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ABSTRACT

This study explores the role of surface charge
heterogeneity in influencing ion selectivity within soft
nanopores, with particular focus on how the
combination of heterogeneous surface charge
distribution and the elasticity of nanopores impacts ion
flow and selectivity. The investigation centers on
understanding how these two factors —surface charge
distribution and nanopore deformation—affect both
microscopic interactions (specifically between ions and
the pore surface) and macroscopic ion transport
dynamics (which includes bulk flow and ion
selectivity). A hybrid computational approach is
employed, integrating molecular dynamics (MD)
simulations with continuum models such as Navier-
Stokes for fluid flow, Poisson-Boltzmann for
electrostatic potential, and Nernst-Planck for ion
transport. This methodology allows for the dynamic
modeling of both surface charge density variations and
the elastic properties of nanopores, simulating their
real-world behavior under varying conditions. The
results show that heterogeneous surface charge
distributions cause substantial variations in ion
concentration profiles and selectivity within the
nanopores, and that these effects are further modified
by the elastic deformation of the nanopores. Unlike
rigid nanopores, where the surface charge is fixed, soft
nanopores exhibit adaptive ion selectivity, responding
dynamically to the changing environmental conditions.
These findings offer valuable insights for the design of
smart nanofilters, biosensors, and energy harvesting
systems where dynamic ion selectivity is critical to
performance
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INTRODUCTION

Nanopores are microscopic channels that have garnered significant
attention in various scientific and technological fields due to their remarkable
ability to control molecular transport at the nanoscale. These nanopores have
proven crucial in biosensing, desalination, nanofiltration, and other applications
where precise molecular separation or ion selectivity is essential. For instance, in
biosensing technologies, nanopores can be used for single-molecule detection,
allowing for the monitoring of biomolecules in real time (Siria et al., 2013). In
desalination, controlling the ion transport properties of nanopores enables the
selective removal of salts from water, making it a valuable technology in water
purification systems. Similarly, nanofiltration uses nanopores to separate nano-
sized particles, such as viruses, from liquids, with significant applications in
healthcare and environmental management.

The ability to control ion selectivity within nanopores is a critical feature
in all these applications, as the ion transport characteristics within the nanopore
directly affect the performance and efficiency of the system. It has been well-
established that the surface charge on the nanopore walls plays a key role in
determining the flow of ions through the nanopore. In nanopore systems, the
electric double layer (EDL) formed at the interface between the nanopore surface
and the ionic solution governs ion partitioning and transport. However, the
distribution of surface charge across the nanopore is often assumed to be uniform
or homogeneous in traditional models, which may not capture the complexity of
real-world nanopores (Feng & Li, 2015).

Real-world nanopores, particularly those used in biological systems or
nanofluidic devices, often exhibit heterogeneous surface charge distributions.
The heterogeneity in surface charge distribution leads to variations in the electric
tield around the nanopore, which in turn affects ion flow and selectivity. Unlike
rigid nanopores with fixed surfaces, soft nanopores can deform under the
influence of external forces, such as mechanical pressure or electrostatic fields,
which causes dynamic changes in the nanopore shape and surface charge
distribution (Ghosal & Squires, 2008). This means that elastic deformation of the
nanopore walls can modify the local electrostatic environment, leading to
adaptive ion selectivity that can be tuned in real-time, which is a feature not
captured by existing rigid nanopore models.

A key aspect of nanopore behavior is the surface charge heterogeneity,
which refers to variations in the charge density along the surface of the nanopore.
These variations can arise from a number of factors, such as variations in local
chemical composition, ion accumulation, or surface modifications (Friedman &
Goyal, 2017). The dynamic behavior of these heterogeneous charge distributions
can lead to non-uniform ion flow, which affects the overall ion selectivity and
partitioning within the nanopore, a phenomenon not fully explored in the
existing literature.

