increasing applied voltage. However,
these localized fluctuations result in a more substantial velocity of
the opposing flow, consequently diminishing the average EOF veloc-
ity v. The summarized results of the relationship between v̄ and
Ē are shown in Fig. 4(l). Both MspA and CsgG exhibit a nonlin-
ear relationship, but in the linear regions, MspA has a much steeper
slope than CsgG. According to the conclusions drawn in the cylin-
drical nanopores [Figs. 3(d) and 3(e)], MspA exhibits a larger surface
charge density. MspA and CsgG, respectively, have the negative and
positive “apparent charge.” In the weak electric fields, the veloc-
ity is proportional to the applied electric field as mentioned in the
discussion of solid-state nanopore. However, as the applied electric
field becomes stronger, the above-mentioned local velocity reversal
becomes significant, resulting in a retardation effect on the net EOF
velocity. The direct reason is the reversal of the local net charge.
Taking CsgG as an example (Fig. S5e), with the increasing of the
electric fields, the local net charge changing from negative to 0 or
larger than 0 M. Interestingly, the relationship between v̄ and Ē for
α-HL shows a linear trend with a weaker slope, which means that
α-HL has a strong resistance to the applied electric field even though
with a low charge density. This resistance can be attributed to
its smaller nanopore radius region, from the constriction position

(z = 0.29 nm, id: M113) to the trans side, where the electrostatic
effects from the amino acids play a significant role.

The engineering of protein nanopores has been the focus of
research in the field of translocation. The more mature is the modi-
fication of MspA, compared to WT currently more commonly used
in experiments are M1-MspA and M2-MspA. In order to investi-
gate the impact of these mutations on the EOF, we have chosen to
use MspA as a representative example, as illustrated in Fig. 5. The
mutation points of M1-MspA and M2-MspA present schematically
in Fig. 5(a). The only deviation in the calculation procedure com-
pared to WT-MspA involved the utilization of the CHARMM-GUI
tool to introduce mutations based on the PDB file of WT-MspA.40

These mutations have reduced the negative charge carried by MspA;
specifically, M1-MspA carries −64 e and M2-MspA carries −16 e
charges. Although the mutation only changes 3 (M1-MspA) or 6
(M2-MspA) sites on each monomer, this directly resulted in a rever-
sal of the average EOF direction [Figs. 5(b) and 5(c)]. Both the
M1-MspA and M2-MspA exhibit a negative direction of EOF, which
proves valuable in slowing down the translocation of analytes (such
as DNA, RNA, or peptides) during experiments. From the relation-
ship between v̄ and Ē in Fig. 5(d), M1-MspA and M2-MspA behave
like a positively charged pore with a small charge density. This con-
clusion aligns with our research findings, and this behavior is likely
influenced by the net charge of the inner surface, with M1-MspA
having a net charge of +1.82 e and M2-MspA having a net charge of+11.92 e.

To verify the accuracy of our predictions, we made com-
parisons of our results with experimental or simulation data, our
predictions are consistent with the other studies and can further
provide explanations for the data. For example, the results of α-HL
presented in the work of Asandei et al. have shown that the number
of electro-osmotic flow is close to zero and has fluctuations of the
direction when Φtrans > 0 and pH = 7.55 From our calculation results
[Figs. 4(a)–4(c)], the velocity is also small and close to zero, and the
fluctuations of the direction may come from the localized reversal
of water molecule flow. The velocity of EOF in CsgG according to
Chinappi’s group shows that v ≈ −0.26 nm/ns at the applied volt-
age Φtrans ≈ 0.11 V.23 This number is in the same magnitude of our
numerical prediction in Fig. 4(h).

