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supported on polyelectrolyte multilayer films:
an electrochemical impedance studyf
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Supported membranes on polymer cushions are of fundamental interest as models for cell membranes.
The use of polyelectrolyte multilayers (PEMs) assembled by the layer by layer (LbL) technique as
supports for a bilayer allows for easy integration of the lipid bilayer on surfaces and devices and for
nanoscale tunable spacing of the lipid bilayer. Controlling ionic permeability in lipid bilayers supported
on PEMs triggers potential applications in sensing and as models for transport phenomena in cell
membranes. Lipid bilayers displaying gramicidin channels are fabricated on top of polyallylamine
hydrochloride (PAH) and polystyrene sulfonate (PSS) multilayer films, by the assembly of vesicles of
phosphatidylcholine and phosphatidylserine, 50:50 M/M, carrying gramicidin (GA). Quartz crystal
microbalance with dissipation shows that the vesicles with GA fuse into a bilayer. Atomic force
microscopy reveals that the presence of GA alters the bilayer topography resulting in depressions in the
bilayer of around 70 nm in diameter. Electrochemical impedance spectroscopy (EIS) studies show that
supported bilayers carrying GA have smaller resistances than the bilayers without GA. Lipid layers
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Introduction

Artificial lipid bilayers supported on solid substrates (SLBs)," ™
i.e., TiO,, SiO,, and Au, have been proposed as models for cell
membranes for biophysical studies">® and as part of sensor
devices. Lipid bilayers are used to provide biocompatibility to
interfaces or as a mean to integrate proteins, peptides, chan-
nels etc. in sensors, benefiting from the biologically resembling
environment of the lipid bilayer, where these can be assembled
and their functionalities are improved. In addition, several
bioanalytical and medical applications in drug screening and
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carrying GA display a higher conductance for K* than for Na* and are blocked in the presence of Ca2*.

diagnostics have been proposed for supported lipid bilayers
carrying proteins and channels.”®

SLBs with inbuilt channels are of interest for selective ion
transport as channels in cell membranes to control the traffic of
specific ions and block others. This selectivity can be used for
the design of ion sensors. SLBs with channels can also be used
as models for transport studies in membranes, especially for
electrochemical studies, as they allow the use of techniques
such as cyclic voltammetry or impedance spectroscopy for ion
transport characterization.

Gramicidin is one of the most extensively studied channel
former peptides.” ™ It is a linear peptide (pentadecaptide),
which assembles into a helical transmembrane dimer structure'”
producing a continuous channel through a lipid bilayer. This
peptide in its dimer form has a length of 26 A, which is sufficient
for the dimer to span a lipid bilayer (40 A) and form pores of 4 A in
diameter.”*'* Through the gramicidin pores, monovalent cations
are transported. Gramicidin in its active form permits cation
selective transport, while divalent cations like Ca®>" block the
channel.’ Ton selectivity for gramicidin follows the following
order:> H" > NH," > Cs" > Rb" >K" > Na" > Li". Supported
membranes with inbuilt polypeptide gramicidin pores'' have
already provided significant information about several important
biological processes.

This journal is © The Royal Society of Chemistry 2017
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Layer by layer (LbL) films represent an interesting case as
supports for lipid layers. The LbL technique is based on the
alternating deposition of oppositely charged polyelectrolytes
(PEs) that lead to the assembly of a multilayer polyelectrolyte
film with nanometre precision.'>'® Membranes supported on
polymeric surfaces are of fundamental interest, as biological
membranes are themselves supported on top of a cushion of
biopolymers, the glycocalix or the cell wall.® The LbL assembly
provides in addition a simple means of fabricating thin films
on charged surfaces. Lipid layers on polyelectrolyte multilayers
(PEMs) could be assembled on almost any surface and the
distance between the interface and the lipids could be con-
trolled in the nanometre range by the number of assembled
polyelectrolyte layers. Cassier et al.'” have shown that it is
possible to support lipid layers on top of PEMs fabricated by
the LbL technique. Despite the fact that lipid layers assembled
on polyelectrolyte capsules decrease the ionic conductivity for
capsule walls,"®2° early examples in the literature of lipid layers
on PEMs, mainly by Kiigler and Knoll*' and Cassier et al.'”
show lipid layers with defects and high conductivity. The
electrical characteristics of the lipid layers on PEMs were far
from those of the black lipid membranes. A possible reason
for the high conductivity observed for lipid layers on PEMs may
be that the lipid composition for the vesicles used in the studies
by the groups of Mohwald and Knoll do not lead to bilayer
formation but to the assembly of not-fully fused vesicles, as was
shown later.”> Because of the high conductivity of the lipid
layers, no attempts to integrate channels in lipid bilayers
assembled on PEMs have been reported. The high conductivity
or ionic permeability of the lipids would not allow tuning or
selectively blocking of the ion permeability by the incorporation
of channels.

