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Application of a bipolar nanopore as a sensor:
rectification as an additional device function
Eszter Mádai1,2, Mónika Valiskó1, Dezső Boda1*

Abstract
We model and simulate a nanopore sensor that selectively binds analyte ions. This binding leads to the modulation
of the local concentrations of the ions of the background electrolyte (KCl), and, thus, to the modulation of the ionic
current flowing through the pore. The nanopore’s wall carries a bipolar charge pattern with a larger positive buffer
region determining the anions as the main charge carriers and the smaller negative binding region containing
binding sites. This charge pattern proved to be an appropriate one as shown by a previous comparative study of
varying charge patterns (Mádai et al. J. Mol. Liq., 2019, 283, 391–398.). Binding of the positive analyte ions
attracts more anions in the pore thus increasing the current. The asymmetric nature of the pore results in an
additional device function, rectification. Our model, therefore, is a dual response device. Using a reduced model
of the nanopore studied by a hybrid computer simulation method (Local Equilibrium Monte Carlo coupled to the
Nernst-Planck equation) we show that we can create a sensor whose underlying mechanisms are based on
the changes of the local electric field as a response to changing thermodynamic conditions. The change of the
electric field results in changes in the local ionic concentrations (depletion zones), and, thus, changes in ionic
currents.
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1. Introduction

The small diameter of nanopores makes it possible to use them
as label-free sensors from the simple reason that molecules
specifically binding to the functionalized wall of the pore can
cause detectable change in the ionic current flowing through
the pore. According to thermodynamics, the probability that
the pore captures an analyte molecule is related to its con-
centration in the bath. This relation between the electrical
read-out of the device and the analyte concentration makes
it possible to design and fabricate efficient nanoscale sensors
that can detect the analyte molecules even if they are present
in very low concentrations.

In this paper, we study a nanopore-based sensor with an
asymmetric charge pattern on the wall of the pore. The left
2/3 of the pore is a buffer region whose charge determines
the main charge carrier of the nanopore, while the right 1/3
of the pore is a region where analyte ions (denoted by XzX

with zX being the valence of the analyte ion; we consider only
positively charged X ions) are bound by binding sites modeled
with the square-well (SW) potential here. This work is a direct
continuation of our previous paper [1] in which we allowed
different charge densities (positive, negative, or zero) in the
two regions and studied the effect of varying charge patterns
on the applicability of the nanopore as a sensor. Surface
charge pattern is a powerful tunable structural feature because

it can be manipulated with chemical methods relatively easily
[2, 3, 4, 5, 6, 7].

Two distinct charge patterns emerged that resulted in ef-
ficient sensors. In one case, the whole pore is negatively
charged, the charge carriers are the cations (K+), and the
sensor works on the basis of a competition between the back-
ground cations (K+) and the analyte cations (X). If the bath
concentration of the analyte ions, cX, is larger, more of them
are bound at the binding sites, therefore, more K+ ions will be
replaced in the pore by X ions thus decreasing the K+ current.
The relation of cX and current is called calibration curve and
it is the basis of the quantitative determination of the analyte
concentration.

This case was already studied in our first paper on the sub-
ject [8] considering a symmetric sensor. The device function
is the current in the presence of the X ions (I) in relation to
the current in the absence of the X ions (I0). This I/I0 ratio is
the only device function in this model. Its value is a character-
istic response of the device to changing input conditions: the
presence of analyte ions at a given bath concentration, in this
case.

If the charge pattern and/or the geometry of the nanopore
is asymmetric, rectification appears as an additional device
function [9, 10, 11, 12, 13, 14]. Rectification is defined as the
|I(U)/I(−U)| ratio, where the sign of the voltage is defined so
that I(U)> |I(−U)|. In this case, we obtain a dual response
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device that has two device functions: the I/I0 ratio and the
rectification.

In our previous work [1], we established that the most effi-
cient asymmetric charge pattern from the point of view of the
efficiency of sensing is the bipolar one where the left region is
positively, while the right region is negatively charged. In this
case, the main charge carrier is the anion (Cl−) and the sensor
works on the basis of the increasing Cl− current caused by the
increased accumulation of Cl− attracted by the positive ana-
lyte ions into the binding region. There are well-established
techniques for the fabrication of bipolar pores from chemical
treatment to atomic layer deposition [15, 16, 17, 18].

Our previous work reported results only for a restricted
set of parameters (monovalent X+, cKCl = 0.01 M, cylindrical
pore), while we explore an extended parameter space in this
study with divalent and trivalent analyte ions, varying KCl
concentrations, and conical nanopores.

