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ABSTRACT

We study the electric potential difference (membrane potential) that arises across a
single-pore membrane which separates two aqueous solutions at different salt concentrations.
This potential difference is obtained here as the reversal potential of a conical nanopore,
defined as the applied voltage needed to obtain a zero current through the membrane. To this
end, different monovalent (LiCl, NaCl, KCI, and CsCl) and divalent (CaCl,, MgCl,, and
BaCly) salt cations are considered over a wide range of concentrations and salt mixtures for
the two asymmetric nanostructure directionalities. The experimental data allows discussing
fundamental questions on the interaction of the charges fixed to the pore surface with the
mobile ions in solution over nanoscale volumes. In particular, we describe the effects due to
(i) the relative orientation of the axial charge distribution along the pore and the externally
imposed concentration gradient, (ii) the different screening of the pore negative charges by
the monovalent and divalent cations, and (iii) the non-zero bi-ionic potential arising between
two salts of distinct cations with a common anion at the same concentration. We have also
given a quantitative description of the experimental data obtained with monovalent cations on
the basis of the Poisson-Nernst-Planck formalism. In the case of the divalent cations,
however, we could give only a qualitative description of the observed phenomena. Taken
together, the results can contribute to the understanding of electrochemical and bioelectrical
membrane processes which are regulated by the interplay between the membrane asymmetry

and the ionic concentration and electrical potential gradients.
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1. Introduction

The electric potential difference arising across a membrane that separates two aqueous
solutions at different salt concentrations can be obtained as the reversal potential, which is the
applied voltage needed to obtain a zero current through the membrane. We study this
electrochemical magnitude for the case of a single-pore membrane consisting of a conical
nanopore. To this end, we consider different directionalities for the nanostructure asymmetry
using a series of mono and divalent salts over a wide range of concentrations.

There is a renewed interest on membrane processes allowing the conversion between
the input free energy available in the form of a salt concentration gradient and the ouput
electrical energy obtained as a potential difference. In addition, ionic concentration gradients
and electric potential differences are also central to electrochemical energy storage in
batteries, supercapacitors, fuel cells, and desalination. In this context, new technologically-
oriented proposals involving environmental systems should be complemented with basic
experimental studies under controlled laboratory conditions and new theoretical models [1-
17].

The membrane potential is not only significant to energy conversion and storage with
artificial membranes but is also an important single-cell bioelectrical characteristic for
multicellular processes such as embryogenesis and tumorigenesis [18-20]. Indeed, externally
induced changes in the micro-environmental ionic concentrations that determine the cell
membrane potential can produce serious effects both at the single-cell and multicellular levels
[18,20]. In this context, conical nanopores with surface charges can be considered as
biomimetic nanostructures closing the gap between artificial and biological membranes [21-
24]. These nanoscale pores show ionic selectivity properties that mimic those of the ion
channel proteins inserted in the cell membrane when biologically relevant ions such as

potassium, sodium, calcium, magnesium, and chloride are used [25].



Remarkably, the carboxylic acid groups located on the nanopore surface [21,22] are
also present in most moieties asymmetrically distributed through the axis of typical ion
channels [24,25]. As in the case of conical nanopores [21,22], it is the inhomogeneous
distribution of membrane fixed charges that allows the current rectification and ionic
selectivity phenomena central to most cell membrane functions. Note that the basic
mechanism that supports these functions, the electric interaction of the fixed surface charges
with the mobile ions in solution, is common to both ion channel and nanopores [22,25-28].

While there is a voluminous literature on membrane potentials in protein ion channels
and ion-exchange membranes, including both classical references [25,29-31] and recent
reviews [32,33], this is not the case of modern artificial nanostructures. We have previously
considered the theoretical description of ionic selectivity in nanopores on the basis of current-
voltage (I-V) curves, salt fluxes, and membrane potentials [22,34]. In particular, we developed
a model for the reversal potential in conical nanopores based on the Poisson and Nernst-
Planck (PNP) equations [35] and compared the results obtained with a limited set of data
concerning KCI aqueous solutions only [34].

