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Monte Carlo simulation of a model nanopore sensor: device

behavior emerging from ion competition

Eszter Madai, Ménika Valisko, Dezs6 Boda

Department of Physical Chemistry, University of Pannonia, Veszprém, Hungary

Artificial nanopores are microscopic-length channels with a nanoscopic radius, therefore,
they can be used as nanoscale devices. Rapidly improving experimental techniques make a
wide range of sensing applications possible, thus, a chemically modified nanopore can be
used as a sensor. The shrinking dimensions of these nanosystems, however, underly the
importance of computational techniques in order to get insight into the molecular mechanism
behind ion transport in nanopores. In this work, a study about a nanosensor made of a
nanopore is presented [1]. An analyte ion is contained by the electrolyte moving through the
pore driven by an electric field. The selective attraction and binding of the analyte molecule
to the wall of the nanopore (via a square-well potential) make this ion more effective to
compete for space with the main current-carrying ion inside the nanopore. This competition
depends on the concentration of the analyte ion, therefore, the degree of the current
reduction also depends on the analyte concentration. By measuring the current reduction

and establishing calibration curves the concentration of the analyte can be determined.

In this work we use the NP+LEMC method [2,3] to determine the current through the
pore. The Local Equilibrium Monte Carlo (LEMC) method provides the chemical potential and
the concentration profile, from which the ionic flux can be calculated via the Nernst-Planck
(NP) equation. The Primitive Model of electrolytes is used, where ions are charged hard
spheres in an implicit solvent. This model reproduces the behavior of the device correctly
compared to all-atom molecular dynamics simulations [4]. We examine a general model with
well-defined, tunable parameters. We study the effect of these parameters on the response
function of the device. We show that the model of this nanopore sensor coupled to the
applied computational method, an analyte ion present at very low concentrations can be
detected based on this competition principle.

1. Madai et al. Simulation of a model nanopore sensor: ion competition underlies device behavior. J.
Chem. Phys. 147, 244702, 2017.
2. Boda and Gillespie. Steady state electrodiffusion from the Nernst-Planck equation coupled to Local Equilibrium
Monte Carlo simulations. J. Chem. Theory Comp., 8, 824, 2012.
3. Boda. Monte Carlo simulation of electrolyte solutions in biology: in and out of equilibrium. Ann. Rep. Comp.
Chem., 10, 127, 2014.
4. Haté et al. Multiscale modeling of a rectifying bipolar nanopore: explicit-water versus implicit-water
simulations. Phys. Chem. Chem. Phys. 19, 17816, 2017.



Monte Carlo simulation of a model nanopore sensor:
device behavior emerging fromion competition

Eszter Madai', Ménika Valiské!, Dezsé Boda'?

1 Department of Physical Chemistry, University of Pannonia, P. O. Box 158, H-8201 Veszprém, Hungary

2Institute of Advanced Studies Készeg (iASK), Chernel u. 14, H-9730 Kd8szeg, Hungary

Introduction

The alkali and different metal ions play a key role in
today’s raw material policy. Therefore, in the case
of recycling of wastage, new methods for detection
are needed. One possible solution are sensors fabrica-
ted of nanopores with the basic operational concept
of detecting the presence of these ions qualitatively
and quantitatively. By placing binding sites on the
nanopore’s wall which are selective for one of these
ions (analyte, X* or X2*), the binding of the analyte
creates a change in the current flowing through the
nanopore, thus, the presence of the analyte can be de-
tected through this current-modulation. We present a
modeling study which examines the effects of experi-
mentally controllable parameters on the device beha-
vior. Through these parameters (voltage and backg-
round electrolyte concentration) current- voltage and
calibration curves can be obtained to determine the
concentration of the analyte.

X* 857/ pa cylindrical cylindrical 85
65 Ok =001 M O =001M g5
—O0—¢, =0 M
5 45 45
-0 - o =10°M
Do =100 M 25 .0 25

565 o_ﬂ‘w OO0 QSE

-150 -100 -5015 50 100 150 -150 -100 '5015
° u/mv N
X 85 conical conical 85
17pA Cyy =001 Gy =001M
65 65
45 o 45
25 -’ 25

-150 -100 -50 5

100 150

-150 -100 -5Q15 50

L o . | .
. @ X = |
PR -
« MSevaaaNcc
£, e, ® o o .0
2| e 0% 0, 4
[ - - - - - ° 1
2 J
4
.
L |
E
o
| | [
2 , £
E 4 :VJ

Schematics of the cylindrical and conical nanopore with
two regions of surface charge and the binding sites.

lons: Charged hard spheres (Primitive Model of electroly-
tes)

Solvent: implicit water. lons are immersed in a dielectric
continuum of dielectric constant € = 78.5.

