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A B S T R A C T

One of the most widely used approaches to characterizing transmembrane ion transport through nanoscale syn-
thetic or biological channels is a straightforward, liposome-based assay that monitors changes in ionic flux across
the vesicle membrane using pH- or ion-sensitive dyes. However, failure to account for the precise experimental
conditions, in particular the complete ionic composition on either side of the membrane and the inherent per-
meability of ions through the lipid bilayer itself, can prevent quantifications and lead to fundamentally incor-
rect conclusions. Here we present a quantitative model for this assay based on the Goldman–Hodgkin–Katz flux
theory, which enables accurate measurements and identification of optimal conditions for the determination of
ion channel permeability and selectivity. Based on our model, the detection sensitivity of channel permeability
is improved by two orders of magnitude over the commonly used experimental conditions. Further, rather than
obtaining qualitative preferences of ion selectivity as is typical, we determine quantitative values of these para-
meters under rigorously controlled conditions even when the experimental results would otherwise imply (with-
out our model) incorrect behavior. We anticipate that this simply employed ultrasensitive assay will find wide
application in the quantitative characterization of synthetic or biological ion channels.

© 2020

1. Introduction

There is presently intense interest in the development of synthetic
nano-channels with specific transport properties for a wide variety of
applications, including molecular sensing, water purification, materials
separation, and novel therapeutics [1–8]. Detailed functional character-
ization of these channels, particularly in relation to their precise spatial
and dynamic structure, is one of the most essential steps for their ra-
tional development as well as for an understanding of the basic mech-
anisms of molecular and ion transport through pores of nanoscopic di-
mensions [9–20].
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Two of the most fundamental functional properties of any
nano-channel are the ionic selectivity and permeability, and to date, al-
though other methods have been introduced [21–27], the most com-
monly employed experimental technique to characterize these para-
meters is a simple assay based on lipid vesicles first introduced by
Deamer and colleagues [28–48]. While this method can be used with
a wide range of biological fluids, it is most commonly used with pure
buffers as a means to quickly assess the permeability of purified chan-
nels. This assay uses liposome-entrapped fluorescent dyes that are ei-
ther sensitive to changes in pH or ion concentrations to reflect the
total ionic flux across the membrane. In the most common scenario
where a change in pH is measured, the assay initiates with the addi-
tion of a strongly acidic or alkaline solution to the extra-vesicular so-
lution. This generates a pH gradient across the membrane that drives
the movement of both protons (H+) and hydroxide ions (OH−) across
the membrane, leading to a change in the intra-vesicular pH. As de-
scribed in detail below, the rate of pH change depends not only on the
membrane permeability to H+ and OH−, but also to all ions present in
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the solution. Thus, measurement of the time-dependent changes in fluo-
rescence in the presence of ion-selective nanopores compared to those in
their absence provides a means to determine the ion permeability of the
nanopores, while measurement in the presence of different ions yields
the ion selective properties of the pores. However, since the lipid mem-
brane itself, regardless of its specific composition, is also permeable to
many ionic species, these measurements only enable qualitative compar-
isons of permeability even for strongly selective and highly permeable
channels. Further, as we show below, failure to account for the correct
ionic composition on either side of the membrane can easily lead to er-
roneous conclusions about ionic selectivity.

Thus, there is an urgent need for a rigorous theoretical understand-
ing of this assay, both to avoid mischaracterizations but also to max-
imize its precision and sensitivity, as well as to enable quantification
of basic functional properties of the channels. To this end, we have ex-
amined this technique using a quantitative model based on the Gold-
man–Hodgkin–Katz theory [49], explicitly taking into account the ionic
composition of the solution and the ion permeability of the lipid bilayer
itself. Using this model, we identify generally applicable, optimal exper-
imental conditions that increase the detection sensitivity of the perme-
ability by 100-fold over the typically employed conditions, enabling the
detection of otherwise unresolvable, weakly permeable channels as well
as small differences in ion selectivity. Further, strikingly, we show that
data exhibiting apparently qualitatively incorrect trends in ion selec-
tivity nonetheless yield quantitatively correct values following analysis
with our model. Overall, thus, this work describes a quantitative, highly
accessible and sensitive in vitro method by which to easily obtain basic
functional properties of a broad range of synthetic or purified biological
nanoscopic ion channels.

