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Abstract 

Adsorption processes are central to ionic transport in industrial and biological membrane systems. 

Multivalent cations modulate the conductive properties of nanofluidic devices through interactions 

with charged surfaces that depend principally on the ion charge number. Considering that ion 

channels are specialized valves that demand a sharp specificity in ion discrimination, we 

investigate the adsorption dynamics of trace amounts of different salts of trivalent cations in 

biological nanopores. We consider here OmpF from Escherichia coli, an archetypical protein 

nanopore, to probe the specificity of biological nanopores to multivalent cations. We 

systematically compare the effect of three trivalent electrolytes on OmpF current-voltage 

relationships and characterize the degree of rectification induced by each ion. We also analyze the 

open channel current noise to determine the existence of equilibrium/non-equilibrium mechanisms 

of ion adsorption and evaluate the extent of charge inversion through selectivity measurements. 

We show that the interaction of trivalent electrolytes with biological nanopores occurs via ion-

specific adsorption yielding differential modulation of ion conduction and selectivity inversion. 

We also demonstrate the existence of non-equilibrium fluctuations likely related to ion-dependent 
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trapping-detrapping processes. Our study provides fundamental information relevant to different 

biological and electrochemical systems where transport phenomena involve ion adsorption in 

charged surfaces under nanoscale confinement. 

Author’s email addresses:  

María Queralt-Martín: mqueralt@uji.es 

D. Aurora Perini: perini@uji.es 

Antoni Alcaraz: alcaraza@uji.es 

 

1. Introduction 

Transport of ionic species through micro- and nanofluidic devices is critically governed by surface 

charge as shown in a variety of engineered systems and biological ion channels 1–7 .  Among other 

processes, adsorption processes play a fundamental role on industrial membrane systems both 

changing the energy consumption and the ion exchange capacity 8,9. In biomembranes, adsorbed 

and desorbed ions can critically alter the cell signaling by means of different mechanisms, among 

them modifying the membrane charge 10 or the protein function 4,11. In particular, divalent and 

trivalent cations have a strong tendency to accumulate near charged regions of ion channels and 

nanopores yielding a change in the effective pore charge that may alter both the conductance 

(Ohmic versus rectifying pores) and ionic selectivity (cation versus anion preference) 3,12–18.  

For our study, we consider a biological nanopore, OmpF from Escherichia coli, a protein channel 

that forms trimeric identical and independent pores when inserted in planar lipid bilayers 19,20. 

OmpF has been considered a good representative of the so-called “mesoscopic pores”: the channel 

eyelet is too wide to yield ion-specificity (contrary to K+ or Na+ channels) but the channel walls 
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are still close enough to regulate electrostatically the transport of small inorganic ions (K+, Na+, 

Cl-, etc) 21–26 and also show effects of nanoscale confinement like access resistance 5,27.  

The understanding of ionic permeation through nanometer-sized pores is challenging because both 

the molecular nature of the fluid and the channel itself become important. Biological ion channels 

allow studying structure-function correlations at atomic detail, pushing to its limits the 

conventional description of transport phenomena in membrane systems 1,27 and paving the way for 

the design of nanofluidic devices for a variety of technological applications such as energy 

conversion, biosensing, desalination or molecular separation among many others 28–35. In previous 

studies, we showed that, when added in trace amounts, La3+ cations (La) have a decisive impact 

on the OmpF channel activity reducing the open channel conductance for positive but not for 

negative applied voltages 36,37. Similar features have been extensively reported either in other 

channels 38–42 and synthetic nanopores 3,16,18,43,44. Here we extend the study to other multivalent 

cations such hexaamminecobalt3+ ([Co(NH3)6]
3+) and spermidine3+ (1,4-Butanediamine, N-(3-

aminopropyl)-) that show contrasting conducting features compared to those of La. 

