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Glass Pipets: Application to Quantitative Passive Permeation 
Visualization 
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A new method of planar bilayer lipid membrane (BLM) formation is presented that allows stable, solvent-
free lipid bilayers exhibiting high seal resistances to be formed rapidly, easily and reproducibly.  Using 
these bilayers the passive permeation of a series of carboxylic acids is investigated, to determine 
quantitatively the trend in permeability with lipophilicity of the acid.  BLMs are formed at the tip 
openings of pulled theta pipets, and the rate of permeation of each carboxylic acid across the bilayer, from 10 

within the pipet into the bulk solution is determined.  This is achieved through spatially-resolved 
measurements of the pH change that occurs upon the permeation of the weak acid, visualized using a pH-
sensitive fluorophore with a confocal laser scanning microscope.  The extracted fluorescence profiles are 
matched to finite element method (FEM) simulations, to allow the associated permeation coefficient for 
each weak acid to be determined with high accuracy, since this is the only adjustable parameter used to fit 15 

the experimental data.  For bilayers formed in this way, the weak acids show increasing permeability with 
lipophilicity.  Furthermore, the arrangement allows the effect of a trans-membrane electric field on 
permeation to be explored.  For both propanoic and hexanoic acid it is found that an applied electric field 
enhances molecular transport, which is attributed to the formation of pores within the membrane. 

Introduction 20 

Planar lipid bilayers have been used extensively as model cell 
membranes for the study of passive permeation processes for 
many years.1-8 Passive permeation across the cell membrane is of 
particular interest since most drug compounds are transported via 
this mechanism, and, as such, planar lipid bilayers are used in 25 

both high throughput drug screening9-11 and more detailed studies 
to identify trends in permeation rates between molecules,2, 3, 5, 6 in 
addition to studies of charge transfer across the membrane.12, 13  
Permeation coefficients of small molecules have commonly been 
analyzed using Overton's rule,14 which considers the permeation 30 

coefficient, P, of a molecule transported across a membrane 
between two aqueous solutions to be proportional to the product 
of the partition coefficient, K, and diffusion coefficient, D, of the 
molecule in the membrane.15  There has, however, been some 

debate as to whether this simplistic view of the permeation 35 

process is sufficient to describe the permeation of all small 
molecules, since it does not take into account the amphipathic 
nature of the phospholipids in a lipid bilayer.  Whilst the majority 
of studies show a positive correlation between lipophilicity and 
permeation rate, the relationship is often not linear4, 16 and there is 40 

considerable variation in the P values reported for the same 
molecules.2, 3, 5, 7  Some studies have observed contrasting trends 
for the same series of molecules, suggesting that permeation 
processes may be more complex.1, 17 However, several of the 
existing experimental techniques are limited in the range of 45 

permeation coefficients that may be measured accurately. 
Moreover, the method of bilayer production may affect the 
properties of the membrane formed, which may in turn influence 
the permeation process.18 
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One of the most widely used procedures, the painting 
method,19 produces lipid bilayers which contain residual solvent 
molecules in the interior of the bilayer, raising questions about 
the integrity and reliability of such model membranes.20  Other 
methods produce bilayers with little or no residual solvent,21 but 5 

these may have comparatively short lifetimes.22  Improvements in 
BLM stability have been achieved through the use of gel-phase 
materials which have produced bilayers that are extremely 
durable.23-27  However, due to the slow diffusion of analytes 
through the gel, the temporal responses are very slow.28  The use 10 

of small apertures, over which a bilayer is suspended, can also 
improve electrical and mechanical stability.29, 30  

Liposomes have also been used, which do not contain any 
residual solvent molecules in the interior of the membrane, and 
are typically stable for considerably longer periods than planar 15 

lipid bilayers.31  However, since the interior of the liposome is 
inaccessible for sampling, measurement of permeation rates can 
be difficult.  Recently confocal laser scanning microscopy 
(CLSM) has been employed to give increased resolution of the 
permeation of molecules into a single liposome.32  Using this 20 

technique, it is possible to study not only fluorescent permeants 
but also weak acids, by means of a pH-sensitive fluorophore, 
enabling visualization of local pH changes as the molecule 
permeates either into a liposome16 or, as originally reported, 
across a planar lipid bilayer.1 25 

