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Single-nanopore membranes constitute physical models for biological ion channels and
are also central to electrochemical energy transducers, logical circuits in sensors and actuators,
and converters in bioelectrical interfaces. The membrane potential, defined as the electrical
potential difference established between two different ionic solutions separated by the
membrane, is crucial for the electrical coupling of nanofluidic concentration cells to electronic
components such as load capacitors and resistors. Here we analyze, theoretically and
experimentally, the validity of basic principles governing electric circuit theory such as the
Thévenin equivalent circuit, the additivity of voltages and resistances, and the Millman theorem
in nanopore-based concentration cells. To this end, we consider a wide range of practical
conditions with respect to salt concentrations, nanopore asymmetry, electrical capacitances, and
series and parallel arrangements. Additionally, we investigate the scaling of the single pore

results to the multipore case. The results obtained suggest that basic circuit models offer

approximate tools to guide the analysis of the nanofluidic concentration cells.
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1. Introduction

Single-nanopore membranes provide biomimetic models for the protein ion channels
inserted in cell membranes and are central to bioinspired nanofluidic iontronics mimicking
brain-like functionalities [1—3]. These nanoscale pores also act as basic units of nanofluidic
concentration cells in electrochemical energy transducers, enable logical circuits in sensors and
actuators, and facilitate signal processing in bioelectrical interfaces [4—10]. The membrane
potential, defined as the electrical potential difference established between two different ionic
solutions separated by the membrane, is the most significant electrical magnitude in biological
membranes and nanopore-based electrochemical devices [2,11,12] because it regulates the
fluxes of matter, energy, and information. Therefore, the electrical properties of membrane
potentials in nanofluidic concentration cells consisting of two half-cells, each of which
containing the same electrodes but different salt concentrations, are of wide interest in applied
science and technology.

We do not address here the problem of osmotic energy harvesting in membranes and
nanopores, whose characteristics and efficiency has been studied in great detail previously [ 13—
I7]. Rather, we will focus on the validity of basic equivalent circuits as useful tools to
characterize nanopore-based electrochemical cells. Note that the electrical coupling of
nanopore ionic conduction to electronic components such as load capacitors and resistors is
crucial for an efficient functionality of the resulting hybrid circuits [3,4,18]. Also, multipore
membranes and circuits with multiple nanopores are used in practical applications [6,8,17,19].
We will consider basic principles such as the Thévenin equivalent circuit, the voltages and
resistances additivity, and the Millman theorem under a wide range of salt concentrations and

electrical capacitances, including series and parallel arrangements.



2. Experimental methods

Figs. 1a and b show the electrochemical cell enclosed in a double-layer magnetic shield
(Amuneal Manufacturing, Philadelphia, PA) and placed on an anti-vibration table (Technical
Manufacturing Corporation, Peabody, Massachusetts). The single-pore membranes consisted
of a 12.5-pum thick polyimide (PI) foil (Kapton50 HN, DuPont) irradiated at the UNILAC linear
accelerator (GSI, Darmstadt) with swift heavy Au ions of energy 11.4 MeV per nucleon [20,21].
The ion tracks were converted into conical nanopores following asymmetric track-etching
procedures [20-22]. These procedures led to carboxylate residues of effective surface charge
densities in the range —0.1 - ( —1.0) e/nm?, where e is the elementary charge, at neutral pH
values [18]. Pore radii were estimated to be in the ranges 10 — 40 nm for the cone tip and 300
— 800 nm for the cone base from SEM images of pore fractures and electrical conductance
measurements [18]. Input potentials and output currents were measured using AglAgCl
electrodes with 2M KCI solution salt bridges in the left (L, pore tip) and right (R, pore base)
solutions (Fig. 2). Approximately neutral pH solution values were found before and after each

measurement; the ambient temperature 7' was kept at 295 K.
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Fig. 1 (a) Photograph of the experimental setup with the electrochemical cell placed within a
magnetic shield and mounted on an anti-vibration table. (b) Detail of the silver wire connections

required to avoid noise effects.