2. Experimental section

2.1. Preparation of unilamellar vesicles

Large unilamellar vesicles (LUVs) of POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, Al-
abaster, AL, USA) containing the dye, HPTS (8-hydroxypyrene-1, 3,
6-trisulfonicacid, Sigma-Aldrich, St. Louis, MO, USA) [50–54] were pre-
pared by first evaporating the POPC stock solution (chloroform) under
vacuum for 1 h to remove the solvent, after which a HEPES buffer with
a HPTS concentration of 0.03 mM was added to obtain a final lipid con-
centration of 1 mg mL−1. The concentrations of HEPES, salt, and other
parameters of the solution are different for different experiments, as de-
scribed below. Upon dissolution in water, the pH of the HEPES solution
is ~5.3, which is the initial solution pH for all experiments, unless indi-
cated otherwise. The lipids were allowed to become fully equilibrated at
room temperature for 1 h, followed by extrusion through 0.1 μm poly-
carbonate membrane filters (Avanti Polar Lipids, US). The size of the
LUVs was subsequently measured with a dynamic light scattering (DLS)
particle analyzer (Nano ZS90, Malvern, UK) and a cryo transmission
electron microscope (cryo-EM) (Talos F200C G2, Thermo Fisher Scien-
tific, US). The fluorescent dye in free solution was removed by gel filtra-
tion using a Sephadex G-50 (GE Healthcare, US) column.

2.2. Measurement of ion permeability

Gramicidin A (gA, Sigma-Aldrich, St. Louis, MO, USA) dissolved in
ethanol was added to the vesicle solution, which was incubated for
5 min before the extra-vesicular pH was increased. In each experiment,
the same volume of the gA solution (1 μL to the 2 mL vesicle solution)
was added to give the indicated concentration. The addition of the same
volume of ethanol alone does not change the fluorescence measurements
from those of the control measurements without added ethanol (data
not shown). The emission of the entrapped HPTS was monitored with
a fluorescence spectrometer (LS55, PerkinElmer, Hopkinton, MA, USA)
with the excitation wavelength of 450 nm and emission wavelength of
510 nm. The slit width was 5 nm for both and the data acquisition in-
terval was 0.1 s. After 500 s, the vesicles were lysed by the addition of
0.1% TritonX-100 to obtain the maximal fluorescence intensity for nor-
malization.

2.3. The quantitative flux model

In this assay, the ion permeability is determined by monitoring the
changes in the fluorescence intensity of the liposome-entrapped HPTS,
whose fluorescence emission increases several-fold upon alkalization of
the solution (pKa ~7) [55–57]. Increasing the extra-vesicular pH dri-
ves the movement of H+ and OH− across the membrane, owing to the
permeability of the membrane to both H+ and OH−. This leads to the
rapid generation of a transmembrane potential that counters the further
movement of H+ and OH− and leads to a small change in the pH within
the vesicle at equilibrium. However, all of the ions present in the so-
lution, not just H+ and OH−, also translocate across the membrane in
response to this transmembrane potential, which allows further move-
ment of H+ and OH− (Fig. 1), until the pH in the vesicle reaches that of

Fig. 1. Illustration of the principle underlying the liposome assay. The addition of a
strongly alkaline solution to the vesicle solution drives the transmembrane movement of
H+ and OH− ions. The movement owing to the concentration gradient produces an electri-
cal gradient that opposes further H+/OH− movement. This electrical gradient also drives
the trans-bilayer movement of all other ions in solution, which limits the rate at which
equilibrium is achieved. Measurement of the rate at which the pH changes within the vesi-
cle with a pH-sensitive dye (depicted in the lower panels) enables a determination of the
rate of ion transport across the bilayer and thus also the ion permeability of the membrane.
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the extra-vesicular solution. Because the membrane permeability of ions
other than H+ or OH− is much lower [29], the measured kinetics of
fluorescence emission (reflecting the intra-vesicular pH) is mostly deter-
mined by the flow of these ions. Therefore, these kinetic measurements
can be used to determine the ion transport properties of membrane-em-
bedded channels under appropriate conditions. Moreover, when the
ionic conditions are changed for the same channel, their relative ion se-
lectivity can also be determined by these measurements.