Hexaamminecobalt3+ (HexCo) is a small molecule that shares charge with La and has been shown 

to block other bacterial outer membrane proteins like the efflux pump TolC 45. Spermidine3+ (SPD) 

is a linear molecule carrying amine functional groups that confer a trivalent positive charge to the 

molecule. SPD is an endogenous molecule of Escherichia coli and has been shown to reduce 

antibiotic flux through OmpF, among other effects 46.  

In recent studies with synthetic nanopores involving salts of monovalent and multivalent cations 

it has been shown that it is the valence of the ion rather than the particular ion considered what 

determines the nanopore conductive properties 18. Although some specific effects have already 

been reported in abiotic nanopores 7,47, well-defined specificity between ions of the same valence 
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is essential in a more biological context. For instance, electrophysiological recordings of the 

antibiotic peptide gramicidin A showed strong specific interactions between trivalent cations and 

charged lipid bilayers that may even locally reverse the membrane charge 10. 

To probe the degree of specificity of biological nanopores to trivalent cations, we compare the 

effect of trace amounts of La, HexCo and SPD on OmpF conductive properties, i.e. channel current 

and selectivity. We examine the current-voltage relationship of the channel and characterize the 

rectification induced by La, HexCo and SPD with the parameters typical for semiconductor n/p 

diodes. The novelty of the present work compared to previous studies, which focused mainly on 

the analysis of average channel currents, lays on the examination of the channel current noise 

properties (amplitude and frequency of current oscillations) through the calculation of the power 

spectral density (PSD) of the signal. By analyzing how PSD depends on the channel average 

current we show that the conductive properties of the bacterial channel OmpF can be modulated 

both by equilibrium and non-equilibrium mechanisms. On view of that, we extend our 

investigation to probe how these mechanisms reverse the ionic selectivity of the biological 

nanopore.  

Identifying the sources of noise in nanometer-sized pores goes beyond the academic understanding 

of ion conduction at the nanoscale, but it could be useful in bioanalytical and large-scale 

technological application by helping to reduce the signal-to-noise ratio that determines the time 

resolution of experimental set-ups 48,49. By combining this noise analysis with the study of current-

voltage curves and selectivity inversion, we provide fundamental information on the specific 

interaction of multivalent ions with biological nanopores that should be relevant to other contexts 

such as synthetic nanopores and solid-state membranes 1,2,47.   
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2. Experimental 

2.1. Materials 

Diphytanoyl phosphatidylcholine (DPhPC) in chloroform was purchased from Avanti Polar Lipids 

(Alabaster, AL). The trivalent cations La, HexCo and SPD were purchased from Panreac 

(Lanthanum(III) chloride 7-hydrate, #122848) and Sigma (Hexaamminecobalt(III) chloride, 

#481521; Spermidine trihydrochloride, #S2501). 

2.2. Membrane formation and channel insertion 

Isolation and lab handling of OmpF channels was analogous to the method described elsewhere 

12,21,22. Wild-type OmpF, kindly provided by Dr. S. M. Bezrukov (NIH, Bethesda, USA), was 

isolated and purified from an E. coli culture. Planar membranes were formed by using a solvent-

free modified Montal-Mueller technique 50,51. In brief, lipid was prepared by dissolving DPhPC in 

pentane at 5 mg/ml after chloroform evaporation. Aliquots of 10-20 μl of lipid in pentane were 

added on top of each salt solution in two 1.6-ml compartments (so-called cis and trans) of a Teflon 

chamber. The two compartments were separated by a 15-mm-thick Teflon film with a 70-100-μm 

diameter orifice where the bilayer formed.  The orifice was pre-treated with a 1% solution of 

hexadecane in pentane. After pentane evaporation, the level of solutions in each compartment was 

raised above the hole so the planar bilayer could form by apposition of the two monolayers. 

Spontaneous channel insertion was achieved by adding ~0.1 μL of OmpF at 1 ng/μL in 0.1 M KCl 

and 1% (v/v) OctylPOE (Alexis, Switzerland) to the cis compartment. It is well stablished that this 

protocol yields a channel insertion almost always (>95%) in the same orientation 21,22,37,52. 