The steady-state current (/)—voltage (V) curves were measured using different electrical
arrangements consisting of a Keithley 6514 high input impedance electrometer, and a Keithley
6487 pico-ammeter/voltage source (Keithley Instruments, Cleveland, Ohio). The asymmetric
nanopore (Fig. 2a) exhibited low electrical conductances when the current entered the cone base
(V' <0) and high conductances when it entered the cone tip (V> 0) [18,23]. Each measurement
was repeated several times with good data reproducibility, as shown previously [18,12]. Figs.
2a—d show how the Thévenin voltage (V'1n), the Norton short-circuit current (/n), and the
Thévenin resistance (Rtn) can be accurately determined by three independent experiments. In
order to achieve high reproducibility and to reduce noise effects, Ag wires were used to connect
the various circuit elements placed inside the double-layer magnetic shield and mounted on the

anti-vibration table of Fig. 1.
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Fig. 2 (a) Thévenin equivalent of the nanofluidic cell with concentrations c. and cr. The
Thévenin voltage (V) and resistance (Rtn), and the Norton short-circuit current (/) are
measured from three independent experiments. (b) The voltage V'th was measured using a high
input impedance electrometer as the potential difference between points a and b under open
circuit conditions. (c) The short circuit Norton current (/n) was measured using a pico-ammeter
under closed circuit conditions, and the resistance Rtn was obtained from Rtn = dV/dI in the
steady V—I curve (d) The variable voltage source produced a low-frequency triangular wave
that, together with the electrometer and the ammeter, allowed the measurement of the nanopore
V—1I curve. The values of V'thand Ix could be obtained from the intercepts points of this curve
at the V-axis (ordinate) and /-axis (abscissa), respectively. For the check of consistency, the

resistance Rtn was then calculated from the slope of the approximately linear V'— I curve.

3. Results and discussion
Fig. 3a shows the Thévenin equivalent circuits corresponding to the two conical pore

positions relative to the imposed concentration difference. Note the stability of the measured



Thévenin voltage (Fig. 3b) and Norton current (Fig. 3¢) as well as the numerical agreement of
these values with those obtained from the V—I curve at low voltage amplitudes (Fig. 3d). As
expected, V'mh and In take relatively high values when the dilute solution faces the cone tip
(position 1) rather than when it faces the cone base (position 2) [17]: the Debye screening of
the pore charges is lower, and thus the ionic selectivity is higher, in the first case than in the
second case [18]. The results obtained with the three experimental methods of Figs. 3b—d
strongly suggest that basic principles of traditional electric circuit theory can still be applied for

the physical characterization of nanofluidic cells with ionic currents in the range 0.01 — 0.1 nA.
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Fig. 3 (a) The Thévenin equivalent circuits of two conical pore positions for nanopore sample
# 1 with the concentrations ¢ = 10 mM and cr = 100 mM KCI. (b) The steady-state value of
the time (¢) dependent potential difference between points a and b under open circuit conditions

gives V. (¢) The steady-state current between points a and b under short circuit conditions



gives In. (d) The nanopore V- curve gives Rth from Ohm’s law. Note that the intercepts points

of this curve at the ordinate and abscissa axes give consistent values of V't and In.

Figs. 4a—d show the effect of the concentration difference on the electrical parameters
that characterize the nanofluidic cell. Together with the values of V', In, and R (Figs. 4a—c)
defined in Fig. 2, the cell power Pmax = V'tv’/(4Rth) obtained from the maximum power transfer
theorem is also shown (Fig. 4d). In each case, the continuum lines are calculated using a
Poisson-Nernst-Planck model [24,25] with the nanopore radii aip = 8 nm and apase = 250 nm,
thickness d = 12 pm, shape factor d/h = 25, and surface charge density 6 = —0.7 e/nm?. As in
Fig. 3, the nanopore position 2 gives values of V', In, and Pmax lower than those of position 1;
note the logarithmic scale of Figs. 4b—d. Additional data obtained with other monovalent (LiCl,
NaCl, and CsCl) and divalent (BaCl,, MgCl,, and CaCly) cation salts confirmed further the

general validity of the experimental methods used.
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Fig. 4 (a) The voltage V't as a function of the concentration cr for nanopore sample # 2. (b)
The current /v as a function of the concentration cr. (c) The resistance Rtn as a function of the
concentration cr. (d) The maximum cell power Pmax = Vmm2/4Rm as a function of the
concentration cr. In all cases, cc = 10 Mm KCI and the continuum lines are obtained with a

Poisson-Nernst-Planck model previously proposed [24].

