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ABSTRACT

We consider the screening of the negative charges (carboxylic acid groups) fixed on
the surface of a conical-shaped track-etched nanopore by divalent magnesium (Mg?*) and
trivalent lanthanum (La®*"). The experimental current (I)-voltage (V) curves and current
rectification ratios allow discussing fundamental questions about the overcompensation of
spatially-fixed charges by multivalent ions over nanoscale volumes. The effects of charge
inversion or reversal on nanopore transport are discussed in mixtures of asymmetric
electrolytes (LaClsz and MgCl with KCI). In particular, pore charge inversion is demonstrated
for La®" as well as for mixtures of this trivalent ion at low concentrations with monovalent
potassium (K*) and divalent Mg?* ions at biologically relevant concentrations. It is found that
small concentrations of multivalent ions can modulate the nanopore rectification and the
transport of other majority ions in the solution. We study also the kinetics of the nanopore
electrical recovery when the electrolyte solutions bathing the single-pore membrane are
changed and show the hysteretic effects observed in the I-V curves. Finally, we describe the
hysteresis observed in the I-V curves of CaClz, MgCl, and BaCl, and mixtures. We also give
a qualitative description of the effects of charge reversal on the pore rectification using the

Nernst-Planck flux equations for multivalent ion mixtures.
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inversion; Current rectification



1. Introduction

The interaction between the negatively charged head groups of the phospholipid
molecules forming the cell membrane and the multivalent cations in solution is central to gene
delivery, viral packing, and drug action processes. The screening of the charged groups by
these ions can produce an electrical overcompensation usually referred to as charge inversion
or charge reversal [1]. Remarkably, the aqueous ion channels inserted between these
phospholipid molecules have also fixed charge groups that can interact with divalent and
trivalent ions [2]. For wide biological channels such as pore forming toxins and porins,
electrical interactions and charge inversion effects are significant [3-5] and depend also on the
pH because of the pore fixed charges [6-8]. Partial ion blocking and charge reversal have also
been reported in artificial nanopores where small amounts of multivalent ions can modify the
electric current transported by other monovalent ions in solution because of their interaction
with the groups fixed to the pore surface [9-13].

Charge inversion constitutes a subject of current interest for both fundamental and
applied research [1,14,15]. Theoretically, this effect can be studied by means of computer
simulations and physical models based on strongly correlated liquids of multivalent ions in
the vicinity of a charged surface [1,16-19]. Experimentally, charge reversal can be detected by
electrophoresis when a charged colloid in solutions of multivalent ions shows a reversed
mobility; see Semenov et al. [20] and Quesada-Perez et al. [21] for a review. Alternatively,
X-ray reflectivity [22] and atomic force microscope [23] techniques can allow direct
measurements of the charge inversion by multivalent counter ions at a charged wall. Artificial
nanopores can also be employed to explore charge reversal in confined geometries that
resemble those found in biological pores [9-12,24,25].

We consider here the electrical interaction of divalent and trivalent cations with the

negatively charged groups at the surface of a conical-shaped track-etched nanopore. This



problem illustrates basic questions about charge inversion and may also suggest new
nanopore applications in biosensors and lab-on-a-chip devices because small concentrations
of multivalent ions allow tuning the transport of other majority ions present in solution.
Indeed, previous work by Siwy et al. [9-11] has shown that because of the high surface-to-
volume ratio of nanopores, the pore charges interact strongly with the mobile multivalent ions
forming effective ion pairs. In particular, current fluctuations, negative resistance, and
precipitation-induced effects have been reported in calcium solutions immersed in narrow
pores [9,11]. Under certain conditions, charge inversion can reverse the electrical rectification
properties of the nanopore [10]. The sign reversal of the surface charge of rectangular silica
nanochannels has previously been studied in mixtures of monovalent and multivalent ions by
measuring streaming currents under pressure-driven transport [26]. At high monovalent ion
concentrations, the electrical screening can suppress charge inversion and restore the original
sign of the surface charge [26]. Reversal (open) potential and conductance measurements
have also been reported for divalent (magnesium) ions in nanochannels [25]. Charge
inversion was observed together with an anomalous increase of the channel conductivity [25].
The interaction of the negative fixed charges at the pore surface with divalent anions rather
than cations has recently been studied [24]. In this case, however, the divalent ions are
excluded from the pore and no charge inversion is observed.