We present here a significant extension of our previous work by considering different
monovalent (LiCl, NaCl, KCI, and CsCl) and divalent (CaCl, MgCl2, and BaCly) salt cations
together with salt mixtures over a wide range of salt concentrations. Also we analyze the case
of the bi-ionic potential obtained with mixtures of different salts at the same concentration.
These experimental additions are not merely of an incremental nature because new insights on
membrane and bi-ionic potentials are now provided under different conditions concerning the
experimental technique used, the interplay between the nanostructure asymmetry and the
externally imposed concentration gradient, and the different nature of the mono and divalent

cations.



2. Experimental

The single-nanopore membrane is obtained from 12—um thick polyimide (PI) foils
(Kapton50 HN, DuPont) irradiated at the linear accelerator UNILAC (GSI, Darmstadt) with
swift heavy ions (Au) of energy 11.4 MeV per nucleon. In order to achieve the desired single-
ion irradiation, a metal mask incorporating a 200 micrometer-diameter centered aperture is
located in front of the stack. Immediately after a single ion passes through the foil stack, it is
registered by a particle detector placed behind the samples and then the ion beam is blocked.
Subsequently, asymmetric track-etching techniques [36,37] are used to convert the membrane
tracks into approximately conical pores. The track-etching processes produce surface pore
carboxylate residues that are ionized in aqueous solution at intermediate pH values. These
negatively charged groups are fixed to the pore surface and provide the cationic pore
selectivity [21,22].

The SEM images of nanopore fractures and gold replicas of the conical pores,
together with pore conductance measurements, give pore radii in the ranges 10—40 nm for the
cone tip and 300-800 nm for the cone base [38,39]. To check the general validity of our
experimental approach, different single-pore membrane samples were employed although we
present only representative results obtained with two of them. For each of the pore samples,
we obtain first the 1-V curves at 100 and mM KCI at neutral and acidic pH values in order to
verify the expected rectification and ionic selectivity characteristics. This procedure provides
also relevant information on the pore characteristics [22]. For sample B, which is used in most
experiments reported here, the pore base radius can be estimated from the etching time as
anase = 450 nm [21,22,40]. From the experimental 1-V curves at acidic pH, the pore tip radius
and the tip shape parameter are aiip = 10 nm and d/h = 26, respectively, where d is the pore

length [40]. From the experimental I1-V curves at neutral pH, the surface charge density is



obtained asc = 0.9 e/nm? Additional details of this procedure can be found elsewhere
[21,22,40].

Figs. 1 and 2 show the set-up used in the measurements and the experimental
technique employed to determine the reversal potential, respectively. The input potential
difference (voltage V) and the output current | are obtained with a couple of Ag|AgCl

electrodes immersed in the two bathing solutions.
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Fig. 1. Scheme of the reversal potential set-up. The single-pore membrane separates two salt
solutions at different concentrations c. and cr under close to neutral pH values. The conical
nanopore geometry and radii can be estimated from imaging the pore and from electrical
conductance measurements [21,22,36,37]. Most of the reported data are obtained with a pore
of radii atip = 10 nm and avase = 450 nm. In the left set-up, the membrane potentials are
obtained using a picoammeter (Keithley Instruments, Cleveland, Ohio); in the right set-up, an
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) is used. In the two cases,
Ag|AgCI electrodes are employed in the left (L, pore tip in the figure) and right (R, pore base
in the figure) solutions together with their corresponding 2 M KCI solution salt bridges. The
electrochemical cell with the single-pore is confined within a double layer magnetic shield
(Amuneal Manufacturing, Philadelphia, PA) to avoid external perturbations. As a first
approximation, we consider concentrations instead of activities and introduce corrections for
the liquid junction potentials at the salt bridge/solution interfaces by using the Henderson
equation [26,35].