2.3. Electrical measurements 
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An electric potential was applied using Ag/AgCl electrodes in 2 M KCl, 1.5% agarose bridges 

assembled within standard 250 μl pipette tips. The working electrode was placed in the side of 

protein addition (the cis side of the membrane chamber) and thus the potential was defined as 

positive when it was higher on the cis side, whereas the trans side was set to ground. An Axopatch 

200B amplifier (Molecular Devices, Sunnyvale, CA) in the voltage-clamp mode was used to 

measure the current and to apply potentials. Data were filtered by an integrated low pass 8-pole 

Bessel filter at 10 kHz, saved with a sampling frequency of 50 kHz and analyzed using pClamp 

10.7 software (Molecular Devices, Sunnyvale, CA). The chamber and the head stage were isolated 

from external noise sources with a double metal screen (Amuneal Manufacturing Corp., 

Philadelphia, PA). The described set-up can resolve currents of the order of picoamperes with a 

time resolution below the millisecond.  

Current measurements were performed with 100 mM KCl symmetrical solutions, while selectivity 

experiments were performed in a concentration gradient of 0.1 M / 1 M KCl or 1 M / 0.1 M KCl. 

In all experiments the pH was kept at pH 6 and no buffer was used to avoid interference with 

trivalent cations. The pH was adjusted by adding HCl or KOH and controlled during the 

experiments with a GLP22 pH meter (Crison). To assure reproducibility, single-channel 

conductance experiments were repeated a minimum of 3 times and selectivity experiments, which 

were performed in membranes with multiple channels inserted, were repeated at least 2 times. 

Millimolar concentrations of La, HexCo and SPD were added symmetrically at both sides of the 

membrane through addition of appropriated amounts of a 200 mM stock solution. After addition, 

solution at each side was homogenized with a syringe to assure proper mixing.  

Selectivity was assessed by measuring the reversal potential (RP), which is the applied voltage 

needed to cancel the current measured when a salt concentration gradient is imposed in the system. 
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If the channel is neutral, RP equals zero, while it becomes nonzero when the channel is selective 

to anions or cations. When the concentration gradient is 0.1 M cis / 1 M trans, a positive RP 

corresponds to a cation selective channels; with the opposite gradient (1 M cis / 0.1 M trans), is a 

negative RP that indicates cationic selectivity. All RP values were corrected by the liquid junction 

potential from Henderson’s equation12 to eliminate the contribution of the electrode’s agarose 

bridges. 

2.3. Fitting of experimental data 

To evaluate the diode-like characteristics of the current-voltage curves, an equation typical of 

semiconductor p/n diodes was used 53. The voltage-dependence of the diode current Id can be 

written as 10: 

                     𝐼𝑑 ∝ [exp (
−𝑒𝑉

𝑛𝑘𝑏𝑇
) − 1],                                                                      (1) 

where e, kB and T have their standard meanings of electrical charge, Boltzmann constant and 

temperature, and n is an ideality factor that typically ranges between 1 and 2 for semiconductor 

diodes 53. The fitting was performed simultaneously (using a unique value for n) for the three sets 

of control values presented in the manuscript (black circles in Figs. 2A-C) given that these data 

were obtained in the same conditions (100 mM KCl pH 6 before the addition of blocker) and the 

observed variability is inherent of single-channel experiments. Then, independent fittings were 

performed for 15 mM La, HexCo, and SPD. 

2.4. Analysis of current fluctuations 
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The power spectral density (PSD) of current fluctuations was obtained directly from the measured 

current traces with the pClamp 10 software (Molecular Devices, LLC.). The PSD generates a 

frequency-domain representation of the time-domain data and provides a rich source of 

information about the underlying physical mechanisms that generate current fluctuations. The PSD 

reveals the power levels of the different frequency components present in the signal, allowing the 

identification of physical mechanisms that many times is difficult to obtain directly from current 

measurements 54. PSD was measured by calculating the Fast Fourier Transform from the digitized 

signal after application of a 1 kHz 8-pole Bessel lowpass digital filter. The PSD spectral resolution 

used was 0.76-1.53 Hz and, for each signal, the available spectral segments were averaged.  

