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Abstract

Concentration polarization can be induced by the unique ion-perm selectivity of small nanopores,
leading to a salt concentration gradient across nanopores. This concentration gradient can create
diffusioosmosis and induce an electric field, affecting ionic currents on DNA that translocates
through a nanopore. Here this influence is theoretically investigated by solving the continuum
Poisson-Nernst-Planck model for different salt concentrations, DNA surface charge densities,
and pores’ properties. By implementing the perturbation method, we can explicitly compute the
contribution of concentration polarization to the ionic current. The induced electric field by
concentration polarization is opposite to the imposed electric field and decreases the migration
current and the induced diffusioosmosis can decrease the convection current as well. Our studies
suggest that the importance of the concentration polarization can be determined by the parameter
A/G where A is the double layer thickness and G is the gap size. When A/G is larger than a
critical value, the influence of concentration polarization becomes more prominent. This
conclusion is supported by the studies on the dependence of the ionic current on salt
concentration and pore’s properties, showing that the difference between two models with and
without accounting for concentration polarization is larger for low salts and small pores, which

correspond to larger /G.

! All correspondence should be directed to this author (hui.zhao@unlv.edu)
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1. Introduction

When a DC voltage bias is imposed across a nanopore merged in an aqueous electrolyte, the
ionic current through the pore can be measured using electrophysiological techniques. A DNA
molecule can be electrophoretically driven through the nanopore. Since the pore size is
sufficiently small, DNA is forced to pass through the nanopore as a linear unfolded strand rather
than randomly coiled globule configuration adopted by DNA molecules in free solutions.
Presumably nucleobases in a linear fashion would modify the ionic current through the nanopore.
It is hypothesized that the sequence of bases in DNA can be recorded by monitoring the current
modulations.'” This method examines the electronic signals or relies on physical properties, in
contrast to existing paradigms based on chemical techniques. Thus, nanopore DNA sequencing
involves no sample amplification, leading to a label-free and single-molecule approach. In
addition, the estimated cost of nanopore sequencing of a human genome is in the range of $1,000
which meets the goals set by the National Institute of Health.*® This cost is believed to be
sufficiently low to revolutionize genomic medicine.*’ All these encouraging benefits of the DNA
sequencing stimulated a fast-growing research area related to the nanopore analysis. Although
the nanopore sequencing technology has a promising future, most study and research conducted
are still at the early stage and many technology related challenges must be resolved before it can
be successfully implemented.” One of the challenges is the lack of the detailed knowledge of the

dynamics of DNA translocation through the nanopore.

It is recognized that the underlying mechanism of DNA translocation through a nanopore is
the interplay between electrostatics and hydrodynamics.®” The hydrodynamic coupling between
the DNA’s counterions and the nanopore, in part, determines the electrophoretic force in DNA

translocation. For simple liquids, the continuum framework of hydrodynamics is valid down to



nanoscales. A number of experiments and molecule simulations suggest that there is no
significant deviation from the Navier-Stokes equation for confinement around nanometer
range.'”" Furthermore, the continuum model has a clear advantage: the model describes the
translocation process in statistical terms and can be directly compared with an ensemble average
determined by experiments. In addition, since the membranes containing nanopores are very thin
(~ tens nanometers), the large persistence length of DNA about 50 nm ensures that the DNA
segment inside the pore is fully elongated. In other words, the DNA translocates through the
nanopore in a linear fashion.*'® Experiments indicated that the entropic force responsible for
DNA coiling is small compared to electrostatic and hydrodynamic forces when DNA is
stretched.®!” Thus it is reasonable to approximate a DNA molecule as a rod and neglect entropic
forces during the process of the translocation through the nanopore. In fact, a simple continuum
model including hydrodynamics and approximating DNA as a rigid rod has revealed remarkable
agreements with experimental measurements including translocation time, translocation velocity

8,18-24
and force.™

In general, the theory is able to explain the data well for larger pores and high
salts. However, for smaller nanopores and low salts, the simple theory seems to consistently
overestimate the force. In addition, recent experiments consistently observed that the recorded
ionic current increases instead of decreasing when the DNA translocates through the nanopore at

low salts.”*” Such spike-like current increase cannot be quantitatively explained by the simple

model.
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Figure 1. (color online) Schematics of concentration polarization due to the DNA
translocation inside the nanopore.