To describe this kinetic process, we developed a quantitative flux
model based on the Goldman–Hodgkin–Katz theory which includes two
factors known to influence the motion of ions across a permeable mem-
brane [49]: the difference in the ionic concentration on either side
of the membrane and the transmembrane electric field. The Gold-
man–Hodgkin–Katz theory is derived from the Nernst–Planck equation,
which is a well-established model to describe the diffusive motion of the
charged particles under an electric field. In particular, the Nernst-Planck
equation describes the motion of the ions owing to both the electric
force and the concentration gradients, and the Goldman–Hodgkin–Katz
flux equation is a solution of the Nernst-Planck equation under simplify-
ing assumptions [49].

The ion flux, which is the number of translocated ions per unit mem-
brane area per unit time, can be calculated as:

(1)

where DA is the diffusion constant, [A] is the concentration of ion A, z is
the thickness of the membrane, nA is the charge valence, T is the temper-
ature, R is the molar gas constant, F is the Faraday constant and Em is the
membrane potential. The first term in equation (1) corresponds to Fick's
law of diffusion, which gives the flux due to diffusion down the concen-
tration gradient. The second term is the flux due to the electric field,
the Stokes-Einstein relation applied to electrophoretic mobility. The ion
flux, jA, can be re-written as:

(2)

where , and is the ionic permeability.

Considering a typical case where the salt is NaCl, the temporal evo-
lution of the ion concentration inside the vesicle and the transmembrane
electric field, E(t), can be calculated by the following:

(3)

where S is the surface area of the vesicle, V is the volume of the
vesicle, Q is the electric charge content inside the vesicle and C is
the membrane capacitance per unit

area (~0.5 μF cm−2). The intra-vesicular and extra-vesicular [H+] con-
centrations were adjusted based on the buffering of the HEPES molecule
according to:

(4)

where HEPES- is the deprotonated form of HEPES, and is the dis-
sociation constant of HEPES (10−7.5 mol L−1) appropriate for the exper-
iments under investigation here (pH > 5) [58]. Further, the volume
change of the vesicle induced by the change in salt concentration, V(t),
which leads to a small change in the salt concentration inside the vesi-
cle, is determined by:

(5)

where Pf is the osmotic water permeability coefficient, SAV is the vesi-
cle surface area to volume ratio, MVW is the molar volume of water
(18 cm3 mol− 1), and cin and cout are the initial concentrations of the total
solute inside and outside the vesicle, respectively. We numerically calcu-
lated the changes in intra-vesicular ion concentration, the adjustments
to the pH resulting from the protonation of HEPES, the resulting elec-
tric field, and the volume change for a given small time-step, Δt (here,
10−7 s), iteratively for the duration of the experiment. All of the calcu-
lations were carried out using Matlab (MathWork, Natick, USA) using
routines that are available upon request.

3. Results and discussion

3.1. Validating the quantitative flux model

To first verify the accuracy of the quantitative flux model, we exam-
ined its predictions for an experiment using POPC vesicles free of any
channels. For pure POPC membranes, the ion permeability properties
are well established [28,29,59–61]:

We note that the significant difference in permeability values be-
tween the K+/Cl− ions and H+/OH− is typical of most ions for pure
POPC bilayers [60,61]. The calculated changes in ion motion across
the bilayer are translated into fluorescence time-lapse curves using
the experimentally determined normalized calibration relationship for
0.03 mM HPTS at different pH values (Fig. S1). We note that this con-
centration of HPTS is sufficiently low such that there is no self-quench-
ing of this dye [62]. The size of the vesicles for these calculations was
obtained using DLS (Fig. S2A), with confirming evidence from cryo-EM
(Fig. S2B).

We measured the fluorescence intensity changes of POPC vesicles
prepared in a commonly used buffer (100 mM KCl, 100 mM HEPES, ad-
justed to pH 7.2 with 33 mM KOH) following the addition of 280 μL
1 M KOH to the 2.5 mL vesicle solution, which raised the extra-vesic-
ular pH to 12.6. These measurements exhibited excellent reproducibil-
ity between different sample batches (Fig. S3). As shown in Fig. 2,
the calculated fluorescence increase curve based on the quantitative
flux model (that is, equation (3) – (5)) is in excellent agreement with
the experiment (R2 = 0.97). Thus, the quantitative
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Fig. 2. Validation of the quantitative flux model. Shown are the experimental and theoret-
ical results of the liposome assay using POPC vesicles without any channels following the
addition of extra-vesicular KOH that produces an initial pH difference of 5.4.

model can indeed accurately describe the kinetics of ion transport in this
assay.