In summary, the data provide valuable insights into the com-
plexities of EOF in protein nanopores. Each of the three nanopores,
α-HL, MspA, and CsgG, exhibits unique EOF profiles. Judging from
these velocity properties, we can draw the following conclusions.
In general, α-HL behaves like a negatively charged pore with a
smaller charge density and higher voltage resistance; WT-MspA
behaves like a negatively charged pore with a larger charge density
and lower voltage resistance; CsgG behaves like a positively charged
pore with a smaller charge density and lower voltage resistance.
Some effective point mutations can significantly change the EOF
properties, e.g., M1-MspA and M2-MspA can directly lead to the
reversal of EOF, making MspA behave from a strongly negatively
charged property (WT) to weak positively charged (M1 and M2). In
practical applications, increasing the applied voltage does not nec-
essarily guarantee an improvement in EOF velocity and may even
lead to increased internal fluid instability, which is detrimental to
sequencing accuracy.
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FIG. 5. Comparison of velocities in wild-type and point mutations of MspA. (a) Structure and charge distribution of wild-type MspA, the cartoon is generated by PyMOL.54

Aspartate and glutamate residues are colored red (negatively charged), and arginine and lysine residues (positively charged) are colored blue. Locations and identities of
mutations are indicated by arrows and labels: mutant of M1-MspA, D90N/D91N/D93N; mutant of M2-MspA, D90N/D91N/D93N/D118R/E139K/D134R. (b), (c) Comparison of
velocities v in r-z plane and at r = 0, where Φtrans = 0.12 V and cbulk = 1 M. (d) Relationship between velocity v̄ and electric field Ē averaged over the vertical direction at
r = 0.

V. CONCLUSIONS
The geometry and charges of nanopores have a profound

impact on the signal response during sequencing, and substan-
tial progress has been made in designing nanopores to enhance
sequencing accuracy, including solid-state nanopores and engi-
neered protein nanopores. These nanopores create particular EOFs,
and understanding EOF is crucial for improving the accuracy of
nanopore sequencing devices. Protein nanopores, characterized by
their complex geometries and variable charge distributions, present
unique challenges for studying EOF. In this work, we propose
an idea of applying EOF properties in classical models, i.e. cylin-
drical geometry, to comparatively study EOF in complex protein
nanopores.

By systematically examining the following factors of the cylin-
drical nanopore, namely, charge density of the nanopore’s inner
surface, applied voltage, ion concentration in the bulk solution,
and the nanopore’s radius, we find that the effects of these fac-
tors on EOF essentially stem from competition between the forces
from the charged interface and the longitudinal electric field. When
the nanopore surface strongly attracts counterions, a more robust
EOF velocity is produced, and it offers greater resistance to the
external electric field. The mean velocity exhibits a direct relation-
ship with the electric field’s intensity. Conversely, if this attrac-
tion is weak, the flow velocity diminishes, and there’s a pattern
where the average velocity first increases with the electric field and
then decreases as the electric field intensifies. Positively charged
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nanopores induce EOF opposing the electric field direction, whereas
negatively charged ones produce EOF that complements the electric
field, and we have quantified these effects by numerically solving the
coupled Poisson–Nernst–Planck formalism and the Navier–Stokes
equation.

We have further explored the velocities of EOF in three com-
monly used protein nanopores: α-HL, MspA, and CsgG. Extending
our findings from the cylindrical nanopore, we present details of
the EOF characteristics of these three protein nanopores through
the “apparent charge density.” (a) α-HL is characterized by a
nanopore with negative charge, albeit with a lower charge density,
and it exhibits greater resistance to voltage. (b) WT-MspA exhibits
negative charge, but with a higher charge density, and it displays
lower resistance to voltage. Mutations of WT-MspA, M1-MspA,
and M2-MspA show a weak positive charge density with stronger
resistance to voltage than WT-MspA. This study provides insight
into the intricate behavior of EOF within nanoconfinement, with a
particular focus on the influences of the charge pattern and geometry
of the nanopores. The method and findings proposed here can
serve as a potential guide for designing future nanopore systems
and hold promise for enhancing the accuracy and efficiency of
nanopore-based sequencing technologies.
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