Recently, Fischlechner et al.”> and Diamanti et al.>* showed
that it is possible to form complete lipid bilayers on top of
PEMs by the adsorption of vesicles of mixed zwitterionic
(dioleoylphosphatidylcholine, DOPC) and anionic (dioleoylphos-
phatidylserine, DOPS) phospholipids. Bilayer formation takes
place if the molar percentage of DOPS lies between 50 and 70%.
Electrochemical impedance spectroscopy (EIS) studies per-
formed by Diamanti et al.®* showed that the lipid bilayer
assembled on PAH/PSS displayed high resistance values:
1.89 x 10”7 Q cm’. This resistance is comparable with the
resistance of a black lipid membrane and thus allows the
introduction of channels or trans-membrane proteins for selec-
tive transport.

In this work, we aim to provide a proof of concept for the
integration of channels in lipid bilayers supported on PEMs as
a means of controlling ionic permeability. We explored the
incorporation of gramicidin to form channels in a DOPC : DOPS
(50:50) bilayer assembled on top of PAH/PSS PEMs. Since the
bilayer formed with these lipids displays high resistance, the
incorporation of the ionophores will allow tuning of the con-
ductivity for specific ions. Gramicidin has been chosen because
of its simplicity and because it is possible to incorporate it in
the lipid vesicles before their assembly on the PEMs. Bilayer
formation has been proven by means of the quartz crystal
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microbalance with dissipation (QCM-D). Atomic force micro-
scopy (AFM) was applied to visualize the bilayer topography
when the gramicidin had been incorporated in the vesicles. Elec-
trical impedance spectroscopy (EIS) was performed to study channel
selectivity for K" and Na* and the limited Ca** permeability.

Results and discussion

Vesicles were prepared including GA in their formulation. For
the incorporation of GA in the lipid bilayer, vesicles were
reconstituted in the presence of GA as described in the experi-
mental section. Our approach is depicted in Fig. 1. The lipid
composition of the vesicles was chosen to be 50:50 DOPC:
DOPS and their composition was verified by "H NMR measure-
ments (Fig. S1, ESIt).

The size and surface potential of the vesicles carrying GA
were first characterized. Size distributions from intensity dis-
tributions, as measured by DLS revealed diameters of 91.6 +
0.2 nm (PDI = 0.061 + 0.04) for vesicles with a 50:50 DOPC:
DOPS composition and 0.1 mM of gramicidin while the diameter
of the SUVs without GA was 120 + 0.1 nm (PDI = 0.032 £ 0.02).
(-Potential measurements of the unilamellar vesicles resulted in
negative potential values; —19.9 £ 1.9 mV. Vesicles without GA
displayed more negative potential values, —28.7 + 1.2 mV,
probably due to the higher density of negatively charged DOPS
head groups before gramicidin incorporation.

Lipid bilayer formation from vesicles carrying GA

QCM-D measurements revealed that the lipid bilayer was
successfully formed from the vesicles with a 50:50 molar ratio
of DOPC:DOPS carrying 0.1 mM of gramicidin. After vesicle
addition to the PEMs, the frequency displayed a characteristic
jump, which is typical of a bilayer formation.>® Following a
rapid decrease in frequency after vesicle addition there was an
increase in frequency upon rupture of the vesicles liberating the
enclosed solution (Fig. 2). Stable values for the frequency were
obtained after rinsing. Upon addition of PBS, no changes in
frequency were observed. The vesicle assembly resulted in a
total frequency shift of Af = 37 Hz, which is compatible with
bilayer formation as reported before. Dissipation followed a
similar trend. It increased after the vesicles came into contact
with the surface and decreased after the vesicles were ruptured
and fused. However, the values of AD obtained were almost
3 times higher than the ones reported in our previous studies
for the 50: 50 DOPC : DOPS assembled vesicles.>®?° In addition,
when the vesicles were adsorbed on the PEM surface, dissipa-
tion increased drastically (AD = 8 x 10~ °® dissipation units),
indicating that the vesicles carrying GA have a more dissipative
character, probably because the vesicles are more fluid as a
consequence of the presence of GA or the presence of pores
with water permeability. Upon rupture of the vesicles, the
dissipation decreased to 3 x 10~ ° dissipation units to increase
afterwards progressively to 5 x 107° dissipation units. The
changes in dissipation may hint at reorganization of GA in
the lipid layers. Dissipation values were higher for the lipid
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Fig. 1 Schematic illustration of adsorption of vesicles carrying gramicidin on top of polyelectrolyte multilayers and their assembly into a lipid bilayer