Despite the extensive research into nanopores, there remains a significant
gap in understanding the dynamic interaction between surface charge
heterogeneity and elastic nanopore deformation. Most existing studies in the
field have focused primarily on rigid nanopores with uniform charge
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distributions, or soft nanopores with simplified assumptions regarding charge
distribution and deformation (Duan et al., 2018). These models often fail to
capture the complex, real-world behavior of soft nanopores, where both charge
heterogeneity and elastic deformation dynamically influence ion flow and
selectivity.

This research gap has limited the development of advanced nanopore
technologies that could leverage both the elasticity of soft nanopores and the
dynamic control of ion selectivity through surface charge tuning. While some
studies have explored soft nanopores and their elastic properties (Siria et al.,
2013), the interaction between the deformation of the nanopore and
heterogeneous charge distributions has not been studied in-depth. This lack of
understanding leaves a critical gap in the design of next-generation nanofluidic
systems that can be used in biosensors, filtration systems, and desalination
processes.

The current research seeks to address the following questions:

1. How does surface charge heterogeneity affect ion partitioning and flow
dynamics in soft nanopores?
The variation in surface charge density is expected to lead to non-uniform
ion flow and changes in ion selectivity, but the precise mechanisms through
which this occurs in soft nanopores are not well-understood (Squires &
Bazant, 2004).

2. How do elastic deformation and dynamic charge distribution interact to
influence ion selectivity in comparison to rigid nanopores?
While elastic deformation in soft nanopores has been shown to affect ion
flow, there is limited understanding of how elastic deformation and
heterogeneous charge distribution together impact ion selectivity,
particularly when compared to rigid nanopores (Zhu, Liu, & Wang, 2019).
This interaction could lead to the development of tunable nanopores where
ion selectivity can be dynamically adjusted, which has significant
implications for smart membranes and nanofluidic devices.

These questions address the gap in current knowledge by exploring the
dynamic and interactive effects of surface charge heterogeneity and elastic
deformation on ion transport, providing a more comprehensive understanding
of soft nanopores in real-world applications.

To investigate these interactions, we employ a hybrid computational
approach that combines molecular dynamics (MD) simulations to capture
atomic-scale interactions and continuum models (Navier-Stokes, Poisson-
Boltzmann, Nernst-Planck equations) to simulate ion flow and charge
distribution at the macro-scale. This approach allows us to study the interplay
between charge distribution and elastic deformation in soft nanopores and
examine their collective influence on ion partitioning and selectivity. By utilizing
both molecular dynamics to model local interactions and continuum equations
to describe large-scale transport phenomena, we can obtain insights into the
dynamic behavior of heterogeneous charge distributions and elastic deformation
in nanopores (Cohen & Gallo, 2012).
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This hybrid method provides a more accurate representation of nanopore
behavior, as it accounts for both atomistic details and macroscopic transport
phenomena, ensuring that the simulation results are more aligned with real-
world systems. The findings from this study will shed light on how surface
charge heterogeneity and elastic deformation can be exploited to control ion
selectivity in soft nanopores, opening the door to more efficient and adaptive
nanofluidic devices.

Accurate depiction of
surface charnge
hetorogeneity

1

Elastic
deformation

Figure 1. Schematic of a Soft Nanopore with Heterogeneous Surface Charge
Distribution and How Elastic Deformation Alters the Charge Distribution

[llustrates a soft nanopore with a heterogeneous surface charge
distribution and elastic deformation, showing how these factors influence ion
flow and selectivity.

LITERATURE RIVIEW
Theoretical Background
Ion Transport in Nanopores

Electrokinetic Effects: Ion transport in nanopores is governed by complex
electrokinetic phenomena, which involve both concentration gradients and
electrostatic potentials. The interaction of ions with the nanopore surface, as well
as the fluid flow within the nanopore, can be described by a combination of the
Nernst-Planck and Poisson-Boltzmann equations. The Nernst-Planck equation
accounts for ion diffusion, migration due to an electric field, and ion-
concentration gradients, providing a comprehensive framework to describe ion
transport across the nanopore (Squires & Bazant, 2004). Meanwhile, the Poisson-
Boltzmann equation is crucial for modeling the electrostatic potential near the
nanopore surface, which is influenced by both the surface charge of the nanopore
and the ionic environment in the surrounding solution. Together, these equations
describe the movement of ions under the influence of both electrical and
concentration gradients, forming the basis of ion transport theory in nanopores.

