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ABSTRACT: The membrane potential (Vmem) defined as the electric potential difference 

across a membrane flanked by two different salt solutions is central to electrochemical energy 

harvesting and conversion. Also, Vmem and the ionic concentrations that establish it are 

important to biophysical chemistry because they regulate crucial cell processes. We study 

experimentally and theoretically the salt dependence of Vmem in single conical nanopores for 

the case of multi-ionic systems of different ionic charge numbers. The major advances of this 

letter are: (i) to measure Vmem using a series of ions (Na+, K+, Ca2+, Cl, and SO4
) that are of 

interest to both energy conversion and cell biochemistry, (ii) to describe the physicochemical 

effects resulting from the nanostructure asymmetry, (iii) to develop a theoretical model for 

multi-ionic systems, and (iv) to quantify the role of the liquid junction potentials established in 

the salt bridges to the total cell membrane potential. 
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The membrane potential (Vmem) is the difference of electric potential across a membrane flanked 

by two different aqueous salt solutions. Experimentally, Vmem can be measured as the external 

voltage that should be applied to maintain a null current through the membrane, the so-called 

reversal potential.1,2 This physicochemical magnitude quantifies the conversion between the 

chemical energy available as a salt concentration gradient and the electrical energy that can be 

obtained from the resulting potential difference.3-5 Moreover, Vmem and the ionic concentrations 

that establish it are also important in biophysical chemistry because this potential difference 

regulates crucial cell processes.1,6,7The asymmetric nanopores that are employed in 

electrochemical energy conversion4,5 constitute artificial nanostructures that mimic the ion 

channel proteins of cell membranes when biologically relevant ions (e.g., potassium, calcium, 

and chloride) are involved1,7,8  

  We explore here, experimentally and theoretically, the salt dependence of Vmem in single 

conical nanopores for the case of multi-ionic systems and concentrations relevant to membrane 

bioelectrochemistry. These nanoscale pores are functionalized with an asymmetric axial 

distribution of carboxylic acid groups on the pore surface, which is also the case of protein ion 

channels.1,9 Both nanopores and ion channels show ionic selectivity because of the interaction 

between the mobile ions in solution and the charges fixed on the pore surface.  

The major advances of this work are: (i) to measure Vmem using ions (Na+, K+, Ca2+, Cl, 

and SO4
) that are of interest to both energy conversion and cell biochemistry, (ii) to describe 

the physicochemical effects resulting from the nanostructure asymmetry, (iii) to develop a 

complete theoretical model for multi-ionic systems, and (iv) to quantify the contribution of the 

liquid junction potentials established in the salt bridges to the total cell membrane potential. 

Because of the marked interdisciplinary nature of the problem, these results should be of 

immediate significance to a broad physical chemistry audience. 
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Figure 1 shows the scheme of the experimental system.10 All measurements are 

conducted for two nanopore (NP) orientations and a couple of Ag|AgCl electrodes with 2M 

KCl salt bridges immersed in the left (L) and right (R) bathing solutions. Figure 2 shows the 

experimental set-up (left) and procedure (right) used to measure the membrane potential as the 

reversal potential Vmem = V(I = 0), where V = VL – VR is the applied potential difference (voltage) 

and I is the current.  

 

Figure 1. Scheme of the experimental system. The single-pore membrane is flanked by two 

different salt solutions at the same concentration c0 whose pH is kept close to neutral values. 

The cations considered are CL = Na+, Ca2+, or K+, with CR = K+, while the anions considered 

are AL and AR = Clor SO4
2. In our case, we take Vmem as the total electric potential drop (the 

cell membrane potential), which depends on the particular pore orientation. Note that Vmem is 

then composed by the liquid junction potentials established in the salt bridges (
L

LJ  and 

R

LJ ), the Donnan potentials at the two membrane-solution interfaces ( L  and R ), and 

the diffusion potential in the nanopore ( NP ).10,11 The liquid junction potentials can be 

calculated by means of the Henderson equation by assuming ideal solutions that mix 

continuously following identical functional dependences for all ionic concentrations.2,12 The 

equations allowing estimations of these potentials can be found in the Supporting Information. 
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The curves shown in Figure 2 (right) correspond to the smallest concentrations used in 

the experiments (2 mM). At this concentration, the measured currents are in the range of 10 pA 

and show the highest scatter in the experimental data, leading to uncertainties around 5% in the 

reversal potential obtained from each individual IV curve.  Each experimental point 

corresponds to at least three independent measurements using the same sample and electrolyte 

concentrations. This procedure gives an upper limit (low concentrations limit) in the range 

1015 % for the uncertainty in the reversal potentials. 