including gramicidin channels with local lipid bilayer deformation.
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Fig. 2 Changes in frequency (curve in blue) and dissipation (curve in red)
of SiO,-coated QCM-D crystals after assembly of 11 layers of PAH/PSS
during the injection of 50:50 DOPC: DOPS vesicles carrying gramicidin
0.1 mM.

bilayer with GA compared with the one without GA; however,
the frequency changes following vesicle assembly were almost

8924 | Soft Matter, 2017, 13, 8922-8929

the same in both cases. This suggests that despite the bilayer
being formed, the presence of gramicidin has an impact on its
structure. Dissipation is higher probably because of the for-
mation of pores by the presence GA, but these do not represent
a major difference in the mass deposited on the PEMs.

AFM measurements were conducted to visualize the changes
in morphology in the lipid bilayer due to the presence of GA.
As shown in our previous work,”® a lipid bilayer formed from
DOPC : DOPS (50: 50) vesicles assembled on top of the PAH/PSS
PEM displayed a flatter surface compared with the PAH/PSS
PEM (Fig. 3). The grainy topography of the PEM is partially
transferred to the lipid bilayer on top, as the lipid bilayer
follows the features of the PEM. However, the continuity of
the bilayer results in a flatter structure with less pronounced
depths. The inner diameter of the channel pore of gramicidin
as shown in the literature is of the order of ~4 A."> Never-
theless this size could vary, depending on the environment,
thus inner diameters of 12 A have also been reported.>”
In addition, the pore channel filled with aqueous solution may
vary from 3.4 up to 6.3 A.*” The outer diameter of the channel is
about 30-35 A.?” As the maximum resolution of the AFM tip is
10 nm, the visualization of the pore by AFM is not possible.
However, when 0.1 mM of GA was incorporated into the lipid
bilayer, a significant change in the surface morphology was

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 AFM height images in 3D of the (PAH/PSS)s 5 film, the (PAH/PSS)s 5 film with a lipid bilayer assembled with 50 : 50 DOPC : DOPS vesicles and the
(PAH/PSS)s 5 film with a lipid bilayer assembled with 50:50 DOPC:DOPS vesicles carrying 0.1 mM of GA. The profiles of AFM images for the

corresponding lines in the height images are shown at the bottom.

observed, as shown in Fig. 3 (DOPC:DOPS + GA). Domain
structures appeared on the surface of the bilayer. These domains
are small but uniform depressions of 72.39 + 12.9 nm in
diameter. This can be observed more clearly in the section profile
shown in Fig. 4. The diameter (w) of the depressions was
measured using a simple geometrical deconvolution because
the widths of the depressions were increased in the AFM images
due to tip-sample convolution.>®
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Where w is the width observed in the AFM image, R is the apex
radius (30 nm) and £ is the depress height. The depressions
appearing on the overall surface have been related to fractal GA
aggregates as explained by M. Diociaiuti et al.>® The formation
of aggregates of pores has been proposed for GA. Sizes between
70 and 150 nm have been predicted for aggregates with 30 to
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Fig. 4 AFM height images in 3D of the (PAH/PSS)s 5 film with a lipid bilayer assembled with 50 : 50 DOPC : DOPS vesicles carrying 0.1 mM of gramicidin.
On the right, the profiles of AFM images are shown for the corresponding lines in the height images.
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70 nm pores together. The size of the depressions that we
observe is probably a combined result of pore aggregation and
bending of the membrane at the pore site. The resolution of the
AFM tip can result in errors of several nm for the diameter on
each side of the pore at the bending sites, which may contribute
to images that display pores whose size is larger than it is
in reality.