We focus here on the conical nanopore charge inversion shown by the current
(D—voltage (V) curves (see Fig. 1) in mixtures of asymmetric electrolytes, including LaCls
and MgCl», and KCI. The negative charge of the nanopore results from the dissociation of the
carboxylic acid groups fixed to the pore surface. Lanthanum (La%") is a trivalent ion that can
act as a specific blocker of biological ion channels, modulating their electrical characteristics
[6]. Magnesium (Mg?*) and potassium (K*) cations are usually found in biological cells and

the carboxylic acid groups are typical chemical moieties of protein ion channels [2]. Mixtures



of asymmetric electrolytes including monovalent and divalent ions are also typical of
transport processes through negatively-charged mono and multilayer cation exchange
membranes (see [27] and references therein). We study the changes observed in the pore fixed
charges, including the electrical screening and overcompensation of these charges, as well as
the effects caused by salt addition. We show also the hysteretic effects observed in the 1-V
curves of different multivalent ions and mixtures. A qualitative description of the effects of
the charge reversal on the pore rectification is given on the basis of an ad hoc charge

distribution (Appendix A) and the Nernst-Planck equations (Appendix B).
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Fig. 1 Scheme of the charge reversal effect observed in the /-V curves of the nanopore due to

the presence of La*" in the external solutions.



2. Experimental

2.1 Single-pore membranes

Membrane samples that contain the single nanopores are obtained from stacks of 12.5-
um thick polyimide (PI) foils (Kapton50 HN, DuPont). The foils are irradiated at the linear
accelerator UNILAC (GSI, Darmstadt) with swift heavy ions (Au) of energy 11.4 MeV per
nucleon. A metal mask with a 200 micrometer-diameter centered aperture is placed in front of
each stack to achieve single-ion irradiation. After a single ion passes through the foil stack
and is registered by a particle detector placed behind the samples, the ion beam is blocked
immediately. The membrane tracks are converted into approximately conical pores by
asymmetric track-etching techniques [28-30]. The SEM images of the nanopore fracture, gold
replicas of the conical pores, and nanopore conductances show typical pore radii that are in
the range 300—800 nm for the cone base and 10—40 nm for the cone tip [31]. The track-
etching process gives carboxylate residues on the pore surface that can be in ionized form at

physiological pH in aqueous solutions [28,32].

2.2 Current—voltage (I-V) measurements

The potentiostat/galvanostat BioLogic SP-200 is used for the input (triangular wave)
potential and for measuring the current. The single-pore membranes are bathed by LaCls,
MgCl,, and KCI aqueous electrolyte solutions under controlled pH conditions. A couple of
Ag|AgCI electrodes in the two bathing solutions allow introducing the input potentials and
obtain the output currents. The I-V curves of the negatively charged pore show low
resistances at positive potentials (currents entering the cone tip) and high resistances at
negative potentials (currents entering the cone base) [31-33]. Fig. 1 shows a scheme of the

effect of charge reversal on these curves.



3. Results and Discussion

The experimental data reported were obtained with two Pl samples containing a single
asymmetric pore. Sample 1 was used in the experiments of Fig. 2—-6 and Figs. 7a and 7b.
Sample 2 was used in Figs. 7c—h and 8. We selected these two samples because they showed
almost identical |-V curves in 100 mM KCI, suggesting similar geometric properties.
Hysteresis effects can be important under some experimental conditions [34,35]. The
experiments were performed using 14 mHz full triangle waves. In Figs. 2-5 and Figs. 7 and 8,
the measurements of each 1-V curve took four periods (ca. 300 s = 5 min). Therefore, each
current was measured during four ascending and four descending linear ramps, eight times in
total.