The increase of the PSD amplitude as the square of the average current is a signature of 

conductance fluctuations. The PSD is the Fourier transform of the time-dependent autocorrelation 

function of the current i() = <I(t)·I(t+)>-<I>², so that PSD  I² <I²>/<I>² and PSD/I² will be 

constant whenever <I2>/<I>2 = constant 55,56. Conductance fluctuations in an ion channel can be 

attributed to the pore itself or to the number of charge carriers. For fluctuations in the pore 

geometry or in the number of charge carriers when they are independent (so I = Ni, <I> = N<i> 

and <I2> = N<i2>), the equality <I2>/<I>2 = constant is fulfilled 55–61.  

3. Results and discussion 

3.1. Differential modulation of OmpF current-voltage characteristics by trivalent cations  

Ion channel reconstitution into planar synthetic membranes allows the study of conductance of 

biological nanopores at the single-protein level. Fig. 1 displays the current traces of an OmpF 

single channel in a symmetric 100 mM KCl electrolyte at ±50 mV before and after the addition of 
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millimolar concentrations (10 mM) of chloride salts of La, HexCo or SPD. Before trivalent cation 

addition (Control), OmpF current is stable with a conductance of 0.7 ± 0.1 nS. OmpF is a trimeric 

channel, with three identical subunits that function independently in their open state 21. At high 

voltages, monomers can close yielding to a ~1/3 current drop 62, what is called channel gating. 

Our experiments are carried at low enough voltages to avoid monomer closing. When salts of La, 

HexCo or SPD are added symmetrically to the system, a decrease of channel conductance is found, 

either maintaining similar conductive levels in both polarities (HexCo and SPD) or inducing 

asymmetric conduction (La). These findings are at odds with the fact that millimolar 

concentrations of salts of multivalent cations increase the ionic conductivity of the initial KCl 

solution. Therefore, there must be some kind of specific interaction between the OmpF channel 

and trace amounts of trivalent cations that hinders the ion transport of the supporting electrolyte 

(KCl in the present case). In no case the channel is completely blocked, indicating that the trivalent 

cations either act on only one or two of the channel monomers or they do not completely block the 

monomer current.  

 

Figure 1. Symmetric addition of trivalent cations has a variable effect on OmpF single-channel 

current. Unitary current traces of a single OmpF channel inserted in a DPhPC membrane in 100 mM 

KCl salt solution at pH 6 before (Control) and after the addition of 10 mM lanthanum (La), 

hexaamminecobalt (HexCo) or spermidine (SPD) salts at both sides of the membrane cell. Current 

records were digitally filtered at 1 kHz using a low-pass Bessel (8-pole) filter. 
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While the three explored ions reduce the open channel current more or less asymmetrically, SPD 

also promotes the voltage-induced channel closure, as previously reported 63. Note that the 

modulation of the open channel conductance is essentially different from the voltage gating 36, 

observed in control traces at much higher voltages 19,62,64. Interestingly, only SPD has an effect in 

relation to voltage-induced gating, which occurs indistinguishably at both voltage polarities.  

Actually, the gating is so intense that it is difficult to obtain the open channel current at high 

voltages (|V| > 60 mV) with increasing concentrations of SPD. On the contrary, enhancement of 

channel gating has been disregarded as the mechanism behind the effect of La3+ ions 36. 

Next, we analyzed the full current-voltage relationships of OmpF at 100 mM KCl after the 

sequential addition of different concentrations of La, HexCo and SPD. Fig. 2A shows that 

increasing quantities of La decrease conductance mainly in positive voltages resulting in diode-

like current-voltage curves 36,37. In contrast, HexCo (Fig. 2B) and SPD (Fig. 2C) decrease channel 

conductance similarly at positive and negative applied voltages. The differential current reduction 

induced by the blockers has also varied effects on the channel current asymmetry. At the low salt 

concentration used here (100 mM KCl), the OmpF channel shows not completely Ohmic current-

voltage (I-V) curves, but current is typically smaller at positive than at negative polarities 21. This 

can be quantified by means of equation (1) used to characterize ideality of solid state diodes 53. 