 

 

Figure 2. Scheme of the experimental set-up (left) and the measurement of Vmem as the reversal 

potential Vmem = V(I = 0) (right). The electrochemical cell is placed within a double layer 

magnetic shield placed on an anti-vibration table to avoid external perturbations. Note that the 

two cases shown correspond to the smallest concentrations used in the experiments, which lead 

to the highest scatter and experimental uncertainties in the currents measured.    

 

Figures 3 (experimental data) and 4 (model results) show the Vmem vs. c0 curves. The 

theoretical curves of Figure 4 are calculated using the constant field solution of the Nernst-

Planck flux equations for a system of three ions whose cations or anions have different charge 

numbers (Figure 1). The pore fixed-charge asymmetry can then be incorporated in the cubic or 
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quadratic equations obtained for the interfacial concentrations (Supporting Information). This 

approximated procedure gives relatively simple analytical solutions that provide useful 

qualitative insights, as opposed to more exact but numerical solutions of the Poisson-Nernst-

Planck model for multi-ionic systems. In particular, our approach leads to explicit equations 

that give a clear physical understanding of the different potential drops of Figure 1, allowing a 

direct estimation of the liquid junction potentials (Figure 4). The Supporting Information gives 

detailed derivations of all relevant equations for the four cases of Figure 4. 

Figure 3. Experimental Vmem vs. c0 curves for the different multi-ionic systems considered 

(insets) and the two pore orientations of Figure 1. The data correspond to the measured cell 

membrane potentials and are not corrected by the liquid junction potentials of Figure 1. Salts 

other than KCl are highlighted for the sake of clarity. Note the different scales of Vmem obtained 

in each case. 
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Figure 4. Theoretical Vmem vs. c0 curves for the different multi-ionic systems considered (insets) 

and the two pore orientations. Henderson equation-corrected and uncorrected Vmem values are 

shown to emphasize the relevant role of the two liquid junction potentials of Figure 1. The pore 

volume charge concentrations X(0) and X(d) assumed in the model constitute typical pore tip 

and base values, respectively.2 For instance, by introducing a surface charge density  = 0.9 

e/nm2, the volume charge concentrations X(0) = 2(Fatip) = 0.5 M (pore tip radius atip = 6 nm) 

and X(d) = 2(Fabase) = 0.005 M (pore base radius abase = 600 nm) are obtained (orientation # 

1), where e is the elementary charge and F is the Faraday constant.  

 

The experimental membrane potentials of Figure 3 show significant differences for the 

two orientations of the asymmetric nanopore, except for the case corresponding to the same 

cation (K+) at solutions L and R. This fact clearly shows that the negative pore surface charges 

select cations to anions. In general, the pore directionality effect results from the different 
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screening of the pore tip charges by the distinct cations as well as the charge number-dependent 

ionic exclusion of the anions. Asymmetric effects are also significant in protein ion 

channels.1,9,13 Note also that the absolute values of Vmem tend to decrease in the limit of high 

salt concentration because of the high Debye screening of the pore charges.2  

For the particular case of the NaClKCl system, the interfacial Donnan potentials of 