The pore geometry and fixed charge concentration can be inferred from the
comparison of the experimental 1-V curves with a theoretical model previously developed by
us [32,33]. We obtained 700 nm (pore base diameter), 35 nm (pore tip diameter) and —0.9
e/nm? for the surface fixed charge concentration, where e is the elementary charge. The salt
concentration influences the rectification properties (see, e.g., the case of PET nanopores in
KCI and MgCl: solutions [36]). At low concentrations of the external solutions, the nanopore
conductance is modulated by the effective concentration of fixed charges on the pore surface
[32]. Indeed, because of the co-ion exclusion from the pore, the mobile counter-ion
compensating for these fixed charges acts as the majority mobile carrier. The co-ion is the ion
having the same sign of the pore fixed charges while the counter-ion is the ion of opposite
sign. In the case of the as-prepared pore, the negative pore surface is due to the presence of
dissociated carboxylic acid groups. Thus, the monovalent cation (K™) is the counter-ion while
the anion (CI) is the co-ion. However, the effective negative charge of the pore can be
partially decreased by the divalent cation (Mg?*) screening. The trivalent cation (La**) may be

expected to go a step further and reverse the sign of the effective pore charge from negative to



positive at sufficiently high concentrations. In this case, the monovalent anion (CI") acts as

the counter-ion.
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Fig. 2 (a) The I-V curves of KCI, MgCl,, and LaCls. The reversal observed in the electrical
rectification of the LaClsz curve suggests an inversion in the pore surface charge from negative
to positive. (b) The I-V curves over a wide range of MgCl, concentrations demonstrate that
this charge overcompensation does not occur. The arrow indicates the direction of increasing
MgCl. concentration. (c) Charge reversal is observed for LaClz concentrations higher than 5

mM. The arrow indicates the direction of increasing LaCls concentration (d). The electrical

rectification  ratios r:‘l(+2 )/ 1(-2 V)‘>1 for KCI and MgCl, and

r=1(-2V)/1(+2 V) <-1 for LaCl; as a function of the electrolyte concentration. The

position of the maxima shifts with the cation charge number because of the different number

of charges contributing to the pore conductance in each case.



Fig. 2a shows the /-V curves of the three electrolytes used which follow the ionic
conductance order KCI > MgCl,> LaCls for the high conductive branch of the curve. On the
contrary, the low conductance branch follows the order LaCls > MgCl, = KCI. Note the
inverse rectification observed for the case of LaCls with respect to that of MgCl.. This fact
suggests a reversal in the pore surface charge from negative to positive for the La®" cation
[6,7]. To check the possibility of charge inversion also with the divalent Mg?* cation, Fig. 2b
shows the 1-V curves for MgCl> at concentrations as high as 2 M where the screening of the
pore fixed charges due to the mobile ions in solution suppress the electrical rectification (no
charge reversal). On the contrary, the 1-V curves of Fig. 2c suggest that this reversal can

occur for the case of La®* even at lower concentrations (5 mM). Fig. 2d shows the electrical

rectification ratios, defined as r=‘|(+2 V) /1(-2 V)‘>1 for KCI and MgCl, and

r=1(-2 V)/1(+2 V) <-1 for LaCls, for the three electrolytes at different concentrations.

The absolute values of the rectifications follow the order KCI > MgCl>> LaCls. Note the shift
to low electrolyte concentrations observed in the position of the maxima when the cation
charge number increases from z = 1 to 3. We give a qualitative description of the pore charge
reversal in the Appendix A by using an approximate continuum model.

Figs. 3a and 3b show the |-V curves and the rectification ratio of a mixture of
electrolytes at different concentrations. In this case, the KCI concentration is fixed to 50 mM
while the MgCl> concentrations are in the range 0 — 100 mM. At concentrations of MgCl;
lower than that of KCI, the presence of Mg?* hardly affects the I-V curves. When the MgCl,
concentration approaches 50 mM, however, the positive currents and the rectification ratio
decrease with respect to the values obtained at low Mg?* ion concentrations. This fact
suggests that at sufficiently high concentrations, the divalent cations are screening a

significant fraction of the pore negative charge, thus decreasing its effective value. The



counter-intuitive result here is that the positive current of Fig. 3a can decrease rather than
increase with the number of mobile electrical carriers. Note that, in addition to the total
concentration of the electrolyte mixture, the effective surface charge density modulates also
the pore conductivity [32]. This charge density is decreasing with the magnesium
concentration because of the electrical screening, as shown by the decrease observed in the

rectification ratio of Fig. 3b.
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Fig. 3 (a) The I-V curves of mixtures of electrolytes at different concentrations. The KCI
concentration is fixed to 50 mM and the MgCl> concentrations are changed between 0 and 100
mM. The arrow indicates the direction of increasing MgCl> concentration. (b) The
corresponding rectification ratios. (c) The /-V curves obtained when the MgCl, is fixed to 50
mM and the KCI concentrations are increased from 0 to 1000 mM. The arrow indicates the

