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Trivalent cations switch the selectivity in nanopores
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Abstract In this letter, we study the effect of cation charge on
anion selectivity in the pore using grand canonical Monte
Carlo simulations. The mechanism of anion selectivity inside
nanopores was found to be primarily a consequence of the
screening of negative charges by the cations. In the case of
monovalent cations, screening was not very effective and
anions were rejected. We found an ‘off-state’ at high pH and
an ‘on-state’ at low pH. When there are divalent cations,
screening is good and there is no rejection of the anion. The
concentration of anions at high pH is similar to that at low pH.
The system is always in an ‘on-state’. Trivalent cations show
an inverse selectivity mechanism: at high pH the concentra-
tion is higher than at low pH, i.e., the pore is in the ‘on-state’ at
high pH and in the ‘off-state’ at low pH.

Keywords Polyelectrolyte - Ionic channel - Calcium gate -
Anioinic selectivity - Monte Carlo simulation

Introduction

Ion channels are fundamental to a wide range of biological
processes including cell volume regulation, movement, and
generation of electrical signals. Ion channel proteins pass ions
through the cell membrane, forming pores through which the
ions diffuse down their electrochemical gradient across the
membrane [1].

In some biological channels, activation of the pores can
be triggered by changes in the local concentration of pro-
tons, which ultimately switches ionic transport from an “off”
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state, in which no or low ionic current passes through the
channels, to an “on” state evidenced by a high transmem-
brane ionic current [2—4].

So far, most explanations of this phenomenon have been
based on the notion that the “conducting” and “non-conducting”
states represent “open” and “closed” configurations of the chan-
nel, and that the transition between them results from physico-
chemical changes in the channel environment [1]. In recent
years many theoretical studies have sought to develop tools to
understand these mechanisms [5-8].

However, biological systems are very complex. For many
years there has been the idea to create nanostructured hybrid
systems that can operate in a manner similar to biological
ion channels and pores [9]. This includes the search for new
platforms that allow the selective transport of ionic species
derived from a wide variety of technological applications
that depend on “gated” transport processes, such as ultrafil-
tration controlled delivery [10], or even proton-gated devi-
ces based on aligned tubular mesoporous silica [11].

A comprehension of the mechanisms by which ion chan-
nels regulate the transport of molecules and electric signal
transduction at the molecular level is crucial for building ionic
circuits in the emerging field of nanofluidics [12]. Besides
their importance in biotechnological and analytical applica-
tions [13—16], the study of synthetic biomimetic materials
serves to understand the complex processes that occur in cells
as they are simple enough to make theoretical models.

Martinez-Ménez and co-workers [17] reported the first gated
hybrid mesostructured system operating in aqueous solution and
controlled ionically by pH modulation. A pH-driven open/close
mechanism was observed to arise from the hydrogen-bonding
interaction between amines at neutral pH (open gate) and Cou-
lombic repulsions at acidic pH between closely located poly-
ammoniums at the pore openings (closed gate). In additional to
the pH-driven protocol, opening/closing of the gate-like ensem-
ble can also be modulated via an anion-controlled mechanism.
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Brunsen et al. [18] recently described the creation of hybrid
mesostructured interfaces with reversible gate-like transport
properties that can be controlled by chemical inputs such as
protons or calcium ions. In this letter, we study the effect of
cation charge on anion selectivity in the pore using grand
canonical Monte Carlo simulations [19, 20].

Methods

For the simulations we used a system containing a 5-nm
diameter pore. The simulation box used had a length of
20 nm. The pore has 36 polymer chains. The monomers in
the polymer are weak polyelectrolytes that have the follow-
ing acid—base equilibrium:

* BH—B +H" Kal

« VH—V +H" Ka2

Each polymer chain has eight subunits, four of each type,
and the pKa values are pKal=4.4 and pKa2=7.7, i.e.,
similar to the pKa values of the phosphate group. The radius
of the monomer unit is 0.3 nm. The excluded volume was

Fig. 1 Dissociation degree as
function of external pH

taken into account by considering a hard sphere potential
between the monomers and the ions.

The conformational search was performed by allowing
the monomers in the chain to rotate around a random angle
between 7t and 27t

The acidic behavior was investigated in a grand canonical
ensemble. A monomer was picked at random, and an at-
tempt made to switch its charge state. The change in (free)
energy, AE, governing the success of the attempt, was
composed of the change in the Coulombic interactions be-
tween monomers, cations and anions , AE, and the free
energy change corresponding to the acid-base reaction of
an isolated monomer [21, 22],

AE = AEjy + ks TIn 10(pH — pK), (1)

where pH is the pH of the system, and pK; is the intrinsic
pKa of a monomer. A plus sign indicates that the monomer
is to be protonated, and the minus sign that it is to be
deprotonated.

To study the effect of salts we have performed simula-
tions, also in the grand canonical ensemble, in which the
system was in equilibrium with a bath of salt; the salts were
CA (0.002 M), CA, 0.001 M, and CA; 0.00666 M, C and A
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being generic cations and anions in such a way that the anion ~ performing separate grand canonical ensemble simulations
concentration in the bulk is always the same (0.002 M). We  in a large cubic cell with periodic boundary conditions. In all
determined the chemical potentials needed to establish pre-  simulations, the size of the anions and cations were identical
scribed bulk concentrations of the bath solution by a  in order to focus only on the effect of charge.

Fig. 2a,b Anion concentration Anion concentrations vs pH
as function of external pH. a 0.01
Normal scale, b logarithmic scale
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Results and discussion

Figure 1 shows the dissociation degree of the polymers for
the different kind of salts as a function of the external pH.