Binding sites: Square-well potential. The short-range po-
tential attracts X with esw energy once the closest point
of the X ion’s surface is closer to the site than the distance
parameter dsw:

W

modeling and simulation
of Complex
Molecular Systems
research group

ms)MS

3 o e o
IASK::

&

r/nm

1/pA

50 100 150
U/mv

Current-voltage (I-V) curves

X2+

e The main charge carrier is CI~ due

to the left positive zone of the pore.

e The presence of various analyte con-

50 100 150 °
U/mv
-V curve
X p
.
’ °

asymmetry.

the pore thus.

centrations modulates the shape of
the |-V curves differently,

Unknown analyte concentration is
determinable from the shape of the

The pore rectifies due to charge

e The mechanism of X detection is
that more X attracts more Cl™ into

U/mVv
Calibration curves and rectification
150 rmprrmermmrm - Cy o = 0.01 M Cyg=01M -
Fs o 4 1]
gmo;/ \ 1
107§ sofF =8 - A
< r A 2+ /[j
o [O T A X 7
= L 1e-06 1e-05 0.0001 0.001 001 A
_ M +
conical //‘:(// X2
5 | cylindrical ﬂ/’ -4 )
_-anll- i
gr-Z--07 conical
ar 0.8 — cylindrical T
ol il ol 4 T N RTRFI T S 4 NN
1e-06  1e-05 0.0001 0.001 0.1 Te-06  1e-05  0.0001  0.001  0.01
¢ /M ey /M

e On lower ckci increasing cx attracts more Cl™
and repulses more K™, the shape of the calibration
curve is monotonic

o Competitive effect: higher ckci gives higher I+
while increasing cx extrudes Kt from the pore,
creating an extremum in the calibration curve

-

Concentration profiles

e As cx increases, X ions attract more ©
CI™ ions into the pore. 1+

e At cx = 0.01 M, KT ions are excluded

T T T T
T :1‘05M‘ T T

AT T I EE T
— Fee=10°M

—a K _| L

| 3

eylindrical |

1 L = 0.01 M |

cylindricall
Gg=001M| 5 -

T T N T
Fop=10%M =001 M|
eyiindrical

from the left hand side, so K* current

z/nm

is absent.

L conical
o At cx = 0.1 M, KT ions are present,
but this (K* leakage vanishes with as 22
more X ion appears in the pore. This [
causes the maximum in the I /I curve. t

T T - T
b coneal g o= 10° M-
[ cei=01M

\‘\‘\‘\‘4\
Cyer =10 M7

Nernst-Planck equation

30) = = = D) () Vi ()

Jji is the flux density of ionic species, k is the Boltzmann's
constant, T is temperature, ¢;(r) is the concetration profile,
pi(r) is the electrochemical potential profile.

The relation between ¢;(r) and u;(r) is established
with Local Equilibrium Monte Carlo (LEMC) simula-
tion. The computation domain of the NP system is
devided into volume elements with different j; values.

NP + LEMC method

piln] 225 i) = gl + 1]

The whole system is solved in an iterative scheme until
conservation of mass (V - ji(r) = 0) is satisfied.

Conclusion

This modeling study presents a option for recognition
of ions with different valences. Through the examina-
tion of the effects of experimentally controllable pa-
rameters, deductions for molecular mechanisms inside
the pore can be made.

1. Through the usage of an asymmetric charge pat-
tern on the nanopore's wall, the analyte and the
surface charge together modulate the current of
the main charge carrier ion (CI7).

2. Higher cxc1 leads to a leakage of K' ions thro-
ugh the pore which creates an extremum in the
calibration curve, thus lower ckc is preferable.

This model sensor is able to detect the analyte ions in
low concetrations. Using NP+LEMC methodology it
is possible to handle finite size of ions and ionic correla-
tions at the same time with reasonable computational
time.
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How can we turn a selective nanopore into a rectifying one (and

vice versa) by changing the surface charge pattern?

M. Valiské', Z. Haté", E. Madai*, T. Kristéf*, D. Bodal?
Department of Physical Chemistry, University of Pannonia, Veszprém, Hungary
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The transport characteristics in nanofluidic devices can be regulated with surface
charge patterns and geometrical asymmetry. Nanopores with negative surface charge
are cation selective while a junction between the positively and negatively charged
zones of the pore walls becomes the basis of rectification of bipolar nanopores.
Unipolar pores consisting of a neutral and uniformly charged zone are ion selective but
also rectify due to the asymmetry. The behavior of selectivity and rectification can be
tuned via changing the surface charge pattern.

Here we present computer simulation results for uni-, bi- and nonpolar
nanopores on two modeling levels. In an all-atom model, we use explicit water to
simulate ion transport directly with the Molecular Dynamics (MD) technique. In a
reduced model, we use an implicit water model and apply the Local Equilibrium Monte
Carlo method together with the Nernst-Planck transport equation (NP+LEMC) [1,2].
The two modeling levels are connected by the diffusion coefficient of ions inside the
pore fitted to the results of the MD simulation.

We show that the implicit water electrolyte is able to reproduce the basic
behavior of nanopores with different conductions properties because it can reproduce
the behavior of the concentration profiles along the nanopore [3]. Both models show
that the physical basis of rectification and selectivity is the formation of the depletion

zones of the proper ions.