direction of increasing KCI concentration. (d) The corresponding rectification ratios.
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Figs. 3c and 3d show the |-V curves and the rectification ratio of a mixture of
electrolytes: MgCl: is kept constant to 50 mM, while the KCI concentration is changed from 0
to 1000 mM. For comparison, the case of pure KCI at 50 mM is also shown (Fig. 3c). The
pore conductance of the pure KCI solution at +2 V is three times higher than that of a pure
MgClI> solution of the same concentration. The divalent ion screening of the negative on the
pore surface is significant: Fig. 3¢ shows that the pore conductance of the pure 50 mM KClI
solution is significantly higher than that of an electrolyte mixture with 50 mM MgCl, + 100
mM KCI despite the increase in the mobile ions. Figs. 3c and 3d also demonstrate that both
the positive current and the rectification increase with the KCI concentration up to 100 mM,
contrary to the effect shown by Figs. 3a and 3b when the MgCl, concentration is increased. At
KCI concentrations higher than 100 mM, however, the significant screening of the negative
pore charges gives a decrease of the rectification ratio (see Fig. 3d).

Figs. 4a and 4b consider the I-V curves and rectification ratio for the case of an
electrolyte mixture composed of 50 mM KCI and LaClz concentrations in the range 0 — 50
mM. The presence of small amounts of lanthanum in the solution dramatically modifies the
electrical response of the pore compared with the case of magnesium (Fig. 3a). The charge
inversion of Fig. 4b suggests that the trivalent ion not only screens the negative charge of the
pore, as shown in Fig. 3b for the divalent ion, but can also reverse this charge to positive
values at concentrations around 5 mM, in agreement with Fig. 2a. Fig. 4c shows the -V
curves for a mixture composed of 50 mM LaClsand KCI concentrations in the range 0 — 1000
mM. The addition of KCI increases the number of mobile carriers and then the pore
conductance. Figs. 4d shows that at KCI concentrations higher than 100 mM, the significant
screening of the (now positive) pore charges gives a decrease of the rectification ratio;

compare Fig. 4d with Fig. 3d.
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Fig. 4 (a) The I-V curves of mixtures of electrolytes at different concentrations. The KCl
concentration is fixed to 50 mM and the LaCl; concentrations are changed between 0 and 50
mM. The arrow indicates the direction of increasing LaCls concentration. (b) The
corresponding rectification ratios. (¢) The /-V curves obtained when the LaCl; concentration
is fixed to 50 mM and the KCl concentrations are increased from 0 to 1000 mM. The arrow

indicates the direction of increasing KCI concentration. (d) The corresponding rectification

ratios.

The charge inversion of a negatively charged single-colloid has been studied from
electrophoretic mobility experiments and molecular dynamics simulations [20]. A mobility
reversal is also observed in the presence of La* ions at ionic strengths larger than 10 mM
[20]. The addition of a monovalent salt gives a shift of the colloid isoelectric point to higher

lanthanum concentrations (see Fig. 8 of Ref. [20]). A similar effect is also observed for other

12



trivalent ions in the case of the streaming conductance and the effective surface charge of
rectangular silica nanochannels (see Fig. 4 of Ref. [26]). These effects are in qualitative
agreement with the screening of the coulombic interactions observed here for the nanopore

fixed charges.
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Fig. 5 (a) The I-V curves of mixtures of electrolytes at different concentrations. The MgCl,
concentration is fixed to 50 mM and the LaCl; concentrations are changed between 0 and 50
mM. The arrow indicates the direction increasing LaCl; concentration. (b) The corresponding
rectification ratios. (¢) The /-V curves obtained when the LaCls concentration is fixed to 50
mM and the MgCl> concentrations are increased from 0 to 1000 mM. The arrow indicates the

direction of increasing MgCl, concentration. (d) The corresponding rectification ratios.