Our study was inspired by experimental works. Several
pairs of the analyte ions and the molecules that selectively
bind them have been proposed in the literature. The ana-
lyte ions can be Li+ [19], Cs+ [20], Ca2+/Mg2+ [21], K+

[22, 23, 24], Na+ [22], F− [25], Zn2+ [26], Cu2+ [27, 28],
Cd2+ [29], Hg2+ [30], Pb2+ [30], amino acids [31, 16], or
sugars [32]. The molecules that bind them can be amine termi-
nated acyclic polyether derivatives [19], calixcrown moieties
[20, 25], carboxylic acid and phosphonic polyacid chains [21],
crown ethers [22, 23, 24], zinc finger peptides [26], polyglu-
tamic acids [27], chromofore molecules synthesized to form
nanosized cavities [29], or aptamers [30]. Even this short list
shows the huge variety of the possibilities for specific bind-
ing that can be the basis of sensing. When the analyte is a
biomolecule, the possibility for finding the appropriate bind-
ing counterpart (generally, another biomolecule) is especially
large regarding that nature has used these binding pairs in
living systems for a couple of billions of years. These binding
biomolecules can be enzymes [33, 34, 35], antibodies[16], or
DNA aptamers [31, 30] just to mention a few.

There are various devices with which we can get a de-
tectable signal resulting from these binding events. Ensinger
et al. [19, 20, 21, 22, 36, 37] used conical polyethylene tereph-
thalate (PET) nanopores that exhibit rectification due to their
asymmetric geometries. When metal ions are bound to the
functionalized surfaces thus changing the surface charge pat-
tern on the nanopores’ wall, the conduction properties of the
pore, including rectification, are changed. When they exposed
a negatively charged nanopore treated with immobilized DNA
aptamer (LyzAp–NH2) to lysozime (Lyz) protein only on one
side, that side was made positive, and, thus, the pore was
made bipolar [31]. It was shown that the rectification of this
bipolar pore is sensitive to both Lyz and KCl concentrations.

Vlassiouk et al. [16] functionalized a conical nanopore
with γDPGA antibodies and, thus, created a pH-dependent
charge asymmetry that superimposed the geometrical asym-
metry. As a result of the pH-sensitive balance of the two kinds
of asymmetries, an inversion of rectification as a function of

pH was produced. Adding γDPGA glutamic acids changed
the charge pattern and modulated this balance. This is also
a dual response channel sensitive to both pH and binding of
analyte molecules.

Zhao et al. have developed a “nanochannel-ionchannel
hybrid device” that is an array of nanopores in porous anodic
alumina (PAA) with channels in the barrier layer of PAA
with diameters in the range 0− 0.8 nm. Polyglutamic acid
(PGA) was used to chelate Cu2+ resulting in a decrease of the
effective cross sections of the pores [27]. In another work, a
thrombin aptamer was used to bind thrombin and detect it in
extremely low concentrations [38].

Present paper is a modeling study using a simple implicit-
water electrolyte model, where ions are modeled as charged
hard spheres. As ionic sizes are relevant in the competitive
mechanisms underlying selective sensing, we use a Monte
Carlo (MC) method to treat the statistical mechanical problem.
Because we consider a non-equilibrium system, we use the
Local Equilibrium Monte Carlo (LEMC) method [39] that is
an adaptation of the Grand Canonical Monte Carlo (GCMC)
technique to a non-equilibrium situation by applying a space-
dependent chemical potential profile. The grand canonical
nature of the computer simulation also makes it possible to
simulate very low concentrations. We consider concentrations
as low as 10−10 M, in this study.

Because LEMC samples only the configurational degrees
of freedom (ion positions), we need a method which can
compute the flux. We apply the Nernst-Planck (NP) transport
equation and couple it to LEMC resulting in a hybrid method,
called NP+LEMC. This method was successfully applied for
various problems in the last couple of years such as particle
transport through model membranes [39, 40], ion channels
[41, 42, 43], and nanopores [44, 45, 8, 46, 47, 1, 48].

Reduced models proved to be useful many times in predict-
ing relevant mechanisms behind device behavior [49, 50, 51].
Their success is counter-intuitive because these models ignore
degrees of freedom that seem important on the molecular level
such as explicit water molecules. Reduced models work be-
cause they include those degrees of freedom that are relevant
for device function. This question has been analyzed in detail
in our papers for bipolar nanopores [43, 44, 48].

2. Model and method
2.1 Nanopore model
In this work, we consider two nanopores with different ge-
ometries. One is a cylindrical pore of radius 1 nm (Fig. 1A).
The other is a conical pore with radius 1 nm at the tip on the
right hand side entrance and radius 2 nm at the wide entrance
(base) of the left hand side (Fig. 1B). Both pores penetrate
a membrane of width 6 nm, a value that defined pore length.
The walls of the pore and the membrane are hard, namely,
overlap of ions with these walls is forbidden.