The establishment and experimental characterization of steady-state membrane
potentials is well-known [6-10]. In the case of nanopores, however, it is difficult to determine
steady-state values of Vmem accurately due to the small salt fluxes involved and we have
resorted here to measure Vmem as the reversal potential V(I = 0). This alternative experimental
procedure involves currents in the 10 pA range (Fig. 2a) which are close to the experimental
limits of our equipment and could then be influenced by external noise. To check first the
validity of the experimental approach and the consistency of the data obtained, we have
undertaken preliminary measurements with a picoammeter and the Axopatch 200B (Fig. 1,
left and right) amplifier using the single-pore membrane (sample A, Fig. 2). Note the good
reproducibility of the membrane potentials obtained with the different set-up of Fig. 1.
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Fig. 2. (a) The membrane potential Vmem = VL — Vr Obtained as the applied potential difference
V (voltage) that gives a zero current | through the nanopore can be either positive or negative
depending on the relative orientation of the conical nanopore with respect to the concentration
gradient. The experimental curves correspond to KCI solutions of concentrations ¢ = 102 M
and cr =5 102 M (left) and c. = 5 102 M and cr = 1072 M (right). (b) The corrected (full
circles) and uncorrected (empty circles) values of Vmem as a function of logio(cr/cL) obtained
by using a picoammeter and the Axopatch 200B amplifier for membrane sample A. The size
of the data points roughly corresponds to the experimental error obtained in a series of

measurements. Note the significant effect of pore directionality (positions # 1 and # 2).



To allow a direct comparison, we have employed the same membrane sample B in all
experiments with different chloride salt solutions of monovalent (Li*, Na*, K, and Cs*) and
divalent (Ca?*, Mg®*, and Ba®") cations. The membrane potentials measured should be
corrected for the liquid junction potentials across the salt bridge/solution interfaces. This
correction is made by using the Henderson approximation that assumes ideal solutions and a
continuous solution mixture with the same functional dependence for the ionic concentration

profiles [26,35].

3. Results and Discussion

Fig. 3a shows the experimental membrane potentials Vmem Obtained for the two
orientations of the asymmetric nanopore shown in the insets at the fixed KCI concentration c.
= 10! M. The line permits to quantify the deviation from the Nernstian ideal behavior
observed [32]. Note also that the potential difference obtained from the I-V curves is the
whole electrochemical cell potential that includes all drops across the system. The
contribution of the two salt bridges at the electrodes could be significant and then both the
uncorrected and liquid junction-corrected (Fig. 1) values of Vmem are shown for the sake of
comparison. Fig. 3b considers the case ¢ = 102 M, which gives higher values of Vimem than
those of Fig. 3a when cr > cL because of the weak Debye screening of the pore charges at low
salt concentrations. Note also the significant effect of the pore directionality due to the
distinct screening of the cone tip charges responsible for the selectivity to the cation. Other
asymmetric systems showing directional effects are inhomogeneous and bipolar ion-exchange

membranes [41-44], multifunctional cigar-shaped nanopores [23], and ion channels [45-47].
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Fig. 3. (a) Uncorrected and corrected Vmem VS. l0g1o(Cr/cL) curves for membrane sample B and
the two orientations of the asymmetric nanopore shown in the insets. The KCI concentration
cL = 107! M is fixed and the Nernstian line is included to better show the deviation from the
ideal case. The corrected values are obtained by using the Henderson equation for the liquid
junction potentials developed at the salt bridge/solution interfaces [26]. (b) Vmem Vs.
logio(cr/cL) curves for ¢ = 1072 M KCI. (c) Experimental corrected Vimem VS. logio(Cr/CL)
curves for LiCIl, NaCl, KCI, and CsCl solutions over a wide concentration range. (d) The
corresponding theoretical curves are obtained with the Poisson-Nernst-Planck formalism

described with detail in Reference [34].



To clearly show the effect of the salt concentration for the different cations, Figs. 3c
and 3d consider the experimental and theoretical membrane potentials Vimem measured using
the two orientations of the single-pore membrane. The experimental data are approximately
described by the theoretical curves calculated using the Poisson-Nernst-Planck formalism
with the ionic diffusion coefficients of free solutions at infinite dilution [48]. The results
deviate from a straight line, especially for the case of high salt concentrations bathing the
cone tip in pore position # 2. In this case, both the co- and counter-ions are allowed in the
pore solution and effectively screen the surface charges [22,32,49]. Note in particular that
Vmem tends to the small values of the liquid junction potentials characteristic of KCI and CsCl
solutions.