Figs. 5a and 5b consider the I-V curves and rectification ratio for the case of a mixture

of 50 mM MgCl, and LaCls concentrations in the range 0-50 mM. The addition of La%* cation
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reverses also the sign of the pore charge but higher concentrations of this trivalent ion are now
needed compared with those of Fig. 4b. Figs. 5¢ and 5d show the I-V curves and rectification
ratio for a mixture of 50 mM LaClz and MgCl, concentrations in the range 0-1000 mM.
Initially, the addition of MgCl, at increasing concentrations also increases the pore
conductance at negative voltages. However, when the MgCl, concentration is much higher
than that of LaClz (50 mM), the pore conductance can decrease because of the partial
substitution of La®" by Mg?" (see Fig. 2a). Note also the almost complete screening of the
positive pore charges and the concomitant decrease of the rectification ratio observed at
sufficiently high monovalent salt (KCI) concentrations (see Fig. 4d).

To analyze the ion substitution kinetics in the pore solution, Fig. 6 shows the time
recovery of the I-V curve for a nanopore that was initially immersed in 50 mM LaCls. Att =0
h, the single-pore membrane is placed in the measuring cell, separating two 100 mM KClI
solutions, under the constant action of a input 14 mHz triangular wave of amplitude 2 V. The
current passing through the sample is measured at time intervals of hours (h) indicated in Fig.
6. By comparing the resulting curves with those of Fig. 2a for the 100 mM KCI solution, it is

concluded that the pore is recovered after 4 h approximately.
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Fig. 6 The recovery of the /-V curve for a nanopore initially immersed in 50 mM LaCls. At ¢
= 0 h, the single-pore membrane is placed in the measuring cell, separating two 100 mM KCl

solutions, under the constant action of an input 14 mHz triangular wave of amplitude 2 V. The
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current passing through the sample is then measured at the times (h) indicated close each

curve.

Figs. 7a-h show the hysteresis effects observed in the 1-V curves of different
multivalent ions at sufficiently high voltages. In the case of the La®*" cation, non-hysteretic
(Fig. 7a) and hysteretic (Fig. 7b) behavior can be observed in the range of voltages studied.
The pore electrical response depends strongly on the particular sequence of steps followed
when the concentration of LaCls in the external solutions is changed. The hysteretic behavior
is observed usually when the first LaClz concentration employed in a series of measurements
is relatively low (e.g., 5mM — 10 mM). On the contrary, when the pore is initially equilibrated
in more concentrated solutions above 50 mM LaCls, the I-V curves are approximately
reproducible down to LaCls concentrations as low as 5 mM. Thus, the non-hysteretic behavior

appears to require the presence of La®* ions at high enough concentration in the pore solution.
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Fig. 7 (a) The I-V curve of LaCls at 10 mM and voltages in the range [-2 V,+2 V]. (b) The
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I-V curve of LaCls can also show a hysteretic behavior for these voltages if the pore has not
been equilibrated previously in a LaCls solution of concentration above 50 mM. (c) The I-V
curve of CaCl, at 10 mM and voltages in the range [-1 V,+1 V]. (d) The -V curve of CaCl,
at high voltages in the range [-2 V,+2 V] shows a hysteretic behavior. (e) The /-V curves of
MgCl, at 10 mM and voltages in the range [-2 V,+2 V] (f) The I-V curves of MgCl, at high
voltages in the range [—4 V,+4 V] shows a hysteretic behavior. (g) The /-V curves of BaCl, at
10 mM and voltages in the range [-2 V,+2 V]. (h) The -V curves of BaCl, at high voltages
in the range [—4 V,+4 V] shows a hysteretic behavior. The arrows indicate the direction of the

measurements with increasing time.

For the case of the divalent ions (Figs. 7c—h), however, we have observed that the
hysteresis phenomena do not depend markedly on the sequence of concentrations used, but on
the voltage range applied instead. For instance, the 1-V curve of CaCl, shows no hysteresis at
low voltages in the range [-1 V,+1 V] (Fig. 7¢) but hysteretic behavior at high voltages in the
range [-2 V,+2 V] (Fig. 7d). The I-V curves of MgCl. (Figs. 7e and f) and BaCl, (Figs. 79
and h) can also show hysteresis at voltages higher than those of CaCl..