3.2. Determining optimal conditions to improve the sensitivity of
permeability measurements

Qualitative characterizations of ion channel permeability are usually
obtained in liposome-based assays by comparing the kinetics of fluores-
cence changes in samples with or without channels. If the permeability
of the channels is relatively low or only a few channels are present in
the membrane, achieving reliable detection can be challenging since the
lipid bilayer itself is permeable to most ions to various extents [29]. In
addition, a less obvious characteristic of this assay that can significantly
limit the detectability of channel permeability is the protonation/depro-
tonation of the buffering agent HEPES (or other buffering agents used).

To understand this effect, consider a vesicle with membrane-em-
bedded channels exhibiting a vesicle-membrane permeability of
1.3 × 10−14 m s−1 for K+, a typical case in many experiments [4].
With a buffer of 100 mM KCl and 10 mM HEPES (pH 5.3), as is com-
mon in many experiments, and an initial external KOH concentration
of 300 mM, the quantitative flux model indicates that there is only a
small difference in the fluorescence emission of HPTS entrapped in-
side vesicles with or without channels (that exhibit a K+-permeabil-
ity of 1 × 10−14 m s−1) (Fig. 3A, red lines). Such a difference cannot
be easily resolved in experiments, as background noise is always pre-
sent. Intuitively, it might be expected that a greater external KOH con-
centration of 500 mM that leads to a greater concentration gradient
across the bilayer would yield a more unequivocal difference in these
measurements. However, the quantitative flux model predicts an even
smaller difference between the fluorescence curves in this case (Fig. 3A,
pink lines). In fact, instead of increasing the KOH concentration, low-
ering the KOH concentration to 50 mM actually yields a greater dif-
ference in the kinetics measurements (Fig. 3A, blue lines). The rea-
son for this counterintuitive outcome is that, although the greater con-
centration gradient across the bilayer indeed initially drives a greater
amount of H+/OH− transport through the membrane, it also shifts
the intra-vesicular pH to a range of the HEPES titration curve

Fig. 3. Optimization of experimental conditions for measuring channel permeability. (A)
Theoretical calculations of the difference in the fluorescence kinetics with (permeability
of 1.3 × 10−14 m s−1) or without (permeability of 1 × 10−14 m s−1) membrane-embedded
channels at different concentrations of extra-vesicular KOH (100 mM KCl, 10 mM HEPES,
pH 5.3). (B) The magnitude of the area difference in the fluorescence intensity curves
with/without channels from the calculations under different HEPES concentrations and fi-
nal KOH concentrations with a channel vesicle K+-permeability of 1 × 10−13 m s−1. All
other ion permeability values are the same as in Fig. 1.

that is associated with a small slope, so a greater difference in the
transported H+/OH− (between vesicles with channels and those with-
out channels) is associated with a small change in pH (and thus fluo-
rescence) (see Fig. S4). When the intra-vesicular pH approaches ~9 at
which the HEPES is no longer an effective buffer, there is a sudden, sig-
nificant difference in pH between the vesicles with channels and vesicles
without channels. This, however, occurs in a pH range where the HPTS
fluorescence essentially does not change (Fig. S4), and so the enlarged
difference in intra-vesicular pH can no longer result in a significant
change in fluorescence. By contrast, with 50 mM KOH, the intra-vesicu-
lar pH at the early phase of the fluorescence measurement (Fig. S4) is
within the range of the HEPES titration curve that is associated with a
larger slope, thus resulting in a greater difference in the intra-vesicular
pH between vesicles with channels and those without.

To identify optimal conditions under which detection sensitivity
is maximized, we systematically calculated the pre
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dicted effects of HEPES and KOH in a broad range of concentrations,
assuming that with channels, the vesicle-membrane ion permeability in-
creased from 1 × 10−14 m s−1 to 1 × 10−13 m s−1, which is similar to
our experimental conditions (see below) (Fig. 3B). In this calculation,
we used the integrated difference in fluorescence obtained with or with-
out channels as the measure of detection sensitivity. We find that the
dependence of detection sensitivity on the concentration of HEPES and
that of external KOH is complex owing to the non-linear, sigmoidal rela-
tionship of HEPES concentration with solution pH and the lack of fluo-
rescence change at pH values greater than 9 (as described above). Over-
all, these calculations predict that the concentrations at which this assay
has the highest sensitivy are 50 mM HEPES and 300 mM KOH.