 Here, we report on the use of dual-barrel theta capillaries for 
the formation of stable, solvent-free, suspended BLMs.  This 
could be viewed as a modification of the tip-dip method reported 
previously,22, 33, 34 but herein, the monolayer is formed directly 
from a lipid solution rather than by moving the pipet out and into 30 

a solution that contains a lipid monolayer at the air-water 
interface. Long lasting bilayers that are formed simply, quickly 
and reproducibly with high success rate (nearly 100%) (exhibit 
resistances up to 600 GΩ).  Using this system, we determine the 
permeation coefficients of a series of aliphatic carboxylic acids as 35 

they passively permeate across a bilayer.  By using CLSM with a 

pH-sensitive fluorophore,1, 16 the movement of these molecules 
can be tracked by monitoring the local pH changes around the 
end of the pipet. Combining this with FEM modeling, permeation 
coefficients for the series of acids can be extracted to determine 40 

the effect of permeant lipophilicity on permeability, using just 
one adjustable parameter (permeation coefficient) to model the 
data  Significantly, the trends observed are in quantitative 
agreement with measurements on solvent-free liposomes, 
confirming the validity of the technique.  An attractive aspect of 45 

the methodology is that the effect of a potential field on the 
permeation rate of molecules can also be investigated, simply by 
positioning quasi-reference counter electrodes (QRCEs) on each 
side of the bilayer.  Experimental investigations of the electric 
field effect on membrane transport are thus reported. 50 

Principles 
The simple method of BLM fabrication presented herein enables 
the rapid formation of solvent-free, suspended bilayers with 
exceptional electrical properties.  To form these bilayers, a pulled 
theta glass pipet is filled with electrolyte solution and a QRCE 55 

(Ag/AgCl wire) is inserted into each barrel.  A small potential 
(typically 100 mV) is applied between the two to ensure there is a 
well-formed meniscus at the end of the pipet before it is 
immersed into the lipid solution (1 mg/ml lipid in chloroform) 
(Figure 1 (a)). 60 

 This concentration is sufficiently high that a monolayer 
assembles at the oil/water interface. Upon immersion, the 
resistance between the QRCEs in the pipet barrels increases from 
~3-5 MΩ to ~2-10 GΩ.  The pipet is held in the lipid solution for 
approximately one minute to allow the monolayer to assemble, 65 

after which, it is removed, leaving the monolayer intact on the 
meniscus of the pipet and allowing any residual volatile solvent 
molecules to easily evaporate (Figure 1(b)).  The pipet is then 
positioned above an electrolyte solution, onto the surface of 
which a small amount of lipid solution (10 µl) is dropped, 70 

Figure 1. Schematic illustration (not to scale) of the bilayer formation process.  A theta pipet (outer walls silanized) is lowered into a 
lipid solution (in chloroform) while applying a small potential between the two QRCEs to ensure the meniscus is well-formed (a).  The 
pipet is held in the solution for approximately one minute before it is retracted, and the cell and solution replaced with an aqueous 
electrolyte.  A small volume of lipid solution (in chloroform) is dropped onto the aqueous electrolyte and the volatile organic solvent 
allowed to evaporate forming a lipid monolayer (b).  The pipet is then slowly lowered until the two monolayers make contact and a 
bilayer is formed (c). 
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forming a monolayer at the air/water interface.  The volume of 
lipid solution required to ensure full monolayer coverage was 
determined by recording pressure/area isotherms for 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) monolayers 
(used for the majority of experiments) using a Langmuir trough 5 