The theoretical curves of Fig. 3d are obtained with the Poisson-Nernst-Planck
formalism described with detail in Reference [34]. However, Figs. 3c and 3d suggest that the
experimental limits at high and low salt concentrations could be qualitatively explained by
using the Teorell-Meyer-Sievers (TMS) model; see a recent review [32] for a thorough
analysis of the TMS approach and its extensions. Remarkably, all curves of Fig. 3d are
obtained with the same pore charge density ¢ = 0.9 e/nm?, which gives an effective volume
charge density X = 2c/(Fatip) = 0.3 M at the pore tip for asip = 10 nm and the Faraday constant
F = 96500 C/mol.

We have used ionic concentrations rather than activities in the theoretical calculations.
The good agreement between experiment (Fig. 3c) and theory (Fig. 3d) has prevented us from
introducing additional corrections. While this assumption should fail in the limit of high
concentration, the fact is that multitude of non-ideal effects [8,29,30,50,51] may cause the
external and pore solutions to deviate from the ideal behavior. Note that the charged pore
appears to slightly select the less hydrated Cs* and K* cations over the more hydrated Na* and

Li* cations [25].
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Fig. 4a considers the counter-ion transport numbers t. calculated from the Vmem values
of Fig. 3c [34]. This number constitutes a measure of the selectivity of the pore for each salt
cation [25,34]. Figs. 4a and 4b show that t+ depends not only on the external solution
concentration but also on the nanostructure directionality. In particular, Fig. 4a suggests that
the pore is moderately selective to cations for position # 1 all over the concentration range
while Fig. 4b shows that this selectivity is lost for pore position # 2 when cr > ci, as shown
by the discontinuous lines corresponding to the limiting free solution values. For position # 2
(Fig. 4b), significant cationic selectivity increments (cr/cL < 1) and reductions (cr/cL> 1) with
respect to the case of position # 1 (Fig. 4a) are observed. This property could be exploited in

practical applications of the conical pores [52].
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Fig. 4. (a) The cation transport numbers t+ vs. logio(cr/cL) curves for the salts of Fig. 3c and
pore position # 1. (b) t+ vs. logio(cr/cL) curves for pore position # 2. The discontinuous lines

correspond to the limiting free solution values. (c) The current-voltage (I-V) curves for the
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monovalent salts obtained at pore position # 1 clearly show the asymmetric nanostructure
characteristics [22]. The ionic conductances order observed at V > 0 suggests the diffusion
coefficient sequence Dcs > Dk > Dna > Dy assumed in the theoretical calculations of Fig. 3d.
(d) The theoretical 1-V curves calculated with the cation diffusion coefficients corresponding

to dilute solutions [48].

While Fig. 4a suggests that the pore selectivity is slightly different for the distinct
monovalent cations, it is difficult to quantify these differences because of the pore charge
screening effects and the interplay between ionic selectivity and diffusion [27]. For instance,
the relative pore selectivity between two cations inferred from ionic permeability data can be
different in the limits of low and high external concentrations [27]. In addition, the
dependence of the membrane potentials of Fig. 3c on the nanostructure directionality makes it
difficult to define a single characteristic for ionic selectivity. These questions have also been
emphasized for the case of biological ion channels [27].

Figs. 4c and 4d show that the 1-V curves corresponding to the asymmetric negatively
charged pore have similar trends for all monovalent cations, suggesting a common conduction
mechanism previously described [22,49]. The relatively high electrical resistance obtained at
negative potentials gives a low current entering the cone base while the low resistance found
at positive potentials gives a high current entering the cone tip [22,49]. Fig. 4c shows also that
the pore is slightly sensitive to the different monovalent cations, in agreement with Fig. 3c.
The experimental 1-V curves give additional support to the sequence Dcs > Dk > Dna > Dvi of
diffusion coefficients at infinite dilution assumed in the theoretical calculations of Figs. 3d
and 4d.