1" is that the bulk concentration

The main assumption in the hydrodynamic model in Ghosa
assumes to be uniform across the nanopore. However, recent experiments strongly suggest that
small-size nanopores have an unique ion-perm selectivity in particular at low salt concentrations
since the electrical double layers inside the nanopore overlap.® Under the action of an electric
field, a nanopore can create a bulk concentration gradient by decreasing the ion concentration at
the anodic end and increasing the ion concentration at the cathodic end of the nanopore (Fig.
1).*’ The interaction between the electrical double layer and bulk concentration gradient creates
an osmotic pressure which induces a diffusio-osmotic flow along the nanopore.’*>* The
concentration gradient will also induce a charged particle to experience a diffusio-phoretic
migration from the region of low salt to the region of high salt. Indeed, this migration induced by
the external imposed salt gradient has been used to manipulate particles’ ™’ or influence DNA
translocation through a nanopore.”™’ In addition, the concentration gradient can induce an
133

electric field, opposite to the applied electric field which can impact ionic current as wel

Consider both the discrepancies between the simple model and experimental results and the



importance of concentration polarization at low salt concentrations and small pores. It is
worthwhile to investigate the role of concentration polarization in DNA translocation from a
fundamental perspective. In addition, since the nanopore sequencing technology relies on
recording the ionic current by forcing the DNA translocation through nanopores, from a practical
perspective, it is crucial to gain the knowledge of concentration polarization on ionic currents as
well. Indeed, recent studies already suggested that concentration polarization is important in

DNA translocation.?"*

However, these studies were still qualitative and their results were not
quantitatively compared with existing experimental data. Hence thorough investigations and

rigorous comparisons with experiments are necessary to fully understand the importance of

concentration polarization in DNA translocation.

In this article, we approximate double-strand DNA molecules as elongated cylinders with
uniformly distributed surface charges and employ the continuum Poisson-Nernst-Planck model.
Furthermore, we apply the perturbation method to develop two models. One model accounts for
the effect of concentration polarization; the other neglects its contribution. Consider the linearity
of the perturbed model. The difference between the predictions from these two models yields the
contribution of concentration polarization to ionic currents. This approach provides us a direct
theoretical tool to isolate the influence of concentration polarization for studies. Our theoretical
predictions in Results and Discussion are compared with experimental data to demonstrate that

concentration polarization in DNA translocation is important under certain conditions.

2. Mathematical Model

We consider a charged elongated rod-shaped particle with radius a, length L, and two
hemispherical caps with radius a at the ends, approximating the double-stranded DNA molecule

(Fig. 2). The particle is submerged into a binary 1-1 electrolyte with the permittivitye. Two



reservoirs are separated by an electrically insulated membrane with a thickness 4. The nanopore
with a diameter of d locates on the center of the membrane. Accounting for the axis-symmetry,

we use the cylindrical coordinate system (r,z) with its origin at the rod’s center.
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Figure 2. (color online) Schematics of the computational model.

A voltage bias is imposed across the membrane. The applied electric field has a profound
impact on the dynamics of the DNA. On one hand, the external field exerts an electrostatic force
on the charged DNA molecule. On the other hand, since the charged DNA molecule attracts
counterions, repels coions, and forms an electric double layer near its surface, the applied electric
field acting on the excess ions inside the double layer induces the electro-osmotic flow which, in
turn, exerts a hydrodynamic force on the DNA. At low salts and small nanopores, concentration
polarization plays a role as well. Hence, the dynamics of the DNA inside a nanopore is
controlled by the complex interplay of these electrohydrodynamic effects. To describe these

effects, we employ the Poisson-Nernst-Planck model.



Since the Reynolds number associated with DNA translocation is small, advection terms can

be neglected, and the fluid flow is modeled with the Stokes equation:
—Vp—zilz(q-c_)vmvzg:o. (1)

In the above, all the variables are dimensionless. The various scales used in the normalization
will be given later. u is the velocity vector; p is the pressure; C is the ion’s concentration; the

subscripts (+) and (-) denote, respectively, the cations and the anions; ¢ is the electric potential;

ERT
2F°C,

/’t:l is the dimensionless Debye screening length (normalized with the particle’s
a

radius a); C, is the solute’s bulk concentration; R is the ideal gas constant; /' is the Faraday
constant; and 7 is the temperature.
The mass conservation requires the following continuity equation:

Veii=0. (2)
The electric potential ¢ satisfies the Poisson equation:

c,-C
Vip=—"t = 3
¢ Y €)

The ionic concentrations satisfy the Nernst-Planck equations:
Ve(-VC,—z,C,Vp+PeC,ii)=0. 4)

22
In the above, Pe= IDF ; D is the ion’s diffusivity; ¢ is the solvent’s dynamic viscosity.

2 2

We use the particle’s radius a as the length scale; RT/F as the electric-potential scale;

ER’T? /(uF*a) as the velocity scale; the bulk concentration C, as the concentration scale;



ER’T? /(F*a®) as the pressure scale; éRT /(Fa)as the electric charge scale; and FDC,a as the
ionic current scale.