(see section S2 in the Supporting Information), and corresponded 
to a surface pressure of ca. 50 mN m-1, similar to the pressure of 
cell membranes.35 
 The pipet is slowly lowered until the two monolayers make 
contact and a bilayer is formed (Figure 1 (c)).  Once formed, the 10 

current between one of the QRCEs in the pipet and a third QRCE 
in the bulk solution (ibulk) is monitored as the potential is scanned 
linearly to determine the resistance of the bilayer from the slope 
of the current-voltage curves produced. 
   Further, to validate the formation of a bilayer on the tip, 15 

gramicidin ion-channel incorporated bilayers were formed by the 
same procedure but using a 1mg/ml lipid solution containing 
0.5% (w/w) gramicidin. The ion current between the QRCEs in 
the pipet and bulk solution was monitored while the potential was 
swept linearly to determine any change in bilayer resistance due 20 

to the incorporation of gramicidin ion-channels into the bilayer. 
 For the measurement of permeation coefficients, the pipets are 
filled with the weak acid solution which is pH corrected to ensure 
the protonated form of the weak acid is the dominant species.  
Since charged species cannot permeate the bilayer to any 25 

detectable extent, it is important to ensure the carboxylic acids 
are in the neutral form.36  The bulk solution, into which the 
molecules permeate, contains the pH-sensitive fluorophore 
fluorescein, and is adjusted to pH 8 so that any permeating weak 
acid molecules tend to dissociate, changing the pH locally.  This 30 

pH change can be visualized using the confocal laser scanning 
microscope and the resulting fluorescence profiles analyzed with 
FEM simulations to elucidate permeation coefficients, as 
described herein.    

Theory and Simulations 35 

Using FEM modeling, the steady-state fluorescence profiles that 
arise due to the permeating weak acid can be simulated as a 
function of permeation coefficient, which is the only adjustable 
parameter when matching simulations to experiment.  For each 
weak acid (HX) studied, the following solution process was 40 

considered: 
 
HX   ↔  X-  +  H+     (0) 
where X- is the conjugate anion of the weak acid, the 
concentration of which is dependent on the local pH and pKa of 45 

the weak acid.  The bulk electrolyte solution was weakly buffered 
with 50 µM HEPES and thus the three protonation states of this 
buffer (neutral, negatively charged and doubly negatively 
charged) were also included.  The protonation state of fluorescein 
has been shown to have no significant effect at the concentrations 50 

used here and was therefore ignored in the calculations.1  
 The very fast kinetics of the protonation processes compared to 

 
Figure 2. (a) Axi-symmetric cylindrical simulation domain for 
permeation coefficient determination.  The pipet geometry is 55 

determined from optical microscopy and a range of permeation 
coefficients for the diffusion of the weak acid across the bilayer 
are simulated. (b) Series of simulated fluorescence profiles at 
different P values (units cm s-1) for the permeation of 100 mM 
propanoic acid (see text for other parameters). 60 

the experimental timescale mean that they could be considered as 
equilibria controlled by the local pH.  To ensure the equilibria 
were handled correctly, the pKa values for the weak acid and 
buffer were corrected for ionic activity using the Davies 
equation.37  65 

 For each species, i, in the simulation (H+, X-, HX, HEPES, 
HEPES-, HEPES2-), a time-independent solution to the following 
reaction-diffusion equation was sought: 
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where ci and Di are the concentration and diffusion coefficient of 70 

species, i, respectively, r and z are the radial and normal 
coordinates with respect to the center of the pipet (axi-symmetric 
cylindrical geometry), and Ri is the rate of production of species i 
in the domain (shown in Figure 2(a)).   
 The finite element method was used to determine the steady-75 

state concentration of each of the species by solving equation 2 
subject to the boundary conditions of the system, which are 
summarized in Table 1.  Here Nbilayer describes the flux of the 
neutral weak acid across the bilayer (with ciout and ciin, the 
concentration of the species on either side of the bilayer; ciout is 80 

the concentration outside the pipet, in the bulk solution, and ciin is 
the concentration inside the pipet).  The initial bulk 
concentrations of each of the species, i, inside and outside of the 
pipet are denoted ciin* and ciout*. 
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 The resulting steady-state profiles for H+ were converted to pH 
and subsequently to fluorescence intensity (I) using the empirical 
relation determined previously in our group for the pH 
dependency of fluorescein fluorescence intensity, which was 
found to apply under these conditions:1 5 