In addition to the ion flux described by the Nernst-Planck and Poisson-
Boltzmann equations, fluid flow within the nanopore must also be accounted for.
The Navier-Stokes equation governs the macroscopic flow of the fluid inside the
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nanopore, taking into account the viscous forces and pressure gradients that
influence the overall velocity field. The interaction between these fluid dynamics
and ion transport results in complex behavior, where the ionic current is
modulated by both the electric field and fluid flow patterns inside the nanopore.
The electrokinetic effects play a critical role in determining the overall transport
characteristics of the nanopore, especially when the nanopore’s surface charge is
heterogeneous, as this leads to spatially varying electrostatic fields that affect ion
movement in distinct regions of the nanopore (Ghosal & Squires, 2008).

Surface Charge Influence: The electric double layer (EDL) near the
nanopore walls is a key factor that determines ion transport. The EDL is a thin
layer of counter-ions that forms at the interface between the nanopore surface
and the surrounding ionic solution. This layer is crucial in determining the ion
concentration within the nanopore and, therefore, the flow of ions. In rigid
nanopores, where the surface charge is typically homogeneous, the EDL remains
relatively stable, and the ion flow is controlled by simple electrostatic interactions
with the surface (Friedman & Goyal, 2017).

However, in soft nanopores, the situation is more complex. The surface
charge can exhibit spatial variation due to surface heterogeneity, which leads to
non-uniform electrostatic fields. This heterogeneous charge distribution alters
the local electric field and modulates the ion concentration within different
regions of the nanopore. As a result, ions may experience varying levels of
resistance and selectivity depending on where they are in the nanopore. These
variations in surface charge also affect the structure of the EDL, creating a
dynamic system where ion flow is not only dependent on the overall charge
distribution but also on the local deformation of the nanopore (Ghosal & Squires,
2008).

Rigid VS Soft Nanopores

Rigid Nanopores: Traditional models of nanopores typically assume rigid
structures with a fixed pore shape and a uniform surface charge. In such systems,
the Donnan equilibrium provides a foundational model for understanding ion
transport, where the ion concentrations inside and outside the nanopore are
determined by the electrostatic potential at the nanopore walls and the charge
selectivity of the surface (Siria et al., 2013). The Donnan equilibrium theory
predicts that ions with charges opposite to the surface charge will be
concentrated in the nanopore, while those with the same charge as the surface
will be excluded, leading to a selective ion exclusion mechanism. This selective
exclusion is essential in systems like desalination or biosensing, where ion
separation is crucial. However, rigid nanopore models fail to capture the
dynamic nature of real-world nanopores, where elastic deformations and
heterogeneous surface charges come into play.

Soft Nanopores: Unlike rigid nanopores, soft nanopores have the unique
ability to deform in response to external forces, such as applied pressure,
electrostatic fields, or mechanical stress. This elastic deformation modifies the
local geometry of the nanopore, which in turn alters the distribution of surface
charge within the nanopore. The dynamic interaction between elastic
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deformation and surface charge leads to adjustable ion selectivity in soft
nanopores, making them more adaptable for applications requiring tunable ion
separation (Zhu, Liu, & Wang, 2019). For example, under the influence of an
electric field, the nanopore may expand or contract, which can lead to changes in
the width and shape of the nanopore, affecting the ion flow and selectivity. As a
result, soft nanopores exhibit a high degree of adaptability that is absent in rigid
nanopore systems.

The combination of elastic deformation and surface charge heterogeneity
allows for dynamic control over ion transport, which opens up exciting
possibilities for applications such as ion-sensitive membranes or adaptive
filtration systems. This tunable selectivity is one of the most significant
advantages of soft nanopores, as it allows for real-time control of ion flow,
providing a level of versatility that is impossible in rigid nanopores.