It has been shown that relatively small amounts of divalent cations added to a buffered
monovalent ionic solution may produce oscillating currents and hysteretic phenomena
because of the partial blocking of the conical pore tip [9]. This blocking has been ascribed to
the transient formation and re-dissolution of nanoprecipitates [11,37]. However, the
experimental conditions used in these studies were not the same as those considered here and
then their results cannot be directly extrapolated to our case [37]. While phenomenological
schemes to describe qualitatively the voltage-induced current fluctuations through a single

nanopore have been proposed in terms of nonlinear dynamics approaches [38] and
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electrodiffusion equations [39] the fact is that we have not a definitive theoretical explanation
concerning the hysteretic phenomena observed here. Note in this context that our main
objective is the effect of charge inversion on the non-hysteretic curves corresponding to
mixtures of asymmetric electrolytes.

Figure 8a—f shows the cases of pure CaCl, (50 mM) for voltages in the ranges [-1
V,+1 V] (Fig. 8a) and [-2 V,+2 V] (Fig. 8b) together with divalent symmetric mixtures of
CaCl, + MgCl; (25 mM + 25 mM; Fig. 8c and d) and CaCl, + BaClz (25 mM + 25 mM; Fig.
8e and f). The I-V curves of the mixtures CaCl, (25 mM) + MgCl, (25 mM) and CaCl, (25
mM) + BaCl, (25 mM) for voltages in the range [-1 V,+1 V] do not show a significant
decrease in the pore conductance when compared to Fig. 8a. For voltages in the range [-2
V,+2 V], however, the I-V curves of the mixtures show also hysteretic behaviors (Fig. 8d and
f) due to the presence of Ca?* ions (see Fig. 7d, e, and g together with Fig. 8b). In conclusion,
the hysteresis observed in Figs. 7 and 8 points out the qualitative reproducibility of the 1-V
curves measured, contrary to the case of the results of Figs. 2-5 that show a quantitative

reproducibility.
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Fig. 8 (a) The /-V curve of CaCl, at 50 mM and voltages in the range [-1 V,+1 V]. (b) The
I-V curve of CaCl, at 50 mM and voltages in the range [-2 V,+2 V] shows a hysteretic
behavior. (¢) The /-V curve of the mixture 25 mM CaCl, + 25 mM MgCl, and voltages in the
range [-1 V,+1 V] does not show a noticeable decrease in the pore conductance when
compared to (a). (d) The I~V curve of the mixture 25 mM CaCl, + 25 mM MgCl, and

voltages in the range [-2 V,+2 V] shows a hysteretic behavior. (d) The /-V curve of the
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mixture 25 mM CaClx + 25 mM BaCl and voltages in the range [-1 V,+1 V] does not show a
noticeable decrease in the pore conductance when compared to (a). (¢) The -V curve of the
mixture 25 mM CaCl, + 25 mM BaCl, and voltages in the range [-2 V,+2 V] shows a

hysteretic behavior. The arrows indicate the direction of the measurements with increasing

time.

Although we have focused our study on the experimental characterization of the
nanopore rectification phenomena, we have also developed a qualitative explanation of the
effect of the pore charge overcompensation by lanthanum ion on the current-voltage curves by
proposing an ad hoc charge distribution which allows us to estimate the effective charge
density (Fig. 9a; see also Appendix A). The model gives two reasonable values,

o =+0.086e/nm* at 100 MM LaCl; and o, =+0.109e/nm* at 50 mM LaCls, for the

effective surface charge densities. The theoretical 1-V curves predicted from this model and

the Nernst-Planck ion flux equations (Fig. 9b) show also a qualitative agreement with the

experimental results (Fig. 2c).

(a) 1.4} i (b)
o =-e/nm 40F
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Fig. 9 (a) The fraction s(n) of the actual surface charge o =—e/nm? that has been screened

at position N =r@ (normal to the pore surface and measured from its axis) can be larger than

100 % due to the charge overcompensation by trivalent cations. A pore radius a =20nm has
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been considered here. The screening is close to 100 % at a distance of a few Debye lengths,

1/x,, from the pore surface. The insets show the coion (chloride) concentration profile. The

maximum shown at a distance d = 1.5 nm from the pore surface is in qualitative agreement
with the results obtained previously by Monte Carlo simulations [10]. (b) The theoretical /-V

curves calculated for a conical pore of geometrical characteristics L =12.5um, a; =20nm,
a, =900nm, and a(x)=—-o+a,+(ag; —a, )X/L, with an effective surface charge density

o =+0.1e/nm?, are in qualitative agreement with the experimental curves for LaCl; of

Fig. 2c.