To validate the calculated predictions experimentally, we exam-
ined the detection sensitivity of a well-known small-peptide channel,
gramicidin A (gA) [63]. This 15 amino acid peptide forms helical,
cation-selective dimeric channels with a ~4 Å diameter lumen, with
each monomer spanning only a single monolayer of the bilayer [64].
Previous studies showed that when gA is added to just one side of the
membrane, there is a rapid rate of cross-bilayer channel formation (last-
ing 1–2 min), followed by a relatively stationary phase [65]. Therefore,
this peptide can be simply added to the solution of preformed vesicles
for the examination of stable permeability.

Fig. 4A shows the results obtained under the optimized conditions
with gA concentrations of 20 nM to 20 μM. The channel activity can
be clearly resolved even at concentrations of gA as low as 20 nM. In
contrast, using buffer conditions typically employed by many (10 mM
HEPES, 5 mM KOH) [51–54], channel activity is reliably detectable
only when the concentration of gA is above 2 μM (Fig. 4B). Thus, the
buffer conditions we optimized have improved the detection sensitivity
of ion channel activity by 100-fold. We further note that, with our quan-
titative flux model, a direct measurement of the permeability of the vesi-
cles can also be obtained, as detailed in the legend of Fig. 4.

We find that these optimal conditions are reasonably robust to the
magnitude of ion permeability of the vesicles (Fig. S5), and so would
be expected to be valid in most experiments. However, use of a different
buffering agent other than HEPES would require a re-calculation using
this model, since, as is clear from Fig. 3B, there are no clear-cut trends
in detection sensitivity as a function of either HEPES or KOH concentra-
tions.

3.3. Determining optimal conditions to measure ion selectivity ratios

To obtain the ion selectivity ratio of the channel, a typical approach
is to compare the ionic permeabilities under conditions in which only
the ions of interest are altered, while the number of channels in the
membrane remains unchanged [67]. Here, the ability to detect small
differences in the permeabilities of different ions is also highly depen-
dent on the specific conditions. As shown in Fig. 5A, using the K+/Li+

selectivity of gA (~9/1) [68] as an example, we calculated the sensitiv-
ity needed to detect this difference in the liposome assay over a wide
range of HEPES concentrations and external pH values. Again using the
integrated fluorescence difference to determine sensitivity (of ion selec-
tivity here), the most sensitive conditions are predicted to be 50 mM
HEPES and 100 mM XOH (Fig. 5A; X = ion of interest). These predic-
tions are validated by the experimental results shown in Fig. 5B. Fitting

Fig. 4. Optimization of the experimental conditions improves the sensitivity of the assay
by 100-fold. (A) The experimental data of the fluorescence intensity changes under op-
timal conditions of 50 mM HEPES and 300 mM external KOH with different concentra-
tions of gA (100 mM KCl, pH 5.3). Fitting these data according to the calculations yield a
permeability of, from bottom to top, 1 × 10−14 m s−1, 4 × 10−14 m s−1, 3 × 10−13 m s−1,
and 2.5 × 10−12 m s−1, respectively. The non-linear dependence of the permeability on gA
concentration is owing primarily to the well-known aggregation of gA in aqueous solution
[66]. (B) The experimental data of the fluorescence intensity changes with different con-
centrations of gA with 10 mM HEPES and 5 mM external KOH (100 mM KCl, pH 5.3).

the experimental data to the quantitative flux model, we obtained val-
ues of the permeability of the vesicles to be 5 × 10−14 m s−1 for Li+ and
4.2 × 10−13 m s−1 for K+. Thus, the measured K+/Li+ selectivity ratio
for the gA channel is 8.4 ± 0.8, in excellent agreement with the known
ratio [68].