Figs. 5a and 5b display the uncorrected and corrected Vmem values for the case of a
divalent cation (Ca?*) at different CaCl, concentrations. The Henderson correction due to the
liquid junctions at the solution/salt bridge interfaces are higher for divalent than for

monovalent cations (Figs. 3a and 3b). Note also the higher Debye screening of the pore
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charges by the divalent cations with respect to the case of the monovalent cations: the
absolute values of Vmem in Figs. 5a and 5b are lower than those of Figs. 3a and 3b. Fig. 5¢c
gives the corrected values of Vmem for the different divalent cations of CaCl,, MgCl», and
BaCl, salts and Fig. 5d shows the experimental 1-V curves obtained for these divalent salts
with pore position # 1. The ionic conductances follow the same sequence Dga > Dca > Dwg
observed for these diffusion coefficients in free dilute solutions [48]. Note that the currents of
Fig. 5d are much higher when the cations enter the pore tip (V > 0 for position # 1), in
agreement with the fact that the absolute values of Vmem are higher when the cations diffuse

from the tip to the pore base (Fig. 5c).
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Fig. 5. (a) Uncorrected and corrected Vmem VS. logio(Cr/CL) curves for the two orientations of

the asymmetric nanopore shown in the insets and the fixed CaCl. concentration ¢, = 101 M.

(b) Experimental Vmem Vs. logio(Cr/cL) curves for concentration ¢ = 102 M CaCl,. (c)

Experimental Vmem Vs. logio(cr/cL) corrected curves for CaCl,, MgCl., and BaCl, salts over a
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wide concentration range. (d) The I-V curves for these salts obtained at pore position # 1 give
ionic conductances that show the diffusion coefficient sequence Dga > Dca > Dwmyg
characteristic of free dilute solutions.

The striking similarity of all experimental Vmem vs. logio(Cr/cL) curves for the three
divalent cations of Fig. 5c strongly suggests that a common electrochemical mechanism
should explain the significant differences observed with respect to the case of the monovalent
cations (Fig. 3c). However, previous continuum models for the membrane potential of
divalent cation salts (see e.g. Refs. [53,54] and references therein) cannot reproduce the
results of Fig. 5¢. Note in particular the opposite, non-monotonic trends observed in the Vmem
vs. logio(cr/cL) curves for positions # 1 and # 2 (Figs. 5a and 5b). These opposite tendencies
suggest that the relative position of the pore tip with respect to the externally imposed
concentration gradient strongly influences the divalent cation concentration and electric
potential gradients inside the pore.

In addition, we emphasize that the curves of Figs. 5a and 5b are almost identical for all
divalent cations studied (Fig. 5c). In particular, the values of Vmem shown in Figs. 5a and 5b
appear to follow a quasi-Nernstian straight line opposite to that of Figs. 3a and 3b only when
the high salt concentration faces the pore tip for both position # 1 (left) and position # 2
(right). While this result might suggest an over-screening (charge reversal) of the pore surface
charge, as observed recently for the case of solid state nanopores [55], the fact is that we did
not observe any charge reversal in the experimental 1-V curves of the divalent cations studied
recently [56].

In absence of a quantitative description for the significant differences observed
between Figs. 3¢ and 5c, we have attempted a qualitative explanation in Fig. 6. The cartoons
attempt to emphasize the potential well due to the pore fixed charges [25,57] and the resulting

ratchet potential (Fig. 6) at the conical tip [22,58]. These electrical effects are expected to be
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more significant for divalent than for monovalent ions because of their different surface
charge densities [25]. Also, the electrochemical mechanism invoked in Fig. 6 is general
enough to apply to all divalent cations attempting to diffuse through the asymmetric

nanostructure, which are characterized by similar curves in Fig. 5c.

Fig. 6. The different values of Vmem = VL — Vr Observed for pore positions # 1 (left) and # 2
(right) can be qualitatively explained in terms of the distinct relative orientations of the pore
tip with respect to the divalent cation concentration gradient (Fig. 5c). The cation well due to
the negative charges at the pore tip results in a non-periodic ratchet potential along the pore
[22,58]. When the tip is bathed by the low external concentration, the electric potential
distribution produces an effective trap which should be much higher for divalent than for
monovalent cations. On the contrary, the shifts in the ratchet potential observed when the high
external concentration bathes the pore tip help the cations to overcome the trap and give high
values of Vmem. Note that the currents of Fig. 5d are also much higher when the cations enter

the pore tip, which corresponds to V > 0 for position # 1.