3.36(6.18 pH)

0.983

1
1

e
I

 


      (0) 

 A series of simulation profiles are shown for a typical acid 
(propanoic acid) which visibly demonstrates that this 
methodology is sensitive to permeation rates over 4 orders of 
magnitude (Figure 2(b)).  Moreover, it is easily tuneable to a 10 

particular region by altering the experimental conditions: the 
pipet geometry, the pH of the internal and external solutions, and 
the buffer concentrations can all be varied.   

Experimental 
4.1 Reagents 15 

Aqueous solutions were prepared with 18.2 MΩ cm (25 °C) 
Milli-Q water  (Millipore Corp.).  Carboxylic acid solutions were 
prepared using 0.1 M KCl (Sigma-Aldrich), 5 µM of the sodium 
salt of fluorescein (Sigma-Aldrich) and a designated 
concentration of either sodium acetate, sodium propionate, 20 

sodium butyrate or sodium hexanoate (Sigma-Aldrich).  The pH  
of these solutions was adjusted to ~4.2 with 18 M HCl (Fisher 
Scientific) to ensure the protonated form of the weak acid was the 
dominant species (pKa of each weak acid defined in the 
Supporting Information, Table S1).  A buffered electrolyte 25 

solution containing 0.1 M KCl, 50 µM HEPES (Fluka) and 5 µM 
of the sodium salt of fluorescein was also prepared and adjusted 
to pH 8 using NaOH (Fisher Scientific).  Due to the relatively 
high pH in the bulk solution, the speciation of HEPES was such 
that the concentration of the neutral molecule was less than 0.1 30 

nM and so did not need to be considered as a permeating species.  
For bilayer formation, DPPC or soy phosphatidylcholine (95%) 
(Avanti Polar Lipids) were dissolved in chloroform (BDH) to a 
concentration of 1 mg/ml.   

4.2 Bilayer Formation and Recording Setup 35 

Borosilicate glass theta capillaries (1.5 mm outer diameter, 
Harvard Apparatus Ltd) were pulled using a laser puller (P-2000, 
Sutter Instruments, USA) to produce pipets with tapered tip 
openings 5-10 µm in diameter (measured by optical microscopy).   
The two pipet barrels were filled with the weak acid solution to 40 

approximately half way using a MicroFil (World Precision 
Instruments, Inc.).  The remaining details are given in Section 2.  
Two purpose-built high sensitivity current to voltage converters 
were used to simultaneously record the currents between the 
barrels (ibar) and across the bilayer, between the barrel and bulk 45 

solution (ibulk); see schematic in Figure 1(c). 

4.3 Confocal Laser Scanning Microscopy 

CLSM experiments were performed using a Leica TCS SP5 X 
confocal fluorescence system on a Leica DMI6000 inverted 
microscope.  An Ar laser at 488 nm was used to excite the 50 

fluorescein in solution and the resulting emission was collected 
between 500 and 540 nm.  Samples were mounted on an 
aluminum sample holder (fabricated in house) and the entire 
assembly was housed in a Faraday cage mounted on the CLSM 

 55 
Figure 3. Typical current-voltage curves for an 8 µm diameter 
pipet containing 0.1 M KCl and 5 µM fluorescein in the bulk 
solution (0.1 M KCl, 50 µM HEPES and 5 µM fluorescein) 
before (blue line, right y-ordinate) and after (black line, left y-
ordinate) bilayer formation.  The open pipet and bilayer seal 60 

resistances are 4.6 MΩ and 330 GΩ, respectively. 

stage.  For visualization of weak acid permeation, the line scan 
frequency was 1400 Hz.  After bilayer formation, the system was 
allowed to equilibrate for ~30 s before a series of images were 
collected in the plane parallel to the bilayer at 1 µm intervals in 65 

the z-direction, to produce a 3D fluorescence image, related to the 
weak acid diffusion profile (see above). 