Surface Charge Heterogeneity

Charge Distribution Models: The concept of surface charge heterogeneity
refers to variations in the charge density along the nanopore surface, which can
be represented mathematically using various models. Common models for
heterogeneous charge distributions include Gaussian distributions, step
functions, and exponentially decaying charges (Friedman & Goyal, 2017). These
models account for the fact that the charge density at different points along the
nanopore surface can vary depending on factors such as the local chemical
environment or the presence of surface defects. Such variations in charge
distribution create spatially varying electrostatic fields, which in turn affect ion
movement.

In soft nanopores, these charge distributions can evolve dynamically in
response to external stimuli, such as voltage or pressure changes. As the
nanopore deforms, the local surface charge can change, creating a constantly
evolving system where the charge distribution and the resulting electrostatic
field adapt to the changing geometry of the nanopore. This dynamic interaction
between surface charge and pore elasticity results in a feedback loop that
continuously modifies the transport properties of the nanopore (Friedman &
Goyal, 2017).

Ion Selectivity Mechanisms

Ion Exclusion: One of the fundamental mechanisms governing ion
selectivity in nanopores is the Donnan equilibrium, which describes how ions are
distributed across the nanopore membrane based on the electrostatic potential at
the surface of the pore. In nanopores with homogeneous charge distributions,
this equilibrium results in selective ion exclusion, where ions of the same charge
as the surface are excluded from the nanopore, while oppositely charged ions are
attracted and can pass through. This behavior is essential for processes like ion
filtration and desalination (Schoch, Han, & Renaud, 2008).

However, in soft nanopores with heterogeneous charge distributions, the
situation becomes more complex. The local electrostatic potential at different
points along the nanopore surface can vary, leading to non-uniform ion
transport. As a result, ions may experience differing levels of resistance
depending on their position within the nanopore. This non-uniformity in ion
flow can lead to more complex selectivity mechanisms, where the selectivity of
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the nanopore can be dynamically controlled based on the elastic deformation of
the pore and the local charge variations (Siria et al., 2013).

Dynamic Ion Selectivity: A significant advantage of soft nanopores is their
ability to exhibit dynamic ion selectivity. As the elastic deformation of the
nanopore alters the surface charge distribution, the ion selectivity of the
nanopore can be tuned in real-time. For instance, applying an external electric
tield can cause the nanopore to expand or contract, changing the local surface
charge density and modulating the ion exclusion or partitioning behavior. This
dynamic selectivity allows soft nanopores to function as adaptive filters, where
the transport properties can be adjusted to meet specific requirements (Zhu, Liu,
& Wang, 2019).

METHODOLOGY
Computational Methods
Numerical Simulations

In this study, we utilize numerical simulations to model the interactions
between surface charge heterogeneity, elastic nanopore deformation, and ion
transport. These simulations are designed to simulate both atomic-scale
interactions and macroscopic transport dynamics. They are crucial for
understanding the behavior of ions in both rigid and soft nanopores and provide
detailed insights into how these interactions affect ion selectivity.

Molecular Dynamics (MD)

To simulate the ion-solvent interactions and surface-ion interactions at the
atomic scale, we employ Molecular Dynamics (MD) simulations. MD simulations
allow us to capture the atomic-level behavior of ions, solvents, and nanopore
surfaces, providing insight into the ion-pore surface forces that govern ion
dynamics.

The interactions between ions and the surface charge in the nanopore are
described using Lennard-Jones potentials for van der Waals forces and
Coulomb’s law for electrostatic interactions:

4.9
VCoulomb (7") =L
4re,r
Where:
. Veouoms 1 the electrostatic potential between charges ¢, and ¢, separated by

distance r,
. &, is the permittivity of free space.

Additionally, the solvent-ion interactions are modeled using appropriate
force fields (e.g., SPC/E water model for water molecules), which describe the
intermolecular forces between solvent molecules and ions.

Continuum Models

For macroscopic fluid flow and ion transport, we use continuum models.
The Navier-Stokes equation governs the fluid flow inside the nanopore and is
written as:
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@+(V.V)V=—1Vp+VV2V+F
ot Yol

Where:

e  vis the fluid velocity vector,

° t is time,

e  pis the fluid density,

e  pisthe pressure,

e  vis the kinematic viscosity,

e  Frepresents external forces (e.g., electrostatic force).