The pores are divided into two regions along the z-axis (z
is the coordinate along the main axis of the pore, perpendicular
to the membrane). The left region of length 4 nm carries 1
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Figure 1. Schematics of the pore that is divided into two regions. The left region of length 4 nm carries 1 e/nm2 surface charge
that determines the main charge carrier of the pore, the anions, in this case. The right region is the “binding region”, where the
binding sites are located (indicated by small yellow spheres on the wall). The length of this region is 2 nm and carries −1
e/nm2 surface charge. We consider (A) a cylindrical pore with radius 1 nm, and (B) a conical pore with 1 nm radius at the tip
(right entrance) and 2 nm radius at the wide left entrance. The green sphere is the analyte ion, XzX , that is bound to the binding
site if it overlaps with the yellow sphere. The red and blue spheres are the cations (K+) and anions (Cl−) of the electrolyte,
respectively.

e/nm2 surface charge. This is a buffer region whose surface
charge determines the main charge–carrier ionic species; the
anions, in this particular case. The right region of length 2 nm,
called binding region, contains the binding sites and carries
−1 e/nm2 surface charge.

The surface charge is represented by fractional point charges
that are situated on a rectangular grid, where a surface ele-
ment is approximately a square of size 0.2× 0.2 nm2. The
magnitude of the point charges is established so that the sur-
face charge density corresponds to the prescribed values, ±1
e/nm2.

Summarized, the radius at the right-hand-side tip, the
lengths, and the axial surface charge patterns are common in
the two nanopores, while they are different in the radii on the
left hand side.

2.2 Interparticle potentials
The ions of the electrolyte are modeled as charged hard spheres
of charges, qi = zie (zi is the valence and e is the elementary
charge), and radii, Ri:

ui j(r) =

 ∞ for r < Ri +R j
1

4πε0ε

qiq j

r
for r ≥ Ri +R j

(1)

where ε0 is the permittivity of vacuum, ε = 78.5 is the dielec-
tric constant of the electrolyte, and r is the distance between
two ions. Subscript i can take the values i = K+, Cl−, and X,
where these symbols refer to the cation of the electolyte (K+),
the anion of the electrolyte (Cl−), and the analyte ion (XzX),
respectively. The valence of the analyte ion can be zX = 1, 2,
and 3 in this work. We will refer to the analyte as just X for
briefness most of the time. The ionic radii are RK+ = 0.133
nm, RCl− = 0.181 nm (Pauling radii), and mostly RX = 0.3
nm. An analysis for RX–dependence is also reported. The
concentration of the KCl background electrolyte is varied in
the range cKCl = 0.01−0.1 M.

The solvent is represented as a continuum background
characterized by two response functions. One is the dielec-
tric constant, ε , that describes the screening effect of the
water molecules. The other is a diffusion coefficient func-
tion, Di(z), that describes the ability of water molecules to
affect the diffusion of ions. This function is space depen-
dent in our case; it is a piecewise constant function that
is different inside the pore (Dpore

i ) and in the bulk (Dbulk
i ).

The bulk value is experimental (Dbulk
K+ = 1.849×10−9 m2s−1

and Dbulk
Cl− = Dbulk

X = 2.032× 10−9 m2s−1), while Dpore
i just

scales the current without influencing the I/I0 ratio. Follow-
ing our previous studies [45, 8, 46, 47] here we set the relation
Dpore

i = 0.1Dbulk
i . In other studies, where reference was avail-

able, we fitted the Dpore
i value to experimental [42, 46] or

molecular dynamics [44, 48] data.
We placed the binding sites on the pore wall in 3 rings

placed at z = 1, 2, and 3 nm (yellow spheres in Fig. 1). Each
ring contains 4 binding sites [8]. The binding potential be-
tween a site and an analyte ion is the square-well (SW) poten-
tial:

uSW(r) =
{

0 for r−RX > dSW
−εSW for r−RX < dSW,

(2)

where r is the distance of the site and the ion center. This
short-range potential attracts X with −εSW =−10kT energy
once the closest point of the X ion’s surface is closer to the
site than the distance parameter dSW = 0.2 nm. This model
takes into account that the active site of the X ion is usually
on its surface while keeping the spherical symmetry of the ion
(it neglects the possible orientation dependence of binding).
The SW potential acts only on the X ions in the simulations.
An analysis on the effect of the εSW and dSW parameters has
been given in our previous work [8].
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Figure 2. Current voltage curves for three different X concentrations, 0 M (black circles), 10−5 M (red squares), and 10−3 M
(blue diamonds) for cKCl = 0.01 M background electrolyte concentration. Left and right columns refer to cylindrical and
conical geometries, respectively. Top and bottom rows refer to monovalent (zX = 1) and divalent (zX = 2) analyte ions,
respectively. The insets zoom in on the data of the OFF state (negative voltages).