Non-slip boundary conditions are applied on both the surfaces of the DNA molecule and the

nanopore. The electric potential on the DNA’s surface obeys —d@/dn =g, where ¢ is the surface
charge density of the DNA molecule. On the surface of the nanopore, —d¢/dn=gq,, . Zero flux

conditions are applied for ionic concentrations on both DNA’s and nanopore’s surfaces. The top
(Z=H) and bottom ( Z =—H ) surfaces and the side surface »=B are sufficiently large enough to
have little impact on the DNA dynamics inside the nanopore. These surfaces are permeable to
fluid flow and have a uniform pressure. The electrolyte solutions at Z =+H remain the bulk

concentration. The surface at »=B is assumed to be insulated for the ionic fluxes.

The current density

i=>2,(-VC,—z,C,Vp+PeCi,ii). (5)

The total ionic current / can be obtained by integrating Eq. 5 over a lateral cross-sectional area

inside the nanopore.
2.1 The Perturbation Method

Inside the double layers the applied electric field is typically much smaller than the electric
field induced by the surface charge. For example, for a typical nanopore immerged in 100 mM
KCI with a biased voltage 120 mV, the electric field generated by the equilibrium double layer of
the DNA molecule is about 10® V/m in comparison with 10° V/m generated by the applied
electric field. Since the external electric field only slightly disturbs the electric potential and the
ions’ concentration of the equilibrium double layer, for simplification, we can use a perturbation

expansion around the equilibrium double layer:
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In the above, we denote the perturbed quantities with the prefix ¢ .0 is defined as the ratio
between the magnitude of the corresponding external electric field and the electric field of the
equilibrium double layer. 8 ~10 for a typical nanopore device. The superscript (i) denotes the
i™ order expansions in terms of the external electric field. The electrophoretic motion is
proportional to the external electric field and can be determined from the first order equations.
The use of the perturbation method can significantly simplify numerical simulations and
facilitate the computation. Even more importantly, it provides a theoretical tool to explicitly

study the influence of concentration polarization on DNA dynamics inside the nanopore as

shown later.

Zeroth Order Approximation

We assume that ¢© and C” are, respectively, the equilibrium electric potential and the

equilibrium concentrations induced by the surface charge in the absence of an external electric
field.

At equilibrium, ions’ concentrations C.” obey the classical Boltzmann distribution:

¢¢(0)

C¥=e (7)
The electric potential ¢* satisfies the Poisson-Boltzmann equation:
sinh(@'”)
Vi = 8)

The boundary conditions are



o 1
at the particle’s surface and
dg®
- al’l - qm

at the nanopore’s surface.

First Order Approximation

)

(10)

The first-order equations are linear in perturbed quantities. After substituting expansions 6

into Eqgs. 1-4, the first order equations can be derived:

1

—-Vph -
Y

((C(O) _ C(O))V¢(l> + (C(l) _ C(l))vw(O)) + VZﬁ(l) =0

Veii =0,

and
Ve (— VCY -z, (CV" +CYV @)+ PeCu™ ) =0.
The first order current density is:

P =Y 2 (VY —2,COV Y - 2,COV g + PeCVi®).
+

The Model Neglecting Concentration Polarization

(11)

(12)

(13)

(14)

(15)

Since concentration polarization is induced by the bulk concentration gradient across the

nanopore and there is no concentration gradient in the zeroth order across the nanopore, the
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concentration gradient arises from the first order. Hence, in the perturbation model, by letting
C{" =0, the influence of concentration polarization can be effectively removed. Now, the
equations become

v _ﬁ(dw _CONW 4V =0 | (16)

and
Ve =0. (17)

Egs. 12, 16, and 17, forming the new model neglecting concentration polarization, can be solved

simultaneously to compute the ionic current without concentration polarization.