Figs. 5a—d consider behavior of the nanofluidic cell with a load capacitor. The measured
electric circuit parameters are listed in Table 1. As expected, the steady-state capacitor voltage
attained at long times (Fig. 5a) is approximately equal to the Thévenin voltage (Fig. 3b). Note
also the close correspondence observed between the charging voltage and the current curves
(Figs. 5a and 5b). The effect of the capacitance on the charging curves (Fig. 5¢) shows that the

capacitor voltage takes the same steady-state value (the Thévenin voltage) in all cases. The



continuum lines correspond to the equivalent circuit theoretical curves. Fig. 5d considers the
effect of the cell concentration difference on the capacitor charging curve. Prior to the
measurements and for the sake of consistency, the cell electrical parameters were obtained for
each KCI concentration difference employed in nanopore position 1, as shown in Table 1.
Remarkably, the nanofluidic cell behaves in a predictable and reliable way all over the

capacitance and concentration ranges studied.
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Fig. 5 (a) Charging capacitor curve for nanopore sample # 1 and position 1. The capacitor
voltage Vc measured with the electrometer is shown as a function of time for the capacitance C
and salt concentration values in the inset. The continuum line corresponds to the theoretical
charging curve Vc = V[ l—exp(—#/RtnC)]. (b) The circuit current / can be obtained from the
experimental data as /= C(dV¢/dt). The continuum line corresponds to the theoretical current

curve /= Inexp(—t/RmC). (c) The charging curves parametric in the capacitance C for nanopore



position 1. The continuum lines correspond to the above theoretical equation. (d) The charging
curves parametric in the concentration cr for ¢ = 10 Mm, C = 0.1 uF, and nanopore position
1. The continuum lines correspond to the theoretical curves obtained using the previously

measured electrical characteristics of Table 1.

cR/ mM VTh / mV RTh / GQ /N / pA
20 15.1 0.458 33
50 33.1 0.304 109
100 43.6 0.216 193
500 54.7 0.095 571

Table 1. Nanoflidic concentration cell characteristics obtained following the experimental

methods of Fig. 2 for the case of sample #1, nanopore position 1, and c. = 10 mM KCI.

Figs. 6a—d analyze the nanofluidic cell behavior with a load resistor. Note that the
equivalent circuit characteristics (Fig. 6a) obtained in this new experimental run using the
experimental methods of Fig. 2 differ from those of Fig. 3a. These changes should be ascribed
to the nanopore state modification after many experimental runs (Figs. 3—6). Despite this fact,
we must emphasize that the voltage drops at the load resistor do not change with time during
each experiment and show a good reproducibility between independent measurements (Figs.
6b and 6¢) also in this case. Moreover, the results are in good agreement with the voltage divider
model (Fig. 6¢) and the dissipated power shows a maximum value at the Thévenin resistance,
as predicted by the maximum power transfer theorem (Fig. 6d). These experimental facts
confirm further the wvalidity of equivalent circuit methods for analyzing nanofluidic

concentration cells with dissipated powers of the order of 1 pW (Fig. 6d).
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Fig. 6 (a) The Thévenin equivalent circuit obtained for sample #1 and position 1 for this new
experimental run using the methods of Fig. 2, with ¢ = 10 mM and cr = 100 mM KCI. (b) The
voltage drop Vr at the load resistor Rr, measured with the high input impedance electrometer
(inset), as a function of time. Note that three independent measurements were conducted for the
two load resistors used. Also, fresh salt solutions were used for each measurement to avoid any
leakage from the electrode salt bridges. (c) The voltage drop Fr as a function of the load
resistance Rr. Each experimental point is the average value of three independent measurements,
as shown in Fig. 6b. The continuum line corresponds to the theoretical results obtained using a
voltage divider model giving Vr = [RL /(RL + Rtn)] V1, with the cell parameters of Fig. 6a. (d)
Power dissipated in the load resistance as a function of R.. The maximum power is obtained at