3. Conclusions

By studying the 1-V curves and current rectification ratios, we have described the
screening of the negative charges (carboxylic acid groups) fixed on the surface of a conical
nanopore by multivalent cations. In particular, we have provided new experimental data and
physical insights on the overcompensation of spatially-fixed charges by multivalent ions in
confined nanoscale geometries. The charge inversion was studied in mixtures of asymmetric
electrolytes (LaClz and MgCl, with KCI). Remarkably, small concentrations of multivalent
ions allow tuning the nanopore electrical characteristics and the transport of other majority
ions present in solution. In particular, pore charge inversion was demonstrated for pure LaCls
solutions as well as for mixtures of La®" ion at low concentrations with monovalent (K*) and
divalent (Mg?") ions at biologically relevant concentrations. We have described the Kinetics of
the nanopore electrical recovery when the electrolyte solutions bathing the single-pore
membrane are changed and show the hysteretic effects observed in the 1-V curves of different

multivalent ions in solutions of CaClz, MgCl», and BaCl, and mixtures. Finally, we have given
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a qualitative description of the effects of the charge reversal on the pore rectification based on

an extended Poisson-Boltzmann formalism and the Nernst-Planck ion flux equations.
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Appendix A: Qualitative model for the effect of charge inversion

Trivalent ions tend to accumulate close to pore surface so that they produce a sign
reversal of the effective charge density. In general, models based on the Poisson-Boltzmann
equation (PBE) cannot explain the overcompensation by multivalent cations [1]. Monte Carlo
simulations [10] show that, under overcompensation conditions, the coion concentration
shows a local maximum in the neighborhood of the charged surface. Similar ionic
concentration profiles can be obtained by the ad hoc charge distribution explained below,
which determines some boundary conditions on the PBE. This approach it is not intended to
explain overcompensation, but only to provide qualitative insights on the effect of the charge
inversion on the nanopore rectification.

We consider a nanopore immersed in symmetrical mixed electrolyte solutions of

concentrations ¢, KCI, ¢, MgCl, and ¢, LaCls; the subscripts for the ionic species are i = 1

K*, 2 Mg?*, 3 La*, and 4 CI-. Spherical coordinates are used inside the conical nanopore [32].

The Poisson equation in spherical coordinates under azimuthal symmetry is

10(,00), 1 8(. 09
— = |+ =———|sing=—= |= Al
rzﬁr( arzj rzsineae( aej P -

where p, is the electrical charge density, ¢ =—F¢/RT, and F, R, and T are the Faraday

constant, the gas constant, and the temperature. The first term in the left hand side is much
smaller than the second and it is usually neglected in space charge models. In conical

nanopores with a small pore opening angle, we use of the small polar angle approximation.
Thus, Eq. (A1) reduces to (d*p/dn?*)+(l/n)(de/dn)=p, where n=r@ is the position

coordinate normal to the pore surface. The spherical coordinate r describes the axial position

in these nanopores.
The electrical charge density p,(n) = Fc; (xe? +X,6* +x,6% —e™?) compensates the

surface charge density o <0 of the carboxylic acid groups at the pore surface n=a(r), and
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a(r)

hence global electroneutrality is fulfilled, |

p.(N)2nndn =—-2na(r)o. The potential
distribution in the normal direction can be obtained from the PBE

14

cdz (5 d—(oJ = X% +X,6% +x,6% —e™” (A2)

dg

where &=x,n, x5 =F’c;/&eRT, & and & the vacuum permittivity and the dielectric
constant, respectively, x, =c,/c;, X, =2¢cp, /¢, x,=1-x —X,, and c; =c;, +2c5, +3c5, . In
this ad hoc charge distribution model, the PBE is subject to the symmetry condition

dj/dy_ =0andto

_de
xpla(r)-dl+ dé':

thy

d
= wk, , e
dg

xpla(r)-d]- 5

d
o = EO |:1+ a)[l—%j} , (A3)

where E, =-x,o/Fc}. The discontinuity of the electric field at n=a(r)—d is associated

with a penetrable surface charge density —ws that describes the accumulation of trivalent
ions at a distance d from the surface. This distance depends on the finite size of the hydrated
trivalent cations and other steric effects concerning the carboxylic acid chains (we assume d =
1.5 nm here). The dimensionless parameter i could be estimated from the comparison of the
experimental 1-V curves and the model predictions. Note that the electric potential, the charge
density, and the ionic concentration are continuous variables.