The first conclusion that can be drawn from Fig. 1 is that,
when there is a monovalent salt, the higher local density of
polyacid promotes a shift in the acid-base equilibrium in
order to minimize the electrostatic repulsions. In other
words, the system pays in chemical free energy to reduce
the electrostatic repulsions and to avoid the localization
of a very high concentration of ions, i.e., counterion
confinement.

The degree of protonation seen in Fig. 1 shows that the acid—
base equilibrium is not shifted as much with the divalent cation.

In multivalent salts, the shifts in the acid—base equilibri-
um are opposite to the above, i.e., the system tends to
deprotonate the monomers more than when there are free
monomers. This means that multivalent cations promote the
dissociation of monomers in order to increase the electro-
static energy between monomers and cations. This effect is
more evident in monomers with low pKa.

The degree of polymer charge is affected greatly by charge
regulation and nanoconfinement effects. This behavior has im-
portant consequences for anion selectivity, as can be seen in
Fig. 2.

From Fig. 1 we can observe that, at pH 2, the polymers
have no charge; this is also reflected in Fig. 2 by noting that
the anion concentration at this pH is similar in the three salts.
At pH 8 there are significant differences in the anion concen-
trations. In the monovalent salt, the anion concentration is
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Fig. 3a—c Density profile of the monovalent salt. a pH 8, b pH 5, ¢ pH 3
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approximately 44 times less than the concentration at pH2.
For the divalent salt the change is not as pronounced, at a
concentration only two times less than at pH 2, and at a
concentration twice that pH2 for the trivalent salt.

The simulation results indicate that the ionic concentra-
tion characteristics are determined by electrostatic modula-
tion originating from the presence of both the polymer brush
and the counterions. A charged nanopore can have all these
transport properties by changing the ion species. Moreover,
the cation versus anion selectivity of the pores can be
changed. We find that divalent and trivalent cations produce
localized charge inversion that changes the effective pore
surface charge profile from negative to positive. These
effects are reversible so that the transport and selectivity
characteristics of ionic devices can be tuned, much as the
gate voltage tunes the properties of a semiconductor.

These results suggest a Donnan-type rejection mecha-
nism, dominated by electrostatic interactions between fixed
membrane charges and mobile ions [23]. The observed
sensitivity of the rejection to the solution pH and electro-
static screening length suggests that electrostatic interac-
tions dominate over steric effects in governing ion
rejection. The observed trends are in agreement with
Donnan membrane equilibrium theory.

The simulation results are in agreement with the experi-
mental works done by He et al. [20], where they have shown
that the effective surface charge profile changes with ion
species. These results also agree with the work of Brunsen et
al. [18] and Gurnev and Bezrukov [24], who find that the
accumulation of multivalent ions at the membrane surface

pH=3

-10 -5 0 5 10

0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014




J Mol Model (2013) 19:2183-2188

2187

S S
®© ©
a a
> >
-10 -5 0 5 10
X Data
. 0.0 N 0.00
. 0.1 0.02
0.2 . 0.04
— N 0.06
04 N 0.08
N 05
N 0.6
. 0.7
s 038

Fig. 4a—c Density profile of the divalent salt. a pH 8, b pH 5, ¢ pH 3

and the corresponding changes of the effective surface
charge can be seen through changes in channel conductance.
Ali et al. [25] recently found that calcium binding to fixed
charged groups confined over nanoscale regions is relevant
to ion equilibrium and transport in the ionic channels of cell
membranes and artificial nanopores.

Y Data
Y Data

-10 -5
I 0.0 N 0.0
0.2 N 0.1
. 04 0.2
N 06 N 0.3
N 038 0.4
w05
N 06
. 0.7
N 038

Fig. Sa—c Density profile of the trivalent salt. a pH 8, b pH 5, ¢ pH 3
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Analysis of density profiles also confirms the screening
mechanism for the anion selectivity in the pores. The den-
sity profile for the monovalent salt shows that, at pH 8§, the
cations are spread all over the nanopore surface (Fig. 3). The
concentration is higher near the wall due to the negative
charge of the monomers. As the pH decreases, the concentration
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near the walls also decreases due to steric impediment since the
monomers are now not charged.

For the divalent salt, the binding between the divalent
cations and the charged monomers is so strong that, at pH 8,
all the anions are concentrated near the wall, close to the
polymer brush, and there are no cations in the center of the
pore (Fig. 4). The absence of cations in the center of the pore
suggests that the monomers and the cations interact in a
quelation-type reaction mechanism and therefore the cations
would not be involved in the transport of charge since they are
attached to the monomers.

In the case of the trivalent salt, the cation concentration at
pHS8 is less than for the divalent salt (Fig. 5). This is also an
effect of confinement, since every cation now has three
charges and the repulsion between them is much higher than
in the case of divalent cations. However, the net charge is
higher. Unlike the divalent cations, trivalent cations still
maintain a high concentration near the wall at pH 5. At
pH 3 there is no charge in the system, so the concentration
is now higher in the center of the pore.

Conclusions

In the work reported in this letter, we found that the mecha-
nism of anion selectivity inside nanopores is primarily a
consequence of the screening of negative charges by cations.

In the case of monovalent cations, screening is not very
effective so anions are rejected. We found an ‘off-state’ at
high pH and an ‘on-state’ at low pH.

When there are divalent cations, screening is good and
there is no rejection of the anion. The concentration of
anions at high pH is similar to those at low pHs. The system
is always in an ‘on-state’.

Trivalent cations show an inverse selectivity mechanism:
at high pH the concentration is higher than at low pH, i.e., at
high pH the pore is in the ‘on-state’ and at low pH in the
‘off-state’.
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