2.3 NP+LEMC
In the NP+LEMC technique [39] the NP equation,

ji(r) =−
1

kT
Di(r)ci(r)∇µi(r), (3)

is used to compute the particle flux density, ji(r), for ion
species i, where T = 298.15 K is temperature, k is Boltz-
mann’s constant, ci(r) is the concentration profile, and µi(r)
is the electrochemical potential profile.

The solution of the NP equation requires a relation be-
tween ci(r) and µi(r). Here we use the LEMC simulation
method that is an adaptation of the GCMC technique to a non-
equilibrium situation. We divide the computation domain of
the NP system into elementary cells, Dα , and use different µα

i
values in each volume element. Insertions/deletions of ions
are attempted into/from these volume elements with equal
probability. These trials are accepted or refused on the basis
of the Metropolis algorithm [52]. The acceptance probability
contains the volume of the elementary cell, V α , the num-
ber of ionic species in that volume before insertion/deletion,
Nα

i , the local electrochemical potential, µα
i , and the energy

change. The energy includes every interaction from the whole
simulation cell, not only from subvolume Dα . The result of
the LEMC simulation is the concentration in every volume
element, cα

i .
The whole system is solved in an iterative way by adjust-

ing the electrochemical potential profile (µα
i ) in each iteration

until conservation of mass (∇ · ji(r) = 0) is satisfied. In prac-

tice, the continuity equation is integrated for a volume element,
Bα , and converted into a surface integral over S α on the
basis of the Gauss-Ostogradsky theorem:

0 =
∫

Bα

∇ · ji(r)dV =
∮

S α

ji(r) ·n(r)da, (4)

where Bα is bounded by S α and n(r) denotes the normal
vector pointing outward at position r of the surface. Ev-
ery S α surface is divided into S αβ elements that separate
adjacent cells, Bα and Bβ . Assuming that concentrations,
electrochemical potentials, diffusion coefficients, and flux
components are constant on a surface element superscripted
by αβ , we can turn the integral into a sum:

0 = ∑
β ,S αβ∈S α

jαβ

i ·n
αβ aαβ . (5)

Replacing the NP equation for jαβ

i as jαβ

i =−(1/kT )Dαβ

i cαβ

i ∇µ
αβ

i ,
we obtain a system of linear euation for µ

αβ

i for the next iter-
ation using cαβ

i from the previous iteration.
Thus, the NP and the continuity equations together with

LEMC form a self-consistent system. The advantage over the
widely used Poisson-Nernst-Planck theory is that the statisti-
cal mechanical component is an accurate particle simulation
method instead of an approximate mean–field theory (Poisson-
Boltzmann) [45, 47, 48]. Details are found in earlier papers
[39, 41].
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Figure 3. Relative currents (I/I0 with I0 being the current in the absence of X) in the ON state (200 mV) as functions of
analyte concentration (cX). The insets show the rectification, I(200mV)/I(−200mV), as functions of cX. Left and right
columns refer to cylindrical and conical geometries, respectively. Top and bottom rows refer to monovalent (zX = 1) and
divalent (zX = 2) analyte ions, respectively. Various curves in a panel refer to different KCl concentrations indicated by the
numbers near the curves.

The computational domain is a closed system (no periodic
boundary conditions are applied). We apply the boundary
conditions that the concentrations of the ionic species and the
electrical potential are constant on the boundary of our cell
that is a cylinder in this study. Different values may be applied
on the two sides of the membrane on the surfaces of the two
half-cylinders as described in our previous studies [39, 41].
Since the boundary conditions are fixed, the driving force of
the transport is maintained, so the transport is steady state.

The length and radius of the cylindrical simulation cell
were 300 nm and 90 nm, respectively. Ion numbers depended
on concentrations. Typically, 80 iterations were performed
with 50,000 LEMC steps in each iteration. Half of the LEMC
steps were ion insertions and deletions (50− 50 %), while
the other half were ion displacements. This sampling was
sufficient to get current data with error bars within the size of
the symbols in the figures.

3. Results
First, we report current-voltage (I−U) curves that are gener-
ally the raw outputs of experiments. Fig. 2 show I−U curves
for various geometries, analyte ion valences (zX = 1 and 2)

and concentrations (cX = 0, 10−5, and 10−3 M). The concen-
tration of the background electrolyte (KCl) is cKCl = 0.01 M.
Because the absolute values of the currents are different at
positive (ON state) and negative (OFF state) voltages, the pore
rectifies the ionic current. Also, both the current and the recti-
fication (as we will see later) are sensitive to the value of the
analyte concentration. This fact makes this model nanopore
applicable as a sensor.