The parameter n is an ideality factor that usually ranges between 1 and 2 for semiconductor diodes. 

These are also the typical values for rectifying ion channels. For example, the channel-forming 

peptide Gramicidin A in asymmetrically charged bilayers showed a highly rectifying I-V curve 

yielding an n ≃ 1.8 10. For values of n high enough so that the exponential term in equation (1) can 

be linearized, the I-V curve becomes Ohmic. Fitting of control current-voltage curves (before 

addition of trivalent cations, black circles in Fig. 2A-C) with equation (1) yields n ~ 19, which 
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seems reasonable for a close-to-Ohmic system. Successive additions of La (Fig. 2A) increase the 

intrinsic current asymmetry, yielding an n ~ 6 for 15 mM La. This current asymmetry is mild 

compared to that obtained in OmpF using asymmetric pH and lipid composition 65–68 or in other 

systems 10,16,69–72. Contrary to the effect of La, n increases appreciably after addition of 15 mM 

HexCo (n ~ 50, Fig. 2B) and orders of magnitude with 15 mM SPD (n ~ 106, Fig. 2C). This later 

value may be overestimated due to the lack of data in Fig. 2C for |V| > 60 mV. Still, the increase 

of n is clear. Therefore, La exaggerates OmpF intrinsic current asymmetry while HexCo and SPD 

cancel it, indicating the putative existence of different mechanisms of ion adsorption.  

 

 

Figure 2. Symmetric addition of trivalent cations has a variable effect on OmpF single-channel 

current-voltage characteristics. (A-C) Single-channel current–voltage curves before and after the 

addition of increasing millimolar concentrations of La (A), HexCo (B), and SPD (C). Solid lines 

correspond to the fitting of experimental data to Equation (1). (D-F) Current rectification ratio I/I0 

induced by La (D), HexCo (E), and SPD (F) as a function of the applied voltage. I/I0 is defined as 

the current with trivalent cations divided by the control current.  

Page 11 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t J

au
m

e 
I 

on
 1

2/
11

/2
02

0 
2:

24
:3

4 
PM

. 

View Article Online
DOI: 10.1039/D0CP04486E

https://doi.org/10.1039/D0CP04486E


 

12 

The diverse effect the trivalent cations on OmpF intrinsic current asymmetry indicates that the 

current is not decreased equally at both polarities. This is better observed using the so-called 

rectification ratio, calculated as the current at a given trivalent cation concentration over the control 

current, as shown in Figs. 2D-F. In the case of La (Fig. 2D), current rectification increases as 

voltage increases and the more concentrated the ion the higher rectification appears, so that values 

down to I/I0 ~ 0.3 can be achieved with 15 mM La at +100 mV. In contrast, Figs. 2E,F show that 

HexCo and SPD effect is stronger at negative polarities and the current rectification is barely 

sensitive to the absolute voltage, with maximum values of I/I0 ~ 0.6-0.7. Of note, a higher effect 

at negative than positive polarity explains the asymmetry reduction observed in Fig. 2B,C, given 

that control currents are higher at negative voltages. 

Altogether, data in Fig. 2 demonstrates that La, HexCo and SPD induce different levels of current 

rectification in OmpF and enhance (La) or correct (HexCo, SPD) the channel intrinsic current 

asymmetry.  