This equation describes how fluid velocity evolves over time due to
pressure gradients, viscous forces, and external forces (such as the interaction
with charged surfaces). It is essential for modeling the movement of the solvent
within the nanopore under the influence of external forces.

The Nernst-Planck equation is used to model ion transport under the
influence of concentration gradients, electrostatic fields, and diffusion:

J,==D,| Ve, +25Lv g
kT

B

Where:

. J, is the flux of ion species iii,

. D. is the diffusion coefficient of ion species iii,
. ¢, is the concentration of ion species iii,

. z, is the charge of ion species iii,

. k, is the Boltzmann constant,)

. T is the temperature,

. ¢ is the electrostatic potential.

This equation accounts for diffusion due to concentration gradients and
migration due to the electrostatic potential created by the surface charge and
surrounding ions.

The Poisson-Boltzmann equation describes the electrostatic potential in
the nanopore as it varies with distance from the nanopore surface. The equation
is given by:

Vig=-— pcharge
g
Where:
. ¢ is the electrostatic potential,
. pcharge is the charge density,
. € is the dielectric constant of the medium.

This equation is essential for modeling how the surface charge on the
nanopore walls influences the electric field and, consequently, the ion flow.
Hybrid Computational Approach

Our study adopts a hybrid computational approach that integrates MD
simulations with continuum models. This allows us to study both the local
interactions at the atomic scale and the macroscopic transport at larger scales. By
combining these models, we can achieve a detailed, multiscale understanding of
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how surface charge heterogeneity and pore elasticity interact to influence ion

selectivity in soft nanopores.

At the atomic scale, MD simulations provide insights into ion-pore surface
forces and solvent-ion interactions, while the continuum models help describe
the larger-scale fluid flow and ion transport behavior. The coupling of these two
approaches enables us to examine how surface charge heterogeneity (e.g.,
Gaussian, exponential, or step charge distributions) affects local electrostatic
tields and ion dynamics within the nanopore.

Modeling Surface Charge Heterogeneity

To model the heterogeneous surface charge distribution, we integrate
several charge models into the simulations. These models include:

1.  Gaussian distributions: This model represents smooth variations in charge
density along the nanopore surface, reflecting gradual changes in chemical
composition or ionic screening effects.

2. Step functions: Used to simulate abrupt variations in surface charge, which
may arise from surface defects or sudden changes in chemical
functionalization.

3. Exponentially decaying charges: To model the decay of charge density from
the nanopore surface, which can occur due to varying ion concentrations or
surface modifications.

By using these models, we examine how spatial charge distributions
influence ion partitioning and selectivity within soft nanopores. These models
also allow us to simulate how the elastic deformation of the nanopore alters the
local surface charge and the resulting electrostatic environment within the pore
(Friedman & Goyal, 2017).

Boundary Conditions and Simulation Setup

The boundary conditions used in our simulations define how the
nanopore interacts with external stimuli, such as electrostatic fields or pressure
gradients. We model the elastic properties of the nanopore using Young's
modulus and Poisson’s ratio, which describe how the nanopore deforms under
external forces. These material properties are crucial for understanding how the
shape and size of the nanopore change in response to external forces, and how
this affects the surface charge distribution and ion transport.

For example, when an electrostatic field is applied, the nanopore may
expand or contract, which alters the local charge density and modifies the ion
transport characteristics. Similarly, mechanical deformation caused by pressure
gradients will also influence the charge distribution along the nanopore surface.
By modeling these deformations and incorporating elastic properties into the
simulations, we can examine how dynamic changes in the nanopore’s shape
affect ion partitioning and selectivity (Siria et al., 2013).
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RESULT
Impact of Surface Charge Heterogeneity on Ion Partitioning

The results show that heterogeneous surface charge distributions
significantly alter ion partitioning across the nanopore. By applying different
surface charge models—such as Gaussian, step functions, and exponentially
decaying charge distributions — the ion concentration profiles are quantitatively
analyzed using the Nernst-Planck equation. The Nernst-Planck equation, which
models the flux of ions due to concentration gradients and electrostatic
potentials, is given as Equation (03) as:

J =-D, (Vci + ﬁwﬁj
k,T

B

The variation in surface charge distribution leads to non-uniform ion
fluxes, where ions like Na*, K*, and Ca?* exhibit distinct partitioning behavior
depending on the spatial variation of the electric field and the charge density near
the nanopore surface. For example, Na* tends to accumulate in regions with
higher negative charge, while Ca?*, due to its higher charge density, is more
strongly attracted to areas with a higher positive charge. This is consistent with
the predictions from the Nernst-Planck equation and highlights how
heterogeneous charge distributions modulate the ion concentration profiles
within the nanopore (Friedman & Goyal, 2017).

Effect of Pore Elasticity

The results also demonstrate the impact of elastic deformation on surface
charge distribution and ion partitioning. As voltage or mechanical stress is
applied to the nanopore, the elastic deformation modifies the shape of the
nanopore and local charge density, which in turn affects ion transport. The
nanopore’s deformation is modeled using linear elasticity theory, where the
relationship between the displacement field u and the applied stress is governed
by the Young’'s modulus E and Poisson’s ratio v, with the governing equation for

elastic deformation given by:
o= E[L _ ﬁj
I+v 1-v

Where:

. o is the stress,

. € is the strain,

. E is the Young's modulus,
. v is the Poisson’s ratio.

The deformation of the nanopore causes a shift in the local surface charge
distribution, which is reflected in the changing electrostatic potential inside the
pore. This, in turn, alters the ion flux as described by the Nernst-Planck equation.
For example, a compression of the nanopore leads to a higher charge density at
certain locations, while expansion causes a reduction in charge density, resulting
in a non-uniform electrostatic field that affects the ion flow dynamics (Zhu, Liu,
& Wang, 2019). The ion current is thus dynamically adjusted based on the
nanopore's elastic deformation.
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Comparing Rigid and Soft Nanopores

To quantitatively compare the performance of rigid and soft nanopores
with heterogeneous surface charge, we examine the ion current under different
conditions. For rigid nanopores, where the surface charge distribution is fixed,
the ion current III is typically governed by the Donnan equilibrium and the size

exclusion effect:
1= Yo |
R kBT out

Where:

. I is the ion current,

. Z is the valency of the ion,

o  Fisthe Faraday constant,

. R is the radius of the nanopore,

. V., is the applied voltage,

. C,, is the concentration of ions outside the nanopore.

For soft nanopores, however, the elastic deformation of the pore changes
the ion current due to dynamic variations in surface charge and nanopore shape.
The current is significantly tuned by the nanopore’s deformation, which can
either enhance or reduce the selective ion transport depending on the applied
forces. The results show that soft nanopores offer adaptive control over ion
transport, which is not possible in rigid nanopores. This dynamic tunability is
quantified by comparing the ion current and selectivity in both nanopore types,
with soft nanopores showing significantly greater flexibility in ion separation
under varying conditions (Zhu, Liu, & Wang, 2019).

Flow and Transport Characteristics

To further analyze the ion transport dynamics, we present ion velocity
profiles, electric field distributions, and ion current data for both rigid and soft
nanopores. In rigid nanopores, the flow is typically uniform, with ions following
predictable paths based on the surface charge and the applied voltage. The
electric field within the nanopore remains relatively constant, and the ion current
is governed primarily by the Donnan equilibrium and the size exclusion effects.
However, in soft nanopores, the elastic deformation of the nanopore leads to non-
uniform ion velocities, as regions with higher surface charge slow down ion flow,
while regions with lower charge allow faster movement. This results in a complex
flow where ion transport is not simply controlled by concentration gradients but
also by the local electrostatic environment and pore shape.