R = R, in agreement with the equation for the maximum power transfer (continuous line).
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Figs. 7a—d consider the cases of series and parallel cell arrangements for the nanopore
samples #/ and #3 (Fig. 7a). The equivalent circuit parameters of Figs. 7b—d are given in Table
2. The additivity of the respective Thévenin voltages and resistances together with the validity
of Millman’s theorem for the maximum power transfer, obtained with the electrical
characteristics of Figs. 7a and 7b, are confirmed in Table 2. Note the different time constants
and steady-state values corresponding to the distinct electrical configurations observed in the
charging curves of Fig. 7d. Again, these result suggest that the equivalent circuit models
characteristic of applied physics are also useful for characterizing of nanofluidic concentration

cells and their series and parallel associations.
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Fig. 7 (a) V-l curves and Thévenin equivalent circuits for two nanofluidic cells based on

nanopore samples #1 and #3. We use the experimental methods of Fig. 2 for position 1, with cr.
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=10 mM and cr = 100 mM KCI. (b) VI curves and Thévenin equivalent circuits for the series
and parallel arrangements of the two nanofluidic cells of Fig. 7a. (c) Power dissipated as a
function of the load resistance Ry for the two nanofluidic cells and their series and parallel
arrangements obtained with the parameters of Figs. 7a and 7b. (d) Charging curves for a
capacitor of capacitance C = 0.1 uF obtained for the two nanofluidic cells and the series and

parallel arrangements.

Sample #1  Sample #3  Series, exp  Series, theo  Parallel, exp Parallel, theo

VTh / mV 41.1 24.5 65.2 65.6 27.0 30.5
RTh 1 GQ 0.222 0.125 0.343 0.347 0.073 0.080
lN !/ pA 185 197 190 190 369 382

Table 2. The equivalent circuit characteristics of the nanofluidic cells based on nanopore
samples #1 and #3 together with those for the series and parallel associations. For the latter case,
both experimental and theoretical values are included. Note the validity of the Thévenin

voltages and resistances additivity and the Millman’s theorem. The cell and circuit experimental

N
conditions are those of Fig. 7. The results for the series additivity are obtained as Vi, = > Vyy,;
i=1

N
and Ry, =) Ry, - The results for the parallel arrangement (Millman’s theorem) are obtained
i=1

N\ . N N
as Vo, =| 3 > L anszz L
i=1 RTh,i j=1 RTh,i RTh i=1 RTh,i

For the sake of future applications, Figs. 8a—d consider the scaling of the single pore

results to the multipore case. The membrane sample #4 contains 300 pores approximately. Fig.
8a shows the voltage Vi as a function of the concentration cr can now be compared with Fig.

4a. Fig. 8b gives the power dissipated in the load resistor as a function of Ry for ¢ = 10 mM



and cr = 100 mM KCI. The differences observed between theory and experiments should be
ascribed to the absence of a trivial direct proportionality between the single pore and multipore
case because of the effect of the diffusion boundary layers flanking the membrane [16]. Fig. 8c
shows the time dependence of the circuit current because of the changes occurring in in the
nanofluidic cell when it is connected to the external resistor Rr. After an operation time of 4 h,
the current decreased to 60 % approximately. Fig. 8d gives the Thévenin equivalent initially
(zero time) and after 4 h of operation times. The decrease of Thévenin equivalent voltage and
resistance can be ascribed to the leakage processes in the salt bridges of the electrodes after a

long operation time.
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Fig. 8 (a) The voltage V't as a function of the concentration cr for multipore sample #4. (b) The
power dissipated in the load resistor (insef) as a function of Ry for ¢ = 10 mM and cr = 100

mM KCI. (c) The time dependence of the circuit current when the nanofluidic cell is connected

14



to the external resistor Ry (inset). (d) The Thévenin equivalent circuits (insets) initially and after

4 h of operation times.

4. Conclusion

Single-nanopore membranes and nanofluidic concentration cells are central to
electrochemical devices [4,6—10]. The electrical coupling of ionic conduction to electronic
components such as load capacitors and resistors provides functionality to the resulting hybrid
circuits. We have analyzed the validity of basic principles governing electric circuit theory such
as the Thévenin equivalent circuit, the voltages and resistances additivity, and the Millman
theorem in nanofluidic cells. To this end, we have considered a wide range of experimental
conditions concerning salt concentrations, nanostructure asymmetry, electrical capacitance,
series and parallel arrangements, and number of membrane pores from an applied
electrochemistry perspective that should be useful to nanofluidics. The results obtained suggest
that basic circuit models provide approximate tools to guide the analysis and characterization

of electrochemical concentration cells.
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