4.4 Data Analysis 

CLSM images were analyzed with MATLAB 2010a (Mathworks 
Inc., Cambridge, UK) to produce fluorescence profiles normal to 70 

the end of the pipet.  A polynomial fit was applied to the data to 
reduce the experimental noise whilst preserving the shape of the 
profile (see Supporting Information, Section S3 for details).  
These polynomial fits were then matched to simulated profiles 
produced using COMSOL Multiphysics 4.2a (COMSOL AB, 75 

Sweden) to extract a permeation coefficient.  For each pipet, the 
COMSOL model was parameterized from the experimental 
geometry and typically 135,000 mesh elements were used, with 
the greatest resolution around the end of the pipet. Measurements 

Table 1: Summary of the boundary conditions used for the 
simulation of the permeation of a weak acid across a bilayer 

Label in 
Figure 2 Boundary Equation 

1 Axis of 
symmetry 0 .ic n   

2 Bilayer 

out in  ( )
HX HXbilayerN c cP   

0 .jc n   
j = all other 
species 

3 Pipet wall 0 .ic n   

4 Top of 
pipet 

in in*
i ic c  

5 Bulk 
solution 

out out*
i ic c  
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were made on 2-3 bilayers for each acid and the errors shown on 
the resulting permeation coefficient are the standard deviation. 

Results and Discussion 
5.1 Bilayer characterization 

After the formation of a lipid bilayer, suspended across the orifice 5 

of the pipet, the seal resistance was measured by recording 
current-voltage curves, with the potential applied between the 
QRCEs on each side of the bilayer.  The resistance varied over a 
fairly narrow range from ~100 GΩ to ~600 GΩ, with an average 
value of 260 ± 140 GΩ based on ~15 independent measurements 10 

on different bilayers.  These values are comparable to those 
previously reported in the literature for bilayers formed on similar 
sized apertures.29, 38, 39  Figure 3 shows typical i-V curves 
between a QRCE in the pipet and one in the bulk solution, before 
and after bilayer formation, with a typical increase in resistance 15 

of 5 orders of magnitude.  For these measurements, as shown in 
Figure 1(c), the potential of one of the QRCEs in the pipet was 
swept (with respect to ground) whilst the current was recorded at 
the QRCE in the bulk solution (on the other side of the bilayer)  
held at ground. In order to verify the formation of a bilayer on 20 

the pipet tip, i-V curves were recorded between the QRCEs in the 
pipet and the bulk solution for a gramicidin incorporated bilayer 
membrane (Supporting Information section S1). In a bilayer 
membrane, gramicidin acts as an ion-channel allowing transport 
of monovalent cations (K+ in this case), hence decreasing the 25 

bilayer membrane resistance. The membrane resistance was 
found to decrease from ~150 GΩ  to ~13 GΩ after the 
incorporation of gramicidin into the bilayer, which is consistent 
with decrease in membrane resistances previously reported for 
supported bilayers confirming the assembly of a bilayer 30 

membrane at the pipet tip.40 
 These bilayers offer several advantages, most notably a 

 
Figure 4. CLSM fluorescence intensity images showing the 
permeation of (a) 10 mM butanoic acid and (b) 10 mM hexanoic 35 

acid across DPPC bilayers formed on 8 µm tip diameter pipets. 

negligible amount of residual solvent molecules through the use 
of a highly volatile carrier solvent.  The bilayers produced were 
often stable for several hours and over a potential range from -1 
to +1 V.  The absence of residual solvent molecules is 40 

particularly advantageous for this study, since the passive 
permeation of small molecules greatly depends on the structure of 
the bilayer and any organic residues could affect the rate of 
transport, as highlighted in Section 1. 