Furthermore, the electric field distributions inside soft nanopores are more
spatially variable, reflecting the changes in surface charge and nanopore shape.
These non-uniform electric fields lead to dynamic ion transport, which is tunable
by external stimuli such as voltage or pressure (Siria et al., 2013). As the nanopore
deforms, the ion current is modulated, showing that soft nanopores offer a high
degree of adaptive ion selectivity.
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Figure 2. Ion Concentration Profiles Across a Nanopore with Different Surface
Charge Distributions (Homogeneous VS Heterogeneous)

This figure should be placed after the discussion on surface charge
heterogeneity and ion partitioning to illustrate how heterogeneous charge
distributions affect ion movement and concentration.
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Figure 3. Elastic Deformation of Nanopores Under Applied Voltage and Its
Effect on Ion Flow and Selectivity

This figure should be placed after discussing the effect of elasticity on ion
flow and selectivity to demonstrate how deformation influences ion transport.

DISCUSSION
Physical Interpretation of Results

The results from this study demonstrate the significant role of surface
charge heterogeneity in influencing the behavior of the electric double layer
(EDL) and ion partitioning within soft nanopores. In nanopores with
heterogeneous surface charge, the electric field near the nanopore walls becomes
non-uniform, leading to spatial variations in the concentration of counter-ions.
This is particularly important in soft nanopores, where the nanopore surface is
dynamically deformable. As the elastic deformation occurs under external forces
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(e.g., voltage or mechanical stress), the local surface charge density changes,
resulting in a modification of the local electric field. These dynamic changes in
the surface charge distribution cause the EDL structure to evolve, which directly
affects the ion flow and selectivity of the nanopore.

For instance, regions of the nanopore with a higher negative surface
charge will attract positively charged ions more strongly, while areas with a
reduced charge density will experience weaker electrostatic attraction, resulting
in non-uniform ion partitioning. This is in contrast to rigid nanopores, where the
surface charge is assumed to be fixed and the ion flow is dictated primarily by
static Donnan equilibrium. The ability of soft nanopores to change their surface
charge distribution and pore shape under external forces introduces a level of
adaptive selectivity that is absent in rigid systems. This interplay between elastic
deformation and charge distribution provides a powerful mechanism for
dynamic control over ion transport, offering enhanced flexibility in separation
processes and ion filtration (Ghosal & Squires, 2008; Zhu, Liu, & Wang, 2019).
Comparison with Existing Literature

When comparing our findings with previous studies on rigid nanopores
and uniform charge distributions, we observe a clear distinction in ion selectivity.
Traditional models, which primarily focus on rigid nanopores with
homogeneous surface charges, suggest that ion transport is primarily driven by
the Donnan equilibrium and size exclusion effects. These models often fail to
account for the complexity introduced by the elasticity of the nanopore and the
spatial variation of surface charge. Our study, however, demonstrates that soft
nanopores provide adaptive ion selectivity due to their ability to deform and
adjust the surface charge distribution dynamically.

While earlier work on rigid nanopores (Siria et al., 2013) has shown that
the nanopore’s fixed surface charge leads to predictable ion partitioning, our
results suggest that the elastic nature of the nanopore walls adds a new layer of
control. This is especially relevant when considering the time-varying conditions
under which real-world nanopore systems operate, such as changes in applied
pressure or voltage. In contrast to the static nature of rigid nanopores, soft
nanopores exhibit the ability to adapt their selectivity based on the external forces
they are subjected to, which opens up new possibilities for dynamic ion
separation, particularly in biosensing and energy-efficient filtration systems.

The findings presented here align with recent research indicating that soft
nanopores, with their elastic deformation and dynamic charge distributions, can
provide tunable ion transport mechanisms, which is a significant departure from
traditional, rigid models. This represents a paradigm shift in our understanding
of nanofluidic systems, where flexibility and adaptability are key features rather
than fixed parameters (Siria et al., 2013).

Practical Implications

The practical implications of these findings are far-reaching, particularly
in the fields of smart membranes, biosensors, and desalination systems. In smart
membranes, the ability to dynamically control ion selectivity in response to
external conditions could revolutionize water purification technologies, where
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ion filtration is a critical process. By incorporating soft nanopores into membrane
systems, it would be possible to selectively filter ions with high precision,
adjusting the level of filtration based on the type of ions present in the solution
or even external stimuli, such as voltage or pressure changes. This could lead to
more energy-efficient and adaptive filtration systems that can respond in real
time to the changing needs of the process (Purnama & Aziz, 2020).