The fraction of the surface charge that has been screened at normal position n=ré is

(r) r ’ ' xpal(r
s(n) = o p(n)2mndn’ 1 Dj( )(x e) 1 x @209 4 x ¥(&) _ e 0 sd £ (A4)
—2na(r)o kpa(NE, won 2 :

The effective charge density at position a, <a is o, =[1-s(ay)]loal/a,, so that
o p,(n)2mndn = —2na 0., . For example, the value w=0.5 would give the sign-reversed,
effective charge densities o, =+0.086e/nm* for 100 mM LaCls; and o, =+0.109e/nm?

for 50 mM LaCls, calculated at a =(20—2) nm =18 nm. The above formalism allows
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obtaining the curves of Fig. 9a. The 1-V curves of Fig. 9b are calculated by solving the

Nernst-Planck equations (Appendix B).

Appendix B: Transport equations for multivalent mixed electrolytes

Recently, the conductance curves of single carbon nanotubes have been
experimentally [40] and theoretically [41] analyzed, with emphasis on the proton binding
chemical affinity. We consider here the case of a conical nanopore immersed in symmetrical

solutions of mixed electrolytes with a common univalent anion (-). The concentrations of the
z,:1and z,:1 electrolytes are ¢ and c;, respectively. The Nernst-Planck equations for ion

transport along the pore are [32]

<‘]i> d<ci> d<¢> =12, - (B1)
d d

where (¢) is the potential scaled by RT /F . The electroneutrality condition in a section is

z,(c,)+2,(c,)—{(c_) = X(r). (B2)

These transport equations are transformed to [42,43]

d(¢) __G +dx/dr de; _ G, x GurXIAr S, oo GrdX/dr g
dr S, dr S, dr S,
where
¢ =(a)+(c)+(c), S, =7 (a)+2{c,)+(c ) (B4)
= ) +<‘]2>+ {(9) @ = 7,(3,) N ,(J,) _(3) G, = z; <Jl>+ 2,(J,) N (3) (B5)
D, D, D D, D, D D, D, D

SS(CT’SZ) = Z13 <Cl> M Zg <C2> _<C—> = (21 +Z, _1)82 + (21 t1,— lez)x —42,Cr . (B6)
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The boundary conditions are

1A dh Ady Adh

¢ (F) = CPe ™ 4 cle ™ 4 (z,0P+7,c0)e™

—3Adj

S,(r) = z2cle i 1 Z2che i 1 (z,cP+2,c0)e™ , i=L,R (B7)

where the Donnan interfacial potential drops Ad,; =(#)(r,)—4¢ are found as the solutions of
the electroneutrality conditions at the pore boundaries, i =L, R,
X (r) = z,cle i +z,c0e7 ™ — (z,cP+2,c0)e ! (B8)
When the nanopore is immersed in a z:1 electrolyte, a similar transformation leads to

dﬁ:—GO+X I'G,+dX /dr (B9)
dr (z-1)X +zc,

d(g)  TG,+dX /dr 610
dr  (z-1)X +zc

where ¢, =(c,)+(c ), G,=(J,)/D,+(J_)/D_, G, =2(J,)/D,—(J_)/D_ and ' =G,/G,.
The boundary conditions are ¢ (r,) =c"(e ™ +ze""), where Ady, E(¢)(ri)—¢, are found

“ZAdp; eA¢D,i

as the solutions of X (r)=zc"(e ) at the pore boundaries, i = L, R.

The solution procedure is as follows. For a given G,, we guess I', integrate Eq. (B9)

from r_ using the boundary value c.(r, ), and iterate T until the boundary condition at r, is
fulfilled. The current density is then 1 =F(z(J,)—-(J_)), where (J,)=D,G,(1+T)/(1+2)
and (J_)=D.G,(z-I)/(1+z). Finally, the potential drop in the nanopore is

A(g)=JF (d(¢)/dr)dr and the applied potential is V = ¢, —¢, = Adyr —Adh, ~A(4).
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