EIS studies

EIS measurements were performed on the lipid bilayer on
PEMs carrying GA in the presence of NaCl, KCl and CacCl, at
different ion concentrations. Experiments were performed as
described in the experimental section. Fig. 5 and 6 show the
experimental and fitted impedance data for the different ions
considered in Bode diagrams. In Fig. 5, EIS experiments are
shown for solutions of a single cation: K", Na* or Ca** at two
different concentrations: 0.01 M and 0.1 M, respectively. In
Fig. 5, EIS data correspond to mixtures of a monovalent ion, K*
or Na*, 0.005 M and 0.01 M, and Ca*", 0.01 M. From the figures,
it can be concluded that there is very good agreement between
the experimental data and fitting. Fits are based on the model
developed by Gervasi et al.*° In this model, M" species arrive at
the membrane/electrolyte interface by aqueous diffusion,
adsorb at the end of an active channel and incorporate inside
according to the electrochemical step (1). In the simplest case,
the interfacial transfer kinetics is a first-order reaction. There-
after, the cation permeates the bilayer through the channel as
indicated by electrochemical step (2), characterized by a simple
activation energy barrier and irreversible kinetics. The reaction
mechanism can be formally written as:
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where (M")® corresponds to the ion on the solution side of the
membrane and (M')° to the ion on the electrode side of the
membrane. A more detailed analysis of the model used for
fitting the experimental curves is provided in the ESI.} The
equivalent circuit that accounts the expression of the global
impedance of the processes is related to membranes carrying
gramicidin and is shown in Fig. 7. The values for the ion
transport resistance, which involve transport across both the
interface and the membrane, R, = —(9I/9E), !, for different
cations were estimated using Complex Nonlinear Least Squares
fits (CNLS) of the experimental data at different concentrations,
where I is the ionic current, E is the potential, 0 is the degree of
coverage and c the ionic concentration. Transport resistances
are shown in Fig. 8 for K", Na” and Ca®" at two concentrations:
0.01 and 0.1 M. For comparison, the values for the resistance of
the lipid bilayer without GA are also provided in the figure for
the same ions and ion concentrations. From the EIS data
for the bilayer with GA, it can be concluded that the lower
resistance and therefore highest conductance is observed for K*
ions, as was expected since GA channels show a higher affinity
for these ions. The resistance decreases with increasing ion
concentration from 528.5 kQ cm” to 372.7 kQ em® when
passing from 0.01 M to 0.1 M. Na' resistance is higher than
for K" at the two concentrations considered, i.e. the conduc-
tance is lower than for K'. At 0.01 M, there is very large
variability among the data with an average resistance value of
1.065 MQ cm?, but the resistance decreases to 791.5 kQ cm? at
0.1 M Na’, respectively. A clear tendency for the resistance to
decrease with increasing ion concentration is observed for both
ions. This means that ion conductivity is higher when the ion
concentration is increased. The resistance for the bilayer with-
out GA was always higher for both ions, by approximately
5 times. Opposite to what is observed for the GA, the resistance
for K" is slightly higher than for Na', meaning that for the Na*
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Fig. 5 Bode plots for the lipid bilayer with inbuilt gramicidin on top of the PAH/PSS PEMs for K*, Na*, and Ca®* at different concentrations. Circles
correspond to the experimental data and continuous lines are simulated curves according to the proposed model.
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Fig. 6 Bode plots for the bilayer with inbuilt gramicidin on top of PAH/PSS PEMs at different ionic mixtures: 1 (0.01 M Na'*/0.01 M Ca®*), 2 (0.005 M
Na'*/0.01 M Ca®*), 3 (0.01 M K**/0.01 M Ca®*), 4 (0.005 M K'*/0.01 M Ca®*). Circles correspond to the experimental data and continuous curves are

simulated according to the proposed model.

Fig. 7 Equivalent circuit accounting for the expression of the global
impedance of the processes related to gramicidin-doped membranes.
Rc. is the electrolyte resistance, R, is the ionic transport resistance, C, is
the membrane capacitance and W is the Warburg impedance element
(related to the charge transfer and double-layer capacitance).

ion conductivity is higher. However, this result is unexpected as
it is known that the conductivity for Na* ions in lipid