Due to the linear nature of the perturbation method, the contribution of concentration
polarization can be directly deduced from the predictions of the two models. In this way, the
impact of concentration polarization can be explicitly studied, which is an advantage of our

modeling approach.

The perturbed equations with corresponding boundary conditions were solved with the finite
element software Comsol 3.5 (Comsol 3.5 is a product of Comsol, Sweden). We define the
domain as 0<r<B and —H <z<H . We specify B=2000 and H =2000, which are
sufficiently large to assure that the solutions are independent of the size of the computational
domain. When B and H were increased by a factor of 5, the numerically computed variables only
varied by less than 1%. To resolve the details of the electric double layer, we used non-uniform
elements with dense mesh concentrated next to the particle’s surface inside the electric double
layer. The mesh was refined a few times to assure that the computational results were mesh-

independent.

3. Results and Discussion
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First, we compute the ionic currents and compare them with experimental data. In
experiments, Smeets e al.”> measured the dependence of the ionic current change on KCI salt
concentrations ranging from 50 mM to 1 M when 16.5-um-long double-stranded DNA
translocates through a solid-state silicon nitride nanopore with a diameter of 10 nm.
Interestingly, they observed that the presence of the DNA in the nanopore can either block the
ionic current at high salts, resulting in spike-like decrease or enhance the ionic current at low
salts, leading to spike-like increase (Fig. 3). The current decrease is attributed to the partial
blockage of the pore by the DNA molecule. However, the simple model, neglecting
concentration polarization, fails quantitatively at low salts. Kesselheim ez al. *' attributed this
failure to the reduction of ion mobility due to a surface related molecular drag. In contrast, here

we provide an alternative interpretation of this quantitative failure.
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Figure 3. (color online) The relative ionic current change Al /I, as a function of salt

concentration when g, =0and ¢ =-0.08 C/m”. The lines and symbols correspond,
respectively, to theoretical predictions and experimental data.”’

For simulations, the thickness of membrane is given to be 20 nm and the nanopore’s diameter
is 10 nm as given in experiments. Here we assume that the nanopore is uncharged (g, =0). The
length of the elongated cylinder is 50 nm that is the DNA persistence length. A/ =1—1, is the
change of the ionic current from the base current (7, ) which is computed from the case in the
absence of the DNA molecule. Fig. 3 depicts the relative ionic current change Al//, as a

function of salt concentration. The solid line and the dashed line correspond, respectively, to the
ones predicted by the model accounting for and neglecting concentration polarization. The
symbols are experimental data.” In Fig. 3, to compare with experiments, g =—0.08 C/m” which

is about half of the DNA linear charge density. This effective charge density is consistent with
other experimental observations, showing that due to the counterion condensation, the effective

charge can be possible half of their original charge density.**
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Figure 4. (color online) The distributions of the local salt concentration C*" = 5
when the DNA is inside the nanopore for 50 mM (a) and 1 M (b). The simulation

parameters are the same as Figure 3.

Fig. 3 demonstrates that the agreements between the model accounting for concentration
polarization and the experimental results are quantitatively better than those without considering
concentration polarization in terms of predicting the dependence of ionic current on salt

concentration at low salts.
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Because as we discussed before, the only difference between these two models is the
contribution from concentration polarization, it is reasonable to assume that concentration
polarization is responsible for the failure of the quantitative predictions at low salts. To illustrate

concentration polarization, Fig. 4 plots, respectively, the distributions of the local salt

1 a
W _ c+c?

concentration C for 50 mM (Fig. 4a) and 1 M (Fig. 4b). Evidently, the presence

of DNA inside the nanopore creates a bulk concentration gradient by decreasing the ion
concentration at the anodic end and increasing the ion concentration at the cathodic end of the
nanopore. The effect of concentration polarization is much more prominent at low salt
concentrations. It also explains that the predictions of two models approach each other at 1 M

salt as the concentration gradient is negligible at high salts.
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Cy(M)
Figure 5. (color online) (a) The relative migration current /, /I, (b) the relative convection

current / /1, as a function of salt concentration. The lines correspond, respectively, to

theoretical predictions of the models with (solid lines) and without (dashed lines) considering

concentration polarization.