Because the shapes of the I−U curves are similar for
every case, we can characterize the ON and OFF states by two
chosen voltages, ±200 mV as in our previous studies [44, 45,
1, 48]. Therefore, we define our device functions as the ON–
state relative current ION/ION

0 normalized by the value at cX =
0 and rectification |ION/IOFF|= |I(200mV)/I(−200mV)|. It
is possible to define a rectification value relative to the cX = 0
case:

|ION/IOFF|
|ION

0 /IOFF
0 |

=
ION/ION

0

IOFF/IOFF
0

. (6)

The resulting formula is the ratio of the ON– and OFF–state
relative currents. Once we have the I−U curves for a range
of cX values, any of these quantities can be calculated.
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Figure 4. Dependence of the two device functions (I/I0 in the left panel and rectification in the right panel) on cX and cKCl for
the cylindrical pore and divalent analyte ions.

In this study, we stay with the ON–state relative current
(for which we will use the notation I/I0 for briefness from
now on) and the rectification because both are dimensionless
quantities appropriate for our purposes. Thus, the basic results
of our simulations are the device functions (relative current
and rectification) plotted against the analyte concentration
for a given set of the other parameters. We call these curves
calibration curves.

To understand the mechanisms behind the dual-response
functioning of the nanopore, we examine the model by chang-
ing different parameters (cKCl, zX, RX, and pore geometry)
and by plotting the calibration curves for various sets of pa-
rameters. We generally fix all parameters and change a chosen
one in order to be able to follow the trends.

Fig. 3 shows the calibration curves for different values of
the KCl concentration. The relative current is a monotonically
increasing function of cX for smaller KCl concentrations. This
device function, therefore, can be used for calibration if cKCl is
small. With increasing KCl concentrations, the sensitivity of
the relative current decreases. In some cases, even a minimum
can be observed.

There is a decreasing trend in the rectification (see insets),
but a maximum can be observed for divalent analyte ions,
X2+ (C and D panels), at smaller KCl concentrations. The
overall behavior is very similar for the cylindrical and conical
geometries (left vs. right panels).

The relation of the cX and cKCl concentrations is obviously
important. Fig. 4 shows the device functions, current ratio
(panel A) and rectification (panel B), as functions of both
concentrations for the divalent analyte ions. The two panels
of this figure can be looked at as two “calibration surfaces”
for the two device functions as functions of the two concen-
trations in question. How the balance of these concentrations
determines device functions will be studied in the Discussions
(section 4). The figure demonstrates the dual–response nature
of our device.

The main conclusion of Figs. 3 and 4 is that a small KCl

concentration is more appropriate if we want to use I/I0 as our
device function in accordance with experiments [53]. There
is a robust increase in the current that is chiefly anion current
without “cation leakage” (see later). If we want to use the rec-
tification as our device function, the choice is not so obvious.
The cX–dependence of the rectification is monotonic at larger
KCl concentrations that can be handy in certain situation. The
maximum, on the other hand can be a hallmark of multivalent
ions that can be helpful if we want to determine the charge of
an analyte.

Therefore, we fix KCl concentration at cKCl = 0.01 M and
plot results for analyte ions with different valences in Fig. 5.
Currents are larger for analytes with larger valences because
they attract more anions into the right region. It was already
apparent from Fig. 3, but this figure shows it explicitly. The
behavior of rectification is even more interesting. There is
no maximum for monovalent analyte ions. The maximum
appears in the case of divalent analyte ions, while it is shifted
to the left (into the direction of smaller cX values) in the case
of trivalent analyte ions.

This fact can help to identify the valence of the XzX ion
by measuring the rectification for a series of dilution. The
analyte concentration as a function of rectification is not a
one-value function in this case, unfortunately, but the value of
I/I0, for example, can help us in the decision whether we are
in the increasing or the decreasing branch of the rectification
curve.

4. Discussion
In this section we look behind the curtain and analyze the cur-
rents carried by the individual ionic species and their concen-
tration profiles. One important advantage of the NP+LEMC
technique is that it straightforwardly provides concentration,
electrochemical potential, electrical potential, and flux density
profiles from which the ionic concentration profiles are the
most important, because they are the determining factors of
the current.
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Figure 5. Relative currents (I/I0) in the ON state (200 mV) as functions of analyte concentration (cX) for monovalent (black
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If the concentration of a given ionic species is very small
in a given region of the pore along the z-axis, then this region
behaves as a large-resistance element of the regions imagined
as resistors connected in series. This large-resistance region,
called depletion zone, tend to determine the resistance of
the whole device especially in the case of bipolar nanopores
whose device function is determined by the appearance of
depletion zones controlled by the sign of the voltage and the
polarity of the surface charge distribution [44].