5.2 Visualization of Weak Acid Transport 45 

The microscale bilayer system, in which a suspended bilayer is 
formed at the tip of a tapered pipet, is advantageous compared to 
many existing permeation systems, since very high mass 

transport rates can be achieved at tapered micropipets and 
nanopipets in quiescent solution (without any need of stirring).41-50 

45  In contrast, in many previous studies permeation coefficients 
have typically been determined by measuring the flux of a 
permeant between two adjacent stirred chambers separated by a 
bilayer.8  Stirring increases the rate of mass transport of the 
permeant to the bilayer, however, there is an unstirred region 55 

where the rate of transport is dominated by diffusion.  In this 
unstirred layer (USL), which is often difficult to define precisely, 
a diffusive gradient exists between the bulk concentration of the 
permeant and the concentration at the bilayer interface.46  This 
layer can extend for several hundred microns on either side of the 60 

bilayer and cause significant resistance to the rates of permeation 
that can be measured, since the rate at which a molecule crosses 
the USL is generally much slower than the rate of permeation 
across the bilayer itself.1, 47  Failure to correct for the USL can 
lead to large errors in the calculation of permeation coefficients 65 

and this appears to be one factor in explaining the variation in 
reported permeation coefficients for the same molecules.3, 48 The 
method herein of using local pH changes to detect the rate of 
permeation eliminates any USL problems, since the permeant is 
delivered directly to the bilayer, and the resulting fluorescence 70 

profile is generated in seconds unlike conventional proton 
titration, bulk pH or tracer molecule studies which can take 
several hours.2, 5 
 Figure 4 shows example pH profiles for the permeation of 10 
mM butanoic and hexanoic acid across DPPC bilayers formed on 75 

pipets with 8 µm diameter tip openings.  It can clearly be seen 
that hexanoic acid produces a significantly larger decrease in pH 
on the trans (bulk solution facing) side of the membrane than 
butanoic acid, and, since the concentration of the permeant and 
size of the pipet are consistent, and the pKa values of the acids is 80 

similar (Supporting    

                    
Figure 5. Experimental (left) and simulated (right) pH profile for 
the permeation of 100 mM propanoic acid across a DPPC bilayer 
located at the end of a pipet.  A permeation coefficient of 85 

7.0 × 10-4 cm s-1 was the only adjustable parameter used to fit the 
experimental data. 

Information, Table S1), the permeation coefficient must be higher 
in the hexanoic acid case.  In fact, when the fluorescence profiles 
for the other acids at the same concentration are compared, there 90 

is a clear correlation between the permeation rate and acyl tail 
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length, indicating that permeability increases with lipophilicity 
(vide infra). 

5.3 Quantitative Determination of Permeation Coefficients 

To identify the permeation coefficient, P, for each weak acid, a 
series of simulated fluorescence profiles was produced from the 5 

FEM model to allow the best match to the experimental profile to 
be determined (see Section 3 and Supporting Information, 
Section S3).  P values were also chosen to fit the upper and lower 
bounds of two independent profiles from bilayers formed at 
different pipets.  In Figure 5 we show a typical experimental 10 

profile for the permeation of 100 mM propanoic acid matched to 
the simulated data, using a permeation coefficient of 7.0 × 10-4 
cm s-1 as the only adjustable parameter.  Excellent agreement 
between experiment and simulation is evident. 
 To analyze data, pH profiles in the z-direction, normal to the 15 

membrane, extending into the bulk solution were examined.  
.Figure 6 shows the experimental profiles for each of the acids, 
which fit the simulated profiles well over the length scale shown, 
25 -150 µm from the end of the pipet.  Further into the solution, 
the effects of natural convection will influence the transport 20 

process,49 providing an upper limit on the range of the profiles 
considered.  Note that, as discussed in Section S4, there are some 
optical effects due to the finite magnification of the CLSM 
system, and so to reduce these, data within 25 µm of the pipet on 
the trans side of the membrane were not analyzed. 25 