To understand the impact of concentration polarization on the ionic current, Fig. S depicts the
relative migration and convection currents as a function of salt concentration where

15
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L,=[,-> (22COV " +22COV e dd, (18)

+

and

I=],> 2PeCi" odA . (19)

In the above, 4 is the cross-section at the center of the nanopore (z=0). The solid line and the
dashed line correspond, respectively, to the ones predicted by the model accounting for and
neglecting concentration polarization. It is known that the concentration gradient can generate an
electric field which is opposite to the applied electric field,” influencing the migration current.
Moreover, the induced diffuisoosmostic flow is also opposite to the electro-osmotic flow,
affecting the convection current. Interestingly, as shown in Fig. 5, both of them decrease the
ionic current, compared to the predictions from the simple model. In addition, from Eq. 15, the
diffusion caused by the concentration gradient also induces an ionic current. However, our
calculations show that the diffusion current is two orders of magnitude smaller than the
migration current, indicating that the diffusion current is negligible in terms of influencing the
ionic current. Finally, Fig. 5 suggests that the convection current is much smaller than the
migration current. In other words, the qualitative failure of the simple model can be mostly

attributed to the reduction of the migration current caused by concentration polarization.
To better understand the conditions when concentration polarization becomes important, in

Fig. 6, we replot Fig. 3 in terms of 4/G where A is the double layer thickness and G =(d /2 —a)

is the gap size. Since A depends on the salt concentration and a lower salt corresponds to a larger
A/G, Fig. 6 suggests when 4/G>0.2, the difference between two predictions from the models with

and without concentration polarization becomes not negligible.
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Figure 6. (color online) The relative ionic current change A/ /1, as a function of A/G. The

solid and the dashed lines correspond, respectively, to the predictions with concentration

polarization and without concentration polarization.

0.2 06 g 1 14 18

Figure 7. (color online) The relative ionic current change Al /1, as a function of /G by

varying d when the salt concentration is 30 mM. The solid and the dashed lines
correspond, respectively, to the predictions with concentration polarization and without

concentration polarization. The insert shows Al /1, as a function of the pore diameter d.

17



To further examine if A/G is a good indicator for the influence of concentration polarization,
we compute the relative ionic current change Al /1, as a function of the nanopore diameter since
the nanopore diameter can directly change G. Fig. 7 plots the relative ionic current change
Al /1, as a function of A/G by varying the pore size when the salt concentration is 30 mM and all
other conditions remain the same as in Fig. 3. The solid and the dashed lines correspond,
respectively, to the predictions with and without concentration polarization. Again, /G is
capable of characterizing the importance of concentration polarization. When A/G>0.2, the
impact of concentration polarization is not negligible. Moreover, the larger A/G; the stronger

concentration polarization; the bigger difference between two models.

A ”lb

0.5

Figure 8. (color online) The relative ionic current change Al /1, as a function of /G by

varying salt concentration for different DNA charge densities: (a) ¢ =—0.04 C/m” and

(b) ¢=-0.15C/m*. The solid and the dashed lines correspond, respectively, to the

predictions with concentration polarization and without concentration polarization.
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Next, we examine the impact of the DNA’s surface charge density on ionic current change.

Fig. 8 depicts the relative ionic current change A//1,as a function of /G by changing salt

concentration for different DNA charge densities: (a) ¢ =—0.04 C/m”® and (b) ¢ =-0.15C/m".
In Fig. 8, all the remaining conditions are the same as in Fig. 3. Evidently, the magnitude of
concentration polarization is controlled by the DNA surface charge. It can be readily understood:
a higher surface charge density suggests a larger impact of concentration polarization. Hence, it
is not surprising that the discrepancies between two models increase as the DNA surface charge
density increases suggested by Fig. 6 and Fig. 8. Interestingly, In addition, Fig. 8 indicates that
the critical value of /G, above which the impact of concentration polarization is not negligible,

is less sensitive to g.
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Figure 9. (color online) The relative ionic current change Al /7, as a function of salt

concentration. The lines and symbols correspond, respectively, to theoretical

predictions and experimental data.”> The solid line and the dashed line correspond,

respectively, to g, =0 ang, =-0.08C/m’.
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Since the solid-state nanopore is typically negatively charged,” it is worthwhile to
investigate the effect of the nanopore’s surface charge on the ionic current. Fig. 9 depicts the

relative ionic current change A///, as a function of salt concentration. The solid line and the

dashed line correspond, respectively, to ¢, =0 ang, =-0.08 C/m’, where both predictions are