1. Boda and Gillespie. Steady state electrodiffusion from the Nernst-Planck equation coupled to Local
Equilibrium Monte Carlo simulations. J. Chem. Theory Comp., 8, 824, 2012.
2. Boda. Monte Carlo simulation of electrolyte solutions in biology: in and out of equilibrium. Ann. Rep.
Comp. Chem,, 10, 127, 2014.
3. Hato et al. Multiscale modeling of a rectifying bipolar nanopore: explicit-water versus implicit-water
simulations. Phys. Chem. Chem. Phys. 19, 17816, 2017.
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Introduction
The transport characteristics in nanofluidic devices can be controlled via manipulating surface charge pattern on the pore’'s wall. Nanopores with negative surface charge, for
example, are cation selective, while pores with charge asymmetry rectify. Bipolar nanopores contain both negative and positive zones, while unipolar pores consist of neutral
and charged zones. We present computer simulation results on three different modeling levels.
Model and Methods
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Conclusion

We are interested in the question why the reduced models can reproduce device behavior despite the fact that important molecular details are ignored and/or approximated.
We show that the implicit water electrolyte is able to reproduce the basic behavior of nanopores with different conductions properties because it can reproduce the behavior
of the concentration profiles along the nanopore. All the applied models show that the physical basis of rectification vs. selectivity is the formation of the depletion zones vs.
peaks of the respective ions. Our results show that reduced models work if they contain those degrees of freedom that are relevant for device function.
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Modeling a nanofluidic transistor: controlling ionic currents by

changing the charge pattern on the wall of the nanopore
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Nanofluidic devices containing artificial nanopores can be used as diodes, transistors,
sensors [1], or switches. Through integrating these devices into nanofluidic circuits it is
possible to regulate ionic currents. In order to gain insight and to understand the mechanism
of ion transport through nanofluidic devices in the presence of an applied electric field, a
model should be developed that explains this complex phenomenon in a simplified way. In
this work, a model transistor made of a nanopore is presented. The inside surface of the
nanopore is divided into three regions, where different surface charges can be applied. To
simulate the transport, the Nernst-Planck transport equation is used combined with the Local
Equilibrium Monte Carlo Method (NP+LEMC), which provides electrochemical potential and
concentration profiles [2,3]. The model uses the Primitive Model for electrolytes, where ions
are charged hard spheres in an implicit solvent. This model reproduces the behavior of the

device correctly compared to all-atom molecular dynamics simulations [4].

The purpose of this work is to construct a general model with well-defined parameters
and to see their effect on the device’s response function. Every applied parameter in this
reduced model plays an important role in the competition of different ions carrying the
current. The effect of the nanopore’s geometry was also examined; two different geometries
were used: cylindrical and biconical nanopores. The behavior of the device (changing the
surface charge pattern) can be tuned experimentally by changing the pH of the electrolyte. In
our model, pH influences the surface charge through protonation and deprotonation of
chemical groups on the pore wall. Therefore, a pH-sensitive device can be built. If a charge
pattern that produces depletion zones for every ionic species produces, the total current is

inhibited so the device can be used a switch.

1. Madai et al. Simulation of a model nanopore sensor: ion competition underlies device behavior. J.
Chem. Phys. 147, 244702, 2017.

2. Boda and Gillespie. Steady state electrodiffusion from the Nernst-Planck equation coupled to Local Equilibrium
Monte Carlo simulations. J. Chem. Theory Comp., 8, 824, 2012.
3. Boda. Monte Carlo simulation of electrolyte solutions in biology: in and out of equilibrium. Ann. Rep. Comp.
Chem., 10, 127, 2014.
4. Haté et al. Multiscale modeling of a rectifying bipolar nanopore: explicit-water versus implicit-water
simulations. Phys. Chem. Chem. Phys. 19, 17816, 2017.
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Introduction

The purpose of this work was to create a model of a nanofluidic transistor which is able to mimic the effects of pH on nanopore conductance. The pH of the electrolyte is an
experimentally controllable parameter through which the charge pattern can be tuned: pH effects the ratio of the protonated/deprotonated forms of the functional groups
anchored to the surface of the nanopore (for example, amino and carboxyl groups). Thus, the behaviour of the bipolar transistor is changed, as it becomes ion selective in
acidic/basic environments. Here, we present the results of a particle simulation method (Local Equilibrium Monte Carlo), where the surface charge can be related to pH.

A model of a nanopore with a length of 10 nm com-

e o depends on pH and on the pK, value of the
functional groups in the corresponding region.

e o, comes from basic functional groups, o, from
acidic functional groups.

+
; - NH —NH,
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trolytes was .usec?. Two types of geometries were con- 30 "0+ "+ "0-0" o pH defines the charge pattern on the pore’s wall.
structed: cylindrical (Cyl) and double conical(DC).
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Cylindrical geometry provides a deeper deple-
tion zone for cations in the p regions than dou-
ble conical geometry.

DC geometry allows larger concentration of an-
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Method Conclusion

Only through manipulating pH and thus the surface charge pattern on the surface of the nanopore, a pH-sensitive
and ion-selective device can be built, in which the pH can act as a switch for both the cation and the anion.
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where j; is the flux density of ionic species i, k is the

The relation between c;(r) and p;(r) is provided by
Local Equilibrium Monte Carlo (LEMC) simulation.
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