Let us first consider the question why the current behaves
so differently at small and large KCl concentrations. Fig. 6
shows the currents carried by individual ions together with
the total current for cKCl = 0.01 M (panel A) and cKCl = 0.1
M (panel B) for the cylindrical geometry. Panel C refers to
cKCl = 0.1 M for the conical geometry. The case of divalent
analyte ions is considered. The Cl− current monotonically

increases with cX in all cases. The main difference is that the
K+ current is practically absent in the case of cKCl = 0.01 M
(Fig. 6A), while it is considerable in the case of cKCl = 0.1
M (Figs. 6B and C). This K+ leakage is even larger in the
conical geometry (Fig. 6C).

K+ leakage decreases with increasing cX, therefore, it
counterbalances the increase of Cl− current. The total current,
therefore, is less sensitive to the analyte concentration at high
cKCl. Consequently, the relative current, I/I0, can be used as
a device function efficiently only if the K+ leakage is absent,
namely, at low KCl concentrations.

The concentration profiles of Cl−, K+, and X2+ for three
selected cX values of Figs. 6A and B are plotted in Fig. 7.
As the X2+ ions accumulate in the pore with increasing cX
(from left to right), they squeeze K+ ions out of the pore, espe-
cially out of the right (binding) region. The major difference
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between the cKCl = 0.01 and 0.1 M cases is that there are
generally less K+ and Cl− ions in the nanopore at small cKCl.
Because the K+ ion is the coion, being less of it means that it
is depleted enough so that K+ current is negligible (Fig. 6A).
For cKCl = 0.1 M, K+ concentration is large in the pore and
there is considerable K+ leakage (Fig. 6B–C).

The difference between the smaller and larger KCl con-
centrations can also be depicted from looking at the radial
profiles. Nanopores are distinguished from micropores by the
fact that the characteristic screening length (Debye length)
of the electrolyte is measurable to the radius of the pore. In
this case, the double layers that are formed near the charged
wall of the pore in the radial dimension extend into the central
region of the pore (see Fig. 8, where the radial profiles are
plotted for a selected z coordinate in the left region of the
pore). Smaller bulk concentration results in larger Debye-
length, so the double layers overlap near the centerline (r = 0)
as shown by the top panel of Fig. 8. In this case, a charge
neutral bulk-like region does not form along the centerline.
The result is that a depletion zone of the coions (K+, in this
case) appear. Formation of this depletion zone prevents K+

leakage.
The basis of sensing is the increasing Cl− current with

increasing analyte concentration. The increase of Cl− current
is fundamentally due to the increase of Cl− concentration in
the right region as more Cl− ions are attracted by the accu-
mulating analyte ions. Fig. 7 does not show the increase of
Cl− concentrations very clearly. Furthermore, not only the
concentration, but also the driving force (∇µi) can play an im-
portant role in the behavior of the Cl− current. Therefore, we
plot Cl− concentration profiles (top) and the −dµCl−(z)/dz

profiles (bottom) in Fig. 9. The dµCl−(z)/dz derivative corre-
sponds to the z-component of ∇µCl−(r) if the electrochemical
potential is approximately constant in the radial dimension,
which is the case here (results not shown).

Top panel of Fig. 9 shows that more Cl− ions accumu-
late in the right region as cX increases. At the same time,
however, Cl− concentration decreases in the left region. Even-
tually, the current of Cl− increases because the driving force
(|dµCl−(z)/dz|, bottom panel of Fig. 9) increases in the left
region, while it is relatively unchanged in the right region.
This behavior is the result of the self-consistent solution of
the NP+LEMC system.

Figs. 3–5 show that rectification has a maximum as a
function of cX for small values of cKCl and multivalent analyte
ions (zX = 2 and 3). To analyze the mechanism behind this
behavior, we choose one case (zX = 3, cKCl = 0.01 M, and
cylindrical geometry; see the inset of Fig. 5A) and show
profiles for that case.

Fig. 10 shows Cl− and X3+ profiles for three selected
analyte concentrations cX = 10−9, 10−6, and 10−3 M. They
have been chosen so that they represent three characteristic
points of the rectification vs. cX curve with the 10−6 M point
being close to the maximum. The left column shows the re-
sults for the ON state, while the right column for the OFF
state. The maximum in the rectification vs. cX appears be-
cause of the behavior of the ION(cX) and |IOFF(cX)| curves
(they are shown in the insets of Fig. 10). For lower cX con-
centrations (below 10−6 M) the current increases faster in the
ON state than in the OFF state. In this cX regime, therefore,
rectification increases. Above cX = 10−6 M, however, the
OFF–current starts to increase heavily that causes a decrease
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in the rectification.
The explanation of this behavior of ION(cX) and IOFF(cX)