3.2. Noise analysis: equilibrium vs non-equilibrium fluctuations 

The interactions between trivalent cations and OmpF porin are rather specific and yield 

pronounced differences in the conductive properties of the channel, as shown in Figs. 1 and 2. To 

gain new insights into the nature of these interactions we analyze the open channel noise and its 

dependence on frequency. The rationalization of PSD from membrane channels is usually very 

complex due to the presence of many different contributions, such as flicker and thermal noise, 

and capacitive or dielectric contributions 73. Still, it is a useful tool used to uncover mechanisms 

of ion permeation in channels and nanopores. For example, previous noise studies in OmpF show 

PSDs with a characteristic Lorentzian-like shape 21,74. Such noise pattern, especially evident at 
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high salt concentration (~ 1M KCl) 21 was attributed to the competitive binding of cations and 

protons occurring in the narrow central constriction of the channel 75. Fig. 3A shows representative 

power spectra corresponding to current traces of OmpF in 100 mM KCl in the absence of any other 

salts. Here, PSDs are far more complex than single lorentzians because the use of lower salt 

concentration both weakens the competitive binding and increments the background noise. 

Remarkably, PSDs recorded for positive (+50 mV) and negative (-50 mV) voltages are rather 

similar and clearly separated from the background noise corresponding to the open channel at 0 

mV. The effects of addition of millimolar concentrations of salts of trivalent cations are presented 

in Fig. 3B, 3C, and 3D for La, HexCo, and SPD, respectively. We observe common features, like 

the difference between background noise (PSD at 0 mV) and the PSD values at ± 50 mV is smaller 

than in the control. However, significant differences are found as regards the polarity of the applied 

voltage. While in control conditions (Fig 3A) both PSDs for positive and negative voltages show 

similar levels of noise, PSDs after addition of La (Fig. 3B) show higher noise amplitudes at low 

frequency for positive voltages than for negative. In contrast, addition of HexCo (Fig. 3C) yields 

PSDs that resemble those of the control (without HexCo, Figure 3A): the noise levels are similar 

for the two voltage polarities. Finally, in the case of SPD (Fig. 3D) the higher noise levels happen 

for negative voltages. To better quantify these divergent effects, we calculated the normalized 

noise, defined as the magnitude of the power spectrum at a chosen frequency (here we averaged 

the low frequency region 2-20 Hz) divided by the squared value of the corresponding averaged 

current, paying attention to its dependence on applied voltage, as shown in Fig. 3E. It has been 

shown previously that conductance fluctuations depend on I² 55–61. Therefore, a constant PSD/I² 

for changing voltages indicates that the current fluctuations recorded correspond to conductance 

fluctuations of an equilibrium nature (see section 2.4 in Methods for more details). Control 
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measurements (black circles) and experiments incorporating trace amounts of HexCo (blue 

diamonds) show normalized PSDs that are almost voltage-independent pointing to equilibrium 

conductance fluctuations 57,59. Quite in contrast, non-equilibrium features (normalized PSD 

increases with V) clearly appear in La (red triangles) for positive voltages and in SPD (green 

squares) for negative ones (note that high values of the normalized PSD at low voltages are due to 

very low values of the current that decrease the signal to noise ratio 60). 

 

Figure 3. Millimolar concentrations of trivalent cations alter OmpF channel current 

fluctuations. (A-D) Representative power spectral densities (PSDs) of OmpF single channel current 

recorded at 0 and ±50 mV before (A) and after the symmetrical addition of 15 mM La (B), HexCo 

(C), and SPD (D). (E) Normalized PSDs (defined as the average magnitude of the power spectrum 

in the low frequency region 2-20 Hz divided by the squared value of the corresponding average 

current) as a function of the applied voltage before and after the symmetrical addition of 15 mM 

blocker. (F) Average PSD (over the low frequency region 2-20 Hz) as a function of the corresponding 

averaged current, in logarithmic values, for control conditions (black circles), 15 mM La at positive 

(dark red triangles) and negative (light red triangles) applied voltages, 15 mM HexCo (blue 

diamonds), and 15 mM SPD at positive (dark green squares) and negative (light green squares) 

applied voltages.  
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Equilibrium conductance fluctuations have been previously reported in single silicon nitride pores 

for both positive and negative voltages 59. On the contrary, non-equilibrium fluctuations have been 

found for one or the two voltage polarities in polymeric 60,61,76 and solid-state rectifying nanopores 