 As expected from visual inspection of the CLSM images, the 
permeation coefficients of each of the weak acids were found to 
increase monotonically with acyl tail length and water/octanol 
partition coefficient, K.  The relationship of permeation 
coefficient to acyl tail length is shown quantitatively in Figure 7 30 

(a) for bilayers formed from both DPPC and soy PC.  For 
propanoic and butanoic acid, permeation coefficients are rather 

 
Figure 6. Experimental and corresponding simulated 
fluorescence-distance plot for (a) 100 mM acetic acid, (b) 100 35 

mM propanoic acid, (c) 10 mM butanoic acid and (d) 10 mM 
hexanoic acid.  The permeation coefficients corresponding to the 
upper and lower bounds and best fit of the CLSM data are shown 
(units cm s-1). 

similar for both types of bilayer.  However, for weakly 40 

permeating acetic acid, it is evident that the bilayer type has a 
significant impact on transport rates, with much faster transport 

(by nearly two orders of magnitude) seen for soy PC compared to 
DPPC.  This is because a bilayer formed from saturated lipids 
such as DPPC will be in the gel phase at room temperature and 45 

hence will give slower permeation rates than unsaturated bilayers, 
formed from, for example, soy or egg phosphatidylcholine (PC), 
which exist in the fluid phase. Figure 7 
 (b) shows how P changes with K, and also compares the 
permeation coefficients in this study to earlier values. 50 

 The data presented here lie within the range of values reported 
previously, although there is considerable variation in the values 
of previous studies.  As discussed above, the composition of a 
bilayer will influence its phase at room temperature, affecting 
molecular transport rates.  Moreover, for membranes formed 55 

from soy or egg PC lipids, the paintbrush method has commonly 
been used to form bilayers, leaving residual organic solvent 
molecules within the bilayers which may significantly impact on 
the rate of transport.  This may explain the rather weak 
relationship between P and K seen in our earlier study1; data in 60 

Figure 7 (b). 
 The DPPC data obtained in the present study also show a 
strong linear trend between P and K with the exception of acetic 
acid, where the P value is lower than would be expected based on 
Overton's rule. This observation could be attributed to the gel 65 

phase structure of the bilayer creating a greater energy barrier for 
the permeation of the more hydrophilic molecule, compared to 
those with longer acyl tails.50  Li and co-workers, avoided this 
issue by using a mixture of lipids to ensure the bilayers were in 
the fluid phase and which explains their higher reported 70 

permeation coefficients.16  The data obtained on fluid phase (soy 
PC) bilayers herein, show a clear correlation between P and K, 
and are in excellent agreement with values reported by Li et al.  
The similarity of our reported permeation coefficients and those 
determined previously for both gel phase and fluid phase lipids 75 

 
Figure 7. Plots of the permeation coefficient (P) of each weak 
acid across DPPC and soy PC bilayers vs. (a) acyl tail length and 
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(b) water/octanol partition coefficient (K).  In (b) data are also 
shown for three previous studies. 

confirms the validity of our new method of bilayer formation.  In 
particular, the close match between the permeation coefficients 
determined with soy PC bilayers and those reported for 5 

unilamellar vesicles16 confirms our assumption that this method 
produces uniform, solvent-free bilayers. 