Because of the charge-dependent rate limiting step of Fig. 6 occurring at the pore tip,
the continuum theoretical model used in Fig. 3d for monovalent cations could fail in the
divalent cation case. On the contrary, continuum models can still be useful for the case of the
-V curves [56] because the high voltages V = 1 V (see Fig. 4c and Ref. [56]) >> 0.04 V >
Vmem (See Fig. 5¢) applied in the first case allow the divalent cations to effectively surpass the
potential well of Fig. 6. Note also the correspondence between the four cases considered in
Fig. 6 and the experimental curves for Vmem Of Fig. 5c that concern two opposite

concentration gradients (cr/cL <1 and cr/cL > 1) for each one of the two pore directionalities
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(positions # 1 and # 2). This correspondence is not so clear at high concentration gradients
because the contribution of the non-zero diffusion potentials is not included in the schematic
pore ratchet potentials of Fig. 6.

To check further the different membrane potentials observed, Fig. 7a analyzes the
transition from the Vmem Values characteristic of a monovalent cation to those of a divalent
cation. To this end, mixtures of KCI and MgCl. salts are considered for the two orientations
of the pore. In these experiments, the external concentrations are fixed at ¢r,. = 107 M and
ctr=10"2 M but the relative amounts of the monovalent and divalent salts contributing to the
above total concentrations are varied in terms of a mixing parameter x (Fig. 7a). Remarkably,
the limiting values of Vmem in Fig. 7a agree with those of Fig. 3a for pure KCI solutions (x =
0) and with those of Fig. 5a for pure CaCl. solutions (x = 1), which behave similarly as pure
MgCl> solutions (Fig. 5c). These results confirm further the general validity of our

experimental approach to the membrane potential of single conical pores.
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Fig. 7. (a) The experimental transition of Vmem between the corrected values characteristic of
the monovalent (KCI) and divalent (MgCl>) salts for the two pore directionalities. In this case,
the total external concentrations cr. = Ckei + Cwgcr = (1-X) 1072 M + x 101 M and Crr = Ckair
+ Cumgcr = (1-X) 102 M + x 102 M are kept constant but the concentrations of the monovalent
and divalent salts contributing to cr,.and crr vary in terms of the mixing parameter x, 0 < x <
1. (b) Experimental Vimem Vvs. logio(Ccr/cL) corrected values for the divalent anion salt KoSO4 at

cL =10"! M and two pore directionalities.
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It should be mentioned that the two ions of Fig. 7a are crucial to cell homeostasis due
to the interplay between the Mg?* concentration and different Na*—K* pathways [59]. This is
also the case of circadian rhythms in biological cells because daily magnesium fluxes regulate
cellular timekeeping and energy balance [60]. The membrane potential is an instructive
bioelectrical magnitude for most cellular processes [18-20,25] and is essentially regulated by
the potassium concentration difference between the cell inside and the external
microenvironment. As is well-known, small amounts of divalent cations in the cell inside can
lead to depolarization by decreasing the absolute value of the cell Vmem < 0. Note in this
context the exquisite sensitivity of the KCl-regulated Vmem Of Fig. 7a to small additions of
MgCl.: the transition from x = 0 to x = 0.1 produces a large decrease in the absolute value of
the observed membrane potential, suggesting a significant interplay between the monovalent
and divalent cations in the regulation of Vimem [20,25].

Recently, the influence of divalent anions on the 1-V curves and rectification
phenomena of nanofluidic diodes has been considered [61]. Fig. 7b shows the Vmem Vs.
logio(cr/cL) curves for K2SOq solutions. In this case, it is the divalent anion SO4>~ rather than
the monovalent anion CI- that acts as a co-ion in the pore solution. The comparison of Fig.7b
with Fig. 3a shows that the strong pore exclusion of the divalent anion (Fig. 7b) leads to
absolute values of Vmem higher than those of the monovalent anion (Fig. 3a). Note also the
significant differences obtained between the Vmem values of Fig. 7b (divalent co-ion) and
those of Fig. 5a (divalent counter-ion).

We consider now the case of the bi-ionic potential Vuip, defined as the electrical
potential difference that arises when the membrane separates two different salts which have a
common ion at the same concentration. Fig. 8a shows the values of Vyip for three pairs of

monovalent cations, with the common salt KCI. Fig. 8b considers the case of two divalent
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cation salts, CaCl; in the L solution and MgCl. in the R solution. The effects due to the
different directionalities of the asymmetric nanostructure are also studied.