77. In the latter ones, non-equilibrium noise was linked to trapping-detrapping processes that could 

induce transient fluctuations in the total number of ions when the trap becomes filled or unfilled 

77. Applying this model to solid-state conical nanopores, it was shown that normalized noise 

(PSD/<I>2) is roughly proportional to the absolute current I 77, giving rise to an approximate 

scaling behavior of PSD  I3, also found in other glass pores 76. Interestingly, our measurements 

seem to follow similar patterns, as shown in Fig. 3F. Control measurements (black circles) and 

results with HexCo (blue diamonds) at any polarity, negative voltages in La (red triangles), and 

positive voltages in SPD (dark green squares) follow equilibrium S  I2 scaling, whereas positive 

voltages in La (dark red triangles) and negative voltages in SPD (green squares) seem to follow 

the non-equilibrium scaling S  I3 previously reported in Refs. 77 and 76. 

3.3. Selectivity inversion 

Since both equilibrium and non-equilibrium processes regulate ionic conductance in the presence 

of multivalent cations in trace amounts, we decided to explore how ion channel selectivity is 

affected. Considering that in some cases voltage polarity matters (current rectification, non-

equilibrium fluctuations), we set as control conditions a ten-fold concentration gradient in both 

orientations, 1/0.1 M KCl and 0.1/1 M KCl, and added increasing amounts of salts of trivalent 

cations as shown in Fig. 4 for La (Fig. 4A), HexCo (Fig, 4B) and SPD (Fig. 4C). La (Fig. 4A) is 

the less effective one in turning the canonical cation selectivity of the channel 21,22 into anionic 
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one, almost by a factor of five (25 mM versus 5 mM) in comparison with HexCo (Fig. 4B), being 

SPD (Fig. 4C) somewhere in the middle. In addition, La is the one showing more visible 

differences between the two gradient orientations, while for HexCo values fall within the 

experimental error and in SPD differences are inappreciable. 

 

 

Figure 4. Millimolar concentrations of trivalent cations invert the OmpF cationic selectivity. 

Absolute values of the reversal potential (RP) obtained from experiments in 1/0.1 M KCl (dark 

colored circles) and 0.1/1 M KCl (light colored triangles) before and after the symmetrical addition 

of increasing concentrations of La (A), HexCo (B), and SPD (C).  

Thus, millimolar concentrations of all tested trivalent electrolytes invert the measured selectivity, 

which is generally ascribed to a channel charge inversion, as reported for OmpF and other 

mesoscopic ion channels and nanopores in the presence of multivalent electrolytes 13,16,17,43,78. The 

OmpF channel charge is more effectively inverted by La, HexCo and SPD when cis is the side 

with lower KCl concentration and the effect is stronger as hydrated radius decreases HexCo < SPD 

< La 79–82. The charge inversion seems to occur regardless of the existence (La, SPD) or not 

(HexCo) of non-equilibrium fluctuations.  

The effect of the concentration gradient direction and voltage polarity is more clearly seen in the 

current-voltage characteristics. Fig. 5 shows representative I-V curves of OmpF under the 
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concentration gradient 1/0.1 M KCl (dark colors) and 0.1/1 M KCl (light colors), before (Fig. 5A) 

and after the addition of 15 mM La, HexCo, or SPD (Fig. 5B-D). In control conditions (Fig. 5A), 

the I-V curves are shifted from zero due to the OmpF cationic selectivity 21,22. Symmetrical addition 

of 15 mM La (Fig. 5B) has two complementary effects: on the one hand, it shifts back the reversal 

potential towards zero (as shown in Fig. 4A). On the other hand, La induces a change in the current 

compared to the corresponding control (Fig. 5A) that is stronger as voltage becomes more positive. 

Thus, at negative voltages the curves are separated and agree with control values, while at positive 

voltages they fall on top of each other with intermediate values between control measurements. 

Interestingly, the positive polarity is the one showing non-equilibrium fluctuations (Fig. 3E). 