Figure 1 cancel out and Vmem is simply the diffusion potential in the nanopore, which is non-

zero because of the different cations in the solutions. For the case of a symmetrical membrane 

at low salt concentration, Vbip = (RT/F)ln(D+R/D+L), which depends only on the diffusion 

coefficients D+L and D+R of the two cations in the left and right solutions, since the co-ion (Cl) 

is excluded from the pore.2,14 Here, T is the temperature and R the gas constant. By introducing 

the ionic diffusion coefficients at infinite dilute solution, Vbip = 10 mV which is close to the 

experimental result of Figure 3. On the contrary, the pore solution mobile ions can screen the 

nanopore charges at high salt concentration. Thus, the chloride ion is not excluded and 

contributes to Vmem with a diffusion coefficient D. By using the Goldman equation2,14 Vmem = 

(RT/F)ln[(D+R+D)/(D+L+D)] = 4 mV for the effective liquid junction potential established 

between the two monovalent salts, also in agreement with the experimental result of Figure 3.  

For the CaCl2KCl system, Vmem can take high and positive values because of the 

different cation diffusion coefficients and the chloride concentration gradient favoring Vmem > 

0 (Figure 1). Remarkably, a maximum is found at intermediate concentrations because of the 

interplay between the Donnan potentials dominant at low ionic concentration and the nanopore 

diffusion potential dominant at high concentration (Figure 1). As to the Na2SO4K2SO4 system, 

the Vmem values are similar to those of the NaClKCl system because of the anion (SO4
 or Cl) 

exclusion from the pore. For the K2SO4KCl case, however, it is the potassium concentration 

gradient that gives Vmem < 0 at low concentrations where the ions SO4
 or Cl are excluded from 
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the pore solution because of the significant electrostatic repulsion by the unscreened negative 

pore charges. 

For the sake of comparison, we use the same scales for the Vmem values in Figure 4 and 

in Figure 3. However, no attempt was made to fit the theoretical curves to the experimental data 

because of the qualitative nature of the model, which can describe only the experimental trends. 

We believe that the model equations of the Supporting Information are useful because: (i) they 

approximately reproduce the experimental range of observed Vmem values in most cases, (ii) 

they provide explanations concerning the differences obtained for the two orientations of the 

asymmetric nanopore in terms of the potential drops of Figure 1, and (iii) they show that the 

contribution of the liquid junction potentials to Vmem cannot be neglected in the high salt 

concentration limit, allowing also a convenient estimation of these potentials in each 

experimental case (Figure 4). Recently, the reversal potential of monolayer graphene and 

hexagonal boron nitride membranes15 and the open-circuit voltage of proton selective 

composite membranes16 have also been analyzed by using the Goldman potential equation. 

Also, the segmentation potential model of Figure 1, together with the experimental method of 

Figure 2, could be useful in other electrochemical contexts concerning solid/liquid interfaces. 

In conclusion, we have shown that many physico-chemical phenomena including the 

nanostructure directionality and surface charge, the ionic charge numbers and concentrations, 

and the different potential drops of Figure 1 contribute to the measured cell membrane 

potentials. Also, we have obtained explicit analytical equations that give a useful qualitative 

description of the basic physical chemistry involved. 
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■ MATERIALS AND METHODS 

 

The nanopore fabrication and characteristics have been described with detail previously.2 The 

base and tip radii can obtained by imaging the pore and measuring the electrical conductane.17-

19 These radii are typically in the range abase = 300  800 nm and atip = 10 40 nm.20 The pore 

surface charge density is in the range  = 0.2 1 e/nm2, as obtained from the IV curves 

measured at neutral pH.17,20-22 The effect of pore charge inversion was studied previously for 

the cases of the IV curves23 and the reversal potential,24 and was found significant for trivalent 

(La3+) cations, which is not the case considered here. The reliability of the experimental 

approach and the data statistics were checked previously with both an Axopatch 200B and the 

picoammeter of Figure 2.2 The experimental determination of Vmem requires to control currents 

of the order of 10 pA with the picoammeter (Keithley Instruments, Cleveland, Ohio) and avoid 

external perturbations by placing the measuring electrochemical cell within a double layer 

magnetic shield (Amuneal Manufacturing, Philadelphia, PA) placed on an anti-vibration table 

(Gimbal Piston, Ametek Tech., Berwyn, PA).. We have mentioned this fact in pg. 10 of the 

revised manuscript. 
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