can be depicted from the profiles. In the ON state, the ap-
plied field favors the accumulation of X3+ ions in the pore.
There are enough analyte ions bound, so they can have a con-
siderable effect on the Cl− ions. As cX is increased from
10−9 M to 10−6 M, there is a corresponding increase in Cl−

concentration on the right hand side.
In the OFF state, however, the applied field hinders accu-

mulation of X3+ ions in the pore, so the concentration of X3+

ions remains small even at cX = 10−6 M. Thus, as we increase
cX from 10−9 M to 10−6 M, we do not gain much increase in
Cl−, because there are no enough X3+ ions to attract them in.
The OFF–current, therefore, does not change much in this cX
regime.

Above cX = 10−6 M, however, there are enough X3+ ions
in the pore so that the Cl− ions “feel” their presence. In this
cX regime, excess accumulation of Cl− ions on the right hand
side shoots off that creates the downhill side of the rectification
vs. cX function.

Figs. 2. 3, and 5 show the device functions for both the
cylindrical and conical geometries. There is no considerable
difference between these geometries regarding the behavior
of currents and rectification. Currents are somewhat larger
in the conical pores due to their larger cross sections. The
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overall qualitative behavior, however, is the same. This is
comforting, because technically it is easier to manufacture a
conical nanopore from PET with the etching technique.

The explanation of the qualitatively similar behavior is
that the important things happen in the right hand region
of the pore, where binding of the analyte ions and excess
accumulation of Cl− ions occur. This region is the tip of the
conical nanopore similar in size to the cylindrical pore. The
left region is a buffer region whose job is to determine the
main charge carrier (Cl−) and to exclude the coion (K+).

Fig. 11 shows a typical case for divalent analyte ions,
cX = 10−6 M, and cKCl = 0.01 M. The figure shows the line
density that is defined as the average number of ions in a slab
of width ∆z divided by ∆z: ni(z) = 〈N(z)〉/∆z. This profile
is not normalized with the cross section as opposed to the
concentration profile. Therefore, line density is related to the
actual number of ions in a certain segment of the pore instead
of their density. The relation between the two functions is

ci(z) =
ni(z)

NA10−24A(z)
, (7)

where NA is Avogadro’s number and A(z) is the cross section
of the pore at z (outside the pore, A(z) is the cross section of
the cylindrical simulation cell). Eq. 7 holds if we measure ni
in nm, Ai in nm2, and ci in mol/dm3.
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Fig. 11 shows that there are more ions (Cl− and X2+)
accumulated in the conical pore as we proceed from right to
left towards the wide opening of the pore. This increases the
magnitudes of currents (see Fig. 2), but we use the relative cur-
rents, I/I0, as device function. So, if the difference between,
let us say, the cX = 10−6 M and cX = 0 M cases are the same,
the I/I0 device function does not change considerably. We
have seen in Figs. 3 and 5 that this is the case.

Rectification is also a normalized quantity similarly to
I/I0. So, if the difference between the ON and OFF states is
similar in the two geometries, then the other device function,
rectification, should not be sensitive to the geometry either.
We have seen in Figs. 3 and 5 that this is the case.

The main disadvantage of using a conical pore is that we
may get K+ leakage. This, however, can be prevented by
using an appropriately chosen concentration. As we have
seen in our previous study [47] for a nanopore transistor, the
relevant parameter is Rpore/λD, where Rpore is the pore radius
somewhere along the pore and λD is the Debye length. In
that paper [47] we showed that device functions scale with
the Rpore/λD parameter. It means that we get the same device
behavior at a different Rpore if we choose a concentration that
produces the same Rpore/λD ratio. Specifically, we get the
same device function for a narrow pore with large concentra-
tion and for a wide pore with low concentration as soon as the

Rpore/λD parameter is the same.
Fig. 11 also shows the double layers formed at the mem-

brane on the left and right hand sides. These double layers are
also seen in the concentration profiles (Fig. 10, for example),
but plotting line densities magnifies them because the baths
on the two sides of the membrane in the simulation cell are
large. Fig. 11 shows results for the ON state (positive electri-
cal potential on the right hand side), so there is an excess K+

accumulation in the right hand side double layer, while there
is an excess Cl− accumulation in the left hand side double
layer.

Finally, we discuss the effect of the properties of the ana-
lyte ions, valence and radius, on currents and concentration
profiles. Fig. 5 already showed that relative currents are larger
for multivalent analyte ions, while the rectification shows an
interesting maximum discussed earlier. The increase of cur-
rent as a function of zX is analyzed in Fig. 12A. The insets
show that Cl− current increases, while K+ current decreases
with increasing zX. This behavior can be understood from the
concentration profiles.