 

 

Figure 5. La, HexCo and SPD induce diverse effects in the OmpF current-voltage 

characteristics under concentration gradient. Representative single-channel I-V curves recorded 
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in KCl under a concentration gradient of 1/0.1 M (dark colored circles) and 0.1/1 M KCl (light 

colored triangles) before (A) and after the symmetrical addition of 15 mM La (B), HexCo (C), or 

SPD (D). 

Addition of HexCo (Fig. 5C) induces a shift of the I-V curves that is similar at the two voltage 

polarities. However, the effect of SPD addition (Fig. 5D) is stronger at negative voltages, where 

the data from the two gradient orientations collapse differing from the corresponding control data 

(Fig. 5A), in contrast to the positive polarity where data points show similar values to control ones. 

Remarkably, the negative polarity is once again the one showing non-equilibrium fluctuations 

(Fig. 3E). 

Therefore, experiments under concentration gradient reveal complex adsorption dynamics in 

which the specific effects of trivalent cations on OmpF channel function can be classified as having 

an equilibrium (selectivity inversion that does not depend on voltage polarity and only mildly on 

concentration gradient direction) or non-equilibrium (voltage-asymmetric effect of La and SPD 

addition) origin. 

3.4. Mechanisms of surface charge regulation 

We have shown in previous sections that current-voltage relationships, noise analysis and ion 

selectivity provide complementary insights on the channel surface charge regulation exerted by 

trivalent cations. We consider especially though-provoking the finding of non-equilibrium 

fluctuations and its possible association with trapping dynamics. We speculate that this mechanism 

may be present in OmpF channel. In previous studies, it was shown that either divalent and 

trivalent ions interact strongly with certain acidic residues located in the central narrow 

constriction of the channel 12,13,75. Nonetheless, the effect of trivalent cations with the channel was 

shown to be reversible 36: a fast switch of voltage polarity was enough to interrupt the interaction 
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and recover the control conductance. Importantly, this reversibility was demonstrated for fast 

ratchets of up to 100 Hz. Hence, the interactions between trivalent cations and the OmpF nanopore 

might be described as trapping-detrapping processes with particular characteristic times depending 

on the residue-cation particular chemistry 77. Within this picture, tight (high energy) cation 

trapping would be equivalent to an equilibrium chemically-based adsorption, as seems to be the 

case of HexCo showing almost voltage-independent features in Fig. 2B, Fig. 3B, and Fig. 5C, and 

an efficient selectivity inversion as shown in Fig. 4B. In contrast, looser (low energy) cation 

trapping would induce fluctuations in the total number of ions (visible as non-equilibrium 

fluctuations) as happens with La and SPD. In these cases, selectivity inversion would be less 

efficient because the system fluctuates between the “trivalent cation-adsorbed” filled-trap and the 

empty-trap configuration, as shown in Fig. 4A,C, and the channel would show voltage-dependent 

features, as observed in Fig. 2A, Fig. 3E and Fig. 5B,D. The physical reasons behind the observed 

features may be related to the pore geometry. OmpF has an hour-glass shape with a central narrow 

constriction (7 x 11 Å in diameter 83), in which steric effects may play a role favoring smaller 

HexCo (7.9 Å hydrated diameter) 79 in relation to larger La (9.1 Å hydrated diameter) 79 . SPD – 

with a diameter of around 9 Å 80–82 – not only shows intermediate features between HexCo and La 

in relation to selectivity inversion, but it also does not induce current rectification like HexCo and 

shows non-equilibrium fluctuations like La. 

4. Conclusions 

In conclusion, we have provided experimental evidence that the interaction of trivalent electrolytes 

with biological nanopores can yield specific modulation of ion conduction and charge inversion. 

We have also demonstrated that surface charge regulation can induce non-equilibrium fluctuations 
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possibly due to the existence of ion-specific trapping-detrapping processes. Our insights are 

relevant for biological and electrochemical systems involving transport phenomena in charged 

surfaces under nanoscale confinement. 
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