5.4 Effect of Potential Field on Permeability 

The configuration developed herein is particularly attractive for 
allowing the ready study of electric field effects on the rate of 10 

transport of molecules across membranes.  Potential fields have 
been shown to increase the rate of transport of ions across lipid 
membranes via the formation of pores within the membrane,51, 52 
however, there is much less information on the effect of an 
applied electric field on molecular transport.  It is reasonable to 15 

postulate that such electric-field induced pores could provide an 
additional route for the permeation of molecules. Figure 8(a) 
shows CLSM pH profiles of 5 mM hexanoic acid permeating 
across bilayers with applied potentials of 0 V, 0.5 V and 1 V.  It 
can be seen visually that there is a clear increase in permeability 20 

with increasing potential difference, supporting the idea that the 
potential field enhances membrane transport.  Analysis of these 
profiles gave permeation coefficients of 6.5 × 10-3 cm s-1 at 0 V, 
8.1 × 10-3 cm s-1 at 0.5 V and 13 × 10-3 cm s-1 at 1 V, showing a 
two-fold increase in permeability from 0 to 1 V.  This increase in 25 

permeability is unlikely to be due to an increased flux of protons 
through the pores formed, since the concentration of protons 
compared to the weak acid differs by over 3 orders of magnitude, 
indicating that the permeation coefficient of protons would have 
to be unfeasibly high to account for the change in pH on the trans 30 

 
Figure 8. CLSM pH profiles illustrating the permeation of (a) 5 
mM hexanoic acid at trans-membrane potentials of (i) 0 V, (ii) 
0.5 V and (iii) 1 V and (b) 100 mM propanoic acid at potentials 
of (i) 0.1 V, (ii) 0.5 V and (iii) 1 V. 35 

side of the bilayer.53 
 The experiment was repeated with propanoic acid, yielding P 
values of 1.9 × 10-4 cm s-1 at 0.1 V, 2.3 × 10-4 cm s-1 at 0.5 V, and 
3.1 × 10-4 cm s-1 at 1 V (Figure 8), indicating that the effect of the 
potential field on permeability is not influenced by the 40 

lipophilicity of the molecule. 

Conclusions 
A new method of producing suspended BLMs containing 
negligible amounts of residual solvent molecules at the end of a 
tapered glass theta pipet has been described.  The BLMs can be 45 

formed simply and rapidly, are durable over long time periods, 
and exhibit high seal resistances.  This method can be readily 
coupled with microscopy techniques, such as CLSM used herein, 
to study the permeation of molecules across these bilayers.  The 
permeation of a series of carboxylic acids across DPPC and soy 50 

PC bilayers has been investigated, by monitoring the change in 
fluorescence intensity of a pH-sensitive fluorophore, allowing the 
local pH change to be visualized as the weak acid permeated the 
bilayer.  A clear trend was observed from the fluorescence 
images, with the more lipophilic acids showing larger changes in 55 

pH and therefore faster permeation rates.  Accurate values for 
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permeation coefficients have been extracted by fitting 
experimental data to simulated fluorescence profiles generated by 
a FEM model that is highly representative of the experimental 
geometry, so that the permeation coefficient is the only adjustable 
parameter.  Analysis of the fluorescence profiles generated by 5 

each carboxylic acid demonstrated that the permeation coefficient 
is related to the partition coefficient, although the relationship 
does not strictly follow Overton's rule. This trend applied to both 
DPPC and soy PC bilayers, however, much higher permeation 
coefficients were observed for bilayers formed from lipids in the 10 

fluid phase (soy PC).  An attractive feature of the experimental 
configuration is that electric field effects on permeation rates can 
readily be investigated.  There is a clear impact of an applied 
electric field enhancing transport, which we attribute to the 
formation of pores in the membrane induced by the potential 15 

field. 
 Since weak acids and bases are commonly used as 
pharmaceutical agents, the technique developed is of considerable 
value in analyzing permeation rates of these molecules to 
determine how particular molecular characteristics influence rates 20 

of transport.  Additionally, there are further possible applications 
of this technique to asymmetric bilayer studies, due to the method 
used to form bilayers, via the coupling of individual monolayers.  
These BLMs could also be investigated as a platform for ion-
channel measurements due to their high seal resistances.  Indeed, 25 

the ability to control the size of the pipet tip opening could allow 
the system to be optimized for single ion-channel recordings for 
possible applications as biosensors, where nanometer sized 
apertures are highly beneficial.29, 54  
 30 
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