In the context of biosensing, soft nanopores could enable the detection of
specific biomolecules by selectively trapping ions or molecules based on their
size and charge. The dynamic nature of the nanopores would allow for the
detection of multiple targets in a single system, improving sensitivity and
selectivity in diagnostic applications. For example, in DNA sequencing, the use
of soft nanopores with tunable selectivity could allow for better differentiation
between different types of nucleic acids, leading to more precise and faster
sequencing methods (Meller & Branton, 2002).

Furthermore, the application of soft nanopores in desalination systems
could lead to the development of more efficient desalination processes by
utilizing the dynamic control over ion transport to selectively remove salts and
minerals from seawater. The tunable nature of soft nanopores makes them ideal
for multi-stage filtration systems, where the selectivity can be adjusted based on
the specific requirements of the desalination process. This approach could
drastically reduce the energy consumption associated with current desalination
methods and make clean water more accessible in regions where it is scarce.

In summary, the ability to dynamically control ion selectivity in soft
nanopores represents a paradigm shift with substantial implications for various
industries. By exploiting the elastic deformation of the nanopore and the
heterogeneous surface charge, we can develop next-generation filtration systems,
biosensors, and water purification technologies that are not only more efficient
but also adaptive, providing greater flexibility and performance than traditional
rigid nanopore systems.

CONCLUSION AND RECOMMENDATION
Summary of Key Findings

This study investigates the effects of surface charge heterogeneity and
elasticity on ion transport within soft nanopores. Our findings demonstrate that
the non-uniform distribution of surface charge plays a pivotal role in controlling
ion partitioning and selectivity within nanopores. When the surface charge is
heterogeneous, the electric field around the nanopore becomes spatially variable,
which leads to dynamic and tunable ion selectivity. Additionally, the elastic
deformation of soft nanopores, in response to applied voltage or mechanical
stress, further enhances the flexibility of ion transport. The ability to modulate
surface charge and pore shape dynamically allows for adaptive ion flow, which
significantly contrasts with the fixed properties of rigid nanopores. These
tindings underscore the potential of soft nanopores to provide a level of adaptive
control over ion transport that rigid systems cannot achieve (Zhu, Liu, & Wang,
2019)
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Broader Implications

The implications of these findings extend to the design and optimization
of next-generation nanofluidic systems, where ion selectivity can be precisely
controlled by manipulating both surface charge distributions and the elastic
properties of nanopores. This study suggests that soft nanopores, with their
ability to deform and adjust their surface charge dynamically, could play a
crucial role in applications such as smart membranes, biosensors, and
desalination technologies. These systems, which require high levels of adaptive
selectivity, could greatly benefit from the real-time tunability offered by soft
nanopores. Furthermore, the ability to control ion flow through external stimuli
such as voltage or pressure opens up new possibilities for energy-efficient and
responsive technologies in a variety of fields, from water purification to
biomedical diagnostics (Siria et al., 2013).
Future Directions

While this study presents a comprehensive examination of surface charge
heterogeneity and elastic deformation in soft nanopores, several avenues remain
for future research. One potential direction is to investigate the effects of time-
varying surface charge on ion selectivity. As real-world systems often experience
fluctuating charge densities, it would be valuable to model how dynamic charge
variations over time could further enhance the tunability of ion flow.
Additionally, the inclusion of multivalent ions in simulations could provide
deeper insights into how surface charge and pore elasticity interact in more
complex ion transport scenarios. This would allow researchers to explore ion-
exclusion behaviors and selectivity in systems involving more than one type of
ion, especially in applications such as biosensing, where multivalent ions may
play a significant role. By expanding the model to include real-time
environmental changes and more complex ionic systems, we can gain a more
complete understanding of how soft nanopores can be optimized for specific
applications (Zhu, Liu, & Wang, 2019).
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