It is illustrative to consider this ion selectivity measurement under
conditions which yield curves that, with simple inspection, would sug-
gest a qualitatively incorrect ionic selectivity. Consider, for example, an
experiment on the K+/Li+ selectivity of gA, but with 100 mM KCl in
the initial vesicle solution (i.e., being present both inside and outside
the vesicles) for each permeability measurement. As shown in Fig. 5C,
if the ion selectivity is simply determined from an inspection of these
curves, one would conclude that the permeability of Li+ is greater than
that of K+, which is clearly incorrect [68]. In this case, the presence of
the initial concentration of K+ in the experiments when the K+ ion per-
meability was measured is expected to reduce the magnitude of the con-
centration gradient of K+ following the extra-vesicular addition of KOH,
thus resulting in a lower rate of fluorescence change than that with
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Fig. 5. Optimal conditions to detect differences in ion selectivity. (A) The calculated dif-
ferences between the fluorescence curves of vesicles at different HEPES concentrations and
KOH or LiOH concentrations with a vesicle permeability of 10−12 m s−1. (B) The experi-
mental and theoretical fitting results of gA (40 nM) Li+/K+ permeability under the opti-
mized conditions of 50 mM HEPES, 100 mM NaCl, and 100 mM LiOH/KOH. The fits to
the model yield a permeability of 5 × 10−14 m s−1 for Li+ and 4.2 × 10−13 m s−1 for K+,
yielding a K+/Li+ selectivity ratio of 8.4. (C) With 100 mM KCl present in the initial so-
lutions of both experiments, inspection of the curves would suggest that Li+ is more per-
meable than K+, which is incorrect. However, when these conditions are included in the
quantitative flux model, the correct K+/Li+ ion selectivity ratio of 7.8 ± 2.1 is obtained.

out the initial K+ concentration. Thus, the seemingly lower selectivity of
K+ is owing to the lower concentration gradient of this ion, rather than
the poorer selectivity of the channel for this ion.

However, even in this case, the quantitative flux model can still
result in the correct K+/Li+ selectivity ratio of 7.8 ± 2.1, if the ini-
tial concentration of KCl is used in the calculation (Fig. 5C). Thus,
whether or not the experiments are performed under optimized con-
ditions, fitting to the quantita

tive flux model provides quantitatively accurate values of the selectiv-
ity ratios. In fact, under certain conditions, a completely surprising se-
quence of ion selectivity, even for simple synthetic ion channels that
should more or less follow the hydration energy of the ions, could be
found based on the qualitative evaluation of the curves (see Fig. S6).
For such cases, the use of the quantitative flux model should help avoid
incorrect assignments.

These examples clearly demonstrate that simply taking the kinetics
of fluorescence change as a direct indicator for specific ion selectivity
maybe unreliable, even when the curves are well resolved. As shown
here, fitting to the quantitative flux model is necessary. However, we
also note that, more frequently, the curves obtained under initial con-
ditions cannot be sufficiently resolved (in the presence of experimen-
tal noise) to make reliable assignments. That is, with less optimal con-
ditions, large differences in (fitted) permeability values are associated
with relatively small differences in the kinetic curves, which compro-
mise the ability to accurately quantify the differences in ion selectivity.
Therefore, for a channel with unknown ion permeability properties, it is
necessary to first conduct a series of experiments under different condi-
tions so that the difference between fluorescence intensity changes are
well resolved, and then fit the data with equation (1) to derive the ion
selectivity of the channels.

4. Conclusions

The liposome-based assay is a simple and robust method to quantita-
tively determine ion transport properties of nano-channels. It can be per-
formed in most laboratories without specialized instrumentation. How-
ever, as shown in this study, when the conditions used in the assay are
less ideal or improper, the sensitivity of detecting channel permeability
can be severely limited. More importantly, improper conditions can lead
to wrongly assigned ionic selectivity sequences, and thus a fundamental
mischaracterization of a basic function of the channel being examined.

We have shown that, by analyzing the data, under rigorously con-
trolled experiments, according to the quantitative flux model, weakly
permeable ion channels can now be resolved with optimal experimen-
tal conditions, and quantitatively accurate measures of ion selectivity
can be unambiguously obtained. While it is possible to apply this vesi-
cle-based assay with biological fluids, such as saliva and serum, a quanti-
tative determination of the channel properties would require a full iden-
tification of the components of these complicated fluids, a rather chal-
lenging undertaking. Given the simplicity of the assay, especially the
ease of controlling the experimental parameters, we anticipate that this
ultrasensitive assay will find wide application in the quantitative char-
acterization of ion channels, whether synthetic or biological.
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