There is more X2+ ions bound than X+ ions due to the
increased attraction by the right region’s negative surface
charge. Furthermore, the charge carried by the X2+ ions is
twice as much carried by the X+ ions. Accordingly, more
Cl− ions are attracted into the right region, while more K+
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ions are repulsed from the right region. If we increase the
valence further to zX = 3, a saturation is observed: the analyte
concentration is not increased further. The charge carried by
the X3+ ions, however, is 1.5 times larger than carried by the
X2+ ions, so a further increase in Cl− concentration and a
further decrease in K+ concentration is found.

The enhanced accumulation of anions casued by more
strongly adsorbed multivalent cations resembles the phenomenon
of charge inversion when multivalent cations overcharge the
negative surface charge and they attract more anions into the
pore causing reversal of ion selectivity [54] or electrokinetic
mobility [55]. In our case, however, the primary interaction
attracting cations into the pore is the SW potential, while
multivalent cations enhance this effect by their stronger elec-
trostatic interactions.

When the radius of the analyte ions is changed (see Fig.
12B), we observe a similar behavior: smaller analyte ions
can find space easier in the pore and they are attracted more
strongly by the surface charge. The concentration of the X2+

ions in the pore, therefore, decreases with increasing RX with
a saturation at larger radii. The response of Cl− and K+

ions, however, is continuous. Larger X2+ ions can attract less
Cl− ions, because the charge in the center of the larger X2+

ions can not get so close to the charge of the Cl− ions. This
means that the effective Coulomb interaction is weaker that
is generally characterized by the zXzCl−e2/4πε0ε(RX +RCl−)
coupling constant.

Fig. 12 shows that our device can detect multivalent an-
alyte ions more efficiently, while it can detect larger analyte
ions less efficiently. In reality, multiply charged ions tend to
be larger, so these two effects tend to balance each other.

5. Summary

This work shows that using a handful of interactions in a
reduced model of a nanopore-based sensor, we can create a
sensor model producing diverse behavior. The interactions in
question include long-range Coulombic forces acting between
ions, pore charges, and applied field as well as short-range
forces including hard-sphere and hard-wall exclusion and the
SW attraction by the binding sites. The competition of all
these forces produces a behavior that is complicated further
by the asymmetric nature of the nanopore.

This balance can also be shifted by the presence of polar-
ization charges that would arise at the dielectric boundaries
for an inhomogeneous dielectric when ε is different in the
electrolyte and in the membrane. The interaction with surface
charge would either be enhanced or weakened by induced
charge depending on the value of the dielectric constant in
the membrane. The basic mechanism of sensing, however,
would remain the same. Although this model would be more
realistic, its simulation would require much more computation
time.

Pore asymmetry is created by the bipolar pattern of surface
charges and by the asymmetric placement of the binding sites
in the negatively charged region (asymmetry in pore shape
seems to be less important). We showed that due to the asym-
metric structure of the pore, rectification appears as a device
function in addition to the current in the ON state of the pore.
We showed that low concentration of the background elec-
trolyte (KCl) is advantageous in preventing K+ leakage and in
producing a monotonically cX–dependent Cl− current that can
serve as a calibration curve. Rectification shows a maximum
that appears due to the competition between different forces
as discussed in the main text.

The device can detect multivalent ions more efficiently
especially if their size is smaller. They can be measured in
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concentrations way below micromolar. This indicates that the
mechanism behind the cX–sensitive response of the device
is appropriate to detect trace concentrations. The basic rea-
son of this capability is the small size of the nanopore that
is comparable to the Debye length of the electrolyte so tun-
ing depletion zones is possible by very small changes in the
conditions. Small changes in concentrations (from c = 10−6

to 10−4, for example) can result in a considerable change in
the chemical potential (kT ln100 in the example), because it
depends on lnc. That change in the chemical potential in-
fluences the energetic competition [56] inside the pore. The
balance of thermodynamic parameters and local interactions
results in ionic currents that respond sensitively to changes in
any of the competing effects.

Basically, the efficiency of the device is a consequence of
the fact that the local electric field in the nanopore is sensitive
to the binding of the analyte ions. Changes in thermodynamic
conditions in the bath, therefore, actuate changes in electric
field locally in the nanopore, that, in turn, actuate changes in
local ionic concentrations, and, therefore, in current. Model-
ing and simulation of these intricate chains of events can help
in designing and building more efficient nanopore sensors.
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[41] D. Boda, R. Kovács, D. Gillespie, and T. Kristóf. Selec-
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D. Boda. Controlling ion transport through nanopores:
modeling transistor behavior. Phys. Chem. Chem. Phys.,
20(37):24156–24167, 2018.
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