In our theoretical approach, the bi-ionic potential is given by two interfacial Donnan
potentials at the membrane/solution interfaces and the diffusion potential in the membrane
phase [35,62,63]. If the two cations have similar microscopic characteristics, the Donnan
potentials tend to compensate each other and then the bi-ionic potential is the membrane
diffusion potential [62], which is non-zero because of the different cations in the external L
and R solutions. In this way, Vuip depends on the salt concentration and the ionic diffusion

coefficients D+L and D+r.
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Fig. 8. (a) Corrected bi-ionic potentials Vyip vs. the external salt concentration cL = cr = Co for
different monovalent salt configurations. The circles correspond to MCI(pore tip
solution)/KCl(pore base solution) and the squares correspond to MCI(pore base
solution)/KCl(pore tip solution) where M denotes the cations Li, Na, and Cs. (b) Corrected
Vbip VS. Co for the case of two divalent cation salts. The circles correspond to the configuration
CaCly(pore tip solution)/MgClx(pore base solution) and the squares to the configuration

CaCly(pore base solution)/MgClx(pore tip solution).

For a symmetric membrane and a monovalent cation salt in the limit of low

concentration, Vpip depends only on the two cation diffusion coefficients because the co-ion
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(chloride) is excluded from the pore solution [22,62]. In this case, Vbip = (RT/F)IN(D+r/D+L)
where R is the gas constant and T the temperature [62]. The theoretical results obtained with
this equation assuming dilute solution values for the ionic diffusion coefficients are 17 mV
(LiCI/KCI), 10 mV (NaCl/KCl), and -1 mV (CsCI/KCI) in approximate agreement with the
experimental results of Fig. 8a. In the opposite limit of high salt concentration, however, the
excess of mobile ions in the pore solution effectively screen the pore charges. Thus, the
chloride ion is not excluded from the pore and contributes now to Vuip with a diffusion
coefficient D-. In this case, we use the Goldman equation [35] Vbp =
(RT/F)In[(D+r+D-)/(D+.+D-)] for the liquid junction potential established between the two
monovalent salts [29,62,64]. While the Goldman equation for a liquid junction is usually
referred to as the “constant field equation”, it is not necessary to assume a constant field to
obtain it when the membrane separates two monovalent salt solutions at the same
concentration [62]. Remarkably, this question was noted by Goldman himself in his original
study [64]. The Goldman equation gives the theoretical values Vpip = 7 mV (LiCI/KCI), 4 mV
(NaCl/KCl), and —0.6 mV (CsCI/KCI), in agreement with the experimental results of Fig. 8a
at high salt concentration. For divalent cations, the expected values for Vyip should be close to
zero because of the similar ionic diffusion coefficients of Ca** and Mg?*, also in agreement
with the results of Fig. 8b. Thus, the pore directionality effects of Fig. 5¢ are not so relevant in

this case.

4. Conclusions

The experimental and theoretical results presented here are of fundamental interest to
electrochemical membrane processes as well as to bioelectrical phenomena in cell membranes
because the ions and concentration ranges considered are of technological and biological

relevance. In particular, a significant conclusion emerges from the experimental data: if we
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attempt to use the membrane potential as a measure of the ionic selectivity, a multitude of
pore and external solution effects (nanostructure directionality and effective surface charge;
cation charge number and salt concentrations) should be taken into account simultaneously.
This fact has been emphasized in the case of the protein ion channels of the cell membrane
[26,27]. Also, the different experimental methods to characterize the ionic selectivity of ion
exchange membranes have been reviewed recently [65].

The membrane potential of conical nanopores reflects the interplay between many
physico-chemical phenomena beyond the ideal (Nernstian) concentration potential.
Experimental conditions such as the relative orientations of the fixed charge distribution along
the pore and the external concentration gradient, the different screening of the negative pore
charges by monovalent and divalent cations, and the concentrations of the different salts act
together to give a wide range of non-trivial membrane potentials. Also, significant bi-ionic
potentials can be obtained with mixtures of monovalent and divalent cations at the same
concentration. By taking together all experimental data, we have attempted a systematic
description that can contribute to the understanding of many electrochemical and bioelectrical
processes regulated by the interplay between the membrane asymmetry and the ionic

concentration and electrical potential gradients.
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