from the model accounting for concentration polarization. Fig.9 indicates that the charged
nanopore further reduces the ionic current at low salts. It can be readily understood:
concentration polarization is caused by the unique ion-perm selectivity of the nanopore and the
magnitude of this selectivity is controlled by the surface charge. In other words, the charged
nanopore contributes to the concentration polarization as well. The higher the surface charge; the
larger the concentration polarization. Hence it is not surprising that the ionic current is reduced
with charged nanopores at low salts. As witnessed in Fig. 9, for charged nanopores, the

agreements between experimental data and predictions further improve at low salts.
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Figure 10. (color online) The relative ionic current change A//I, as a function of the

nanopore thickness when the salt concentration is 30 mM, d =10nm, ¢ =-0.08 C/m”,
and ¢, =0. The solid and the dashed lines correspond, respectively, to the predictions

with concentration polarization and without concentration polarization.
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Finally, we examine the impact of the nanopore thickness on ionic current change. Fig. 10

plots the relative ionic current change Al /1, as a function of the nanopore thickness when the

salt concentration is 30 mM, the diameter of the nanopore is 10 nm, ¢ =—0.08 C/m’, and ¢, =0.

The solid and the dashed lines correspond, respectively, to the predictions with concentration
polarization and without concentration polarization. Since the concentration polarization is
determined by the concentration gradient, a thinner nanopore indicates a larger concentration

gradient, resulting in a higher reduction of the ionic current as evidenced in Fig. 10.
4. Conclusions

Due to the ion-perm selectivity of small-size nanopores, the applied electric field can cause
ion depletion at one end and ion enrichment at the other end of the nanopore, developing a bulk
concentration gradient across the nanopore termed concentration polarization. The bulk
concentration gradient induces an electric field, modifying the ionic current. Concentration
polarization becomes more important at small nanopores and low salt concentrations. For DNA
sequencing, smaller nanopores are preferable. In addition, consider that ionic currents are crucial
to the DNA sequencing technique. The impact of concentration polarization clearly deserved our

attentions.

In this article, the influence of concentration polarization on ionic currents was theoretically
investigated for different salt concentrations, different DNA surface charge densities and
different-property nanopores. One advantage of our approach is that by using the perturbation
method, we can explicitly deduce the contribution of concentration polarization to the ionic
current. In other words, this approach allowed us to isolate concentration polarization from other
important factors governing DNA translocation to better understand the conditions where

concentration polarization is significant.
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Our studies identified a parameter /G where A is the double layer thickness and G is the gap
size. When A/G is larger than a critical value, the influence of concentration polarization needs to
be taken into account for accurately predicting ionic currents. Large A/G typically correspond to

low salt concentrations and small nanopores.

The theoretical predictions were compared with experimental data of the translocation of
double-stranded DNA molecules through nanopores with a single fitting parameter, DNA
effective surface charge density. The model considering concentration polarization quantitatively
describes the dependence of ionic current on the salt concentration. This suggests the importance
of concentration polarization in the dynamics of DNA translocation, which is necessary to be
accounted in modeling for both experimental interpretation and guiding design, in particular, for

small pores and low salts.

The main strength of the model used here is the continuum framework, making it possible be
directly compared with the experimental measurements like the ionic current. The comparisons
between the predictions by the Brownian dynamics model and those from the continuum model
suggested that when the double layer thickness is smaller than the nanopore’s size, the
discrepancies between them are not significant.** In our simulations, the double layer thickness
ranges from 0.1 nm to 2 nm which is smaller than the nanopore radius studied here (> 3 nm).
Since the double layer thickness depends on the salt concentration, for solid-state nanopores,
when the bulk concentration is larger than tens mM which is the typical salt concentration used
in these experiments, our model is adequate to describe the DNA translocation dynamics through
the nanopore and can serve as a design tool. Indeed, a similar continuum model has suggested
that nanopores can be used to sort DNA fragments based on their size by controlling a gate

4
membrane electrode.*’
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Although the discussions in this manuscript are about the impact of concentration
polarization on ionic currents associated with DNA translocation through nanopores, the main
conclusion is also applicable for open charged nanopores: the influence of concentration
polarization is not negligible for smaller charged nanopores at low salts and the higher the
surface charge of the nanopore is; the larger impact of concentration polarization is. Consider
that biological channels are charged and have smaller diameters. Our results suggest that
concentration polarization may play a role in ion transport within biological channels as well,

which can find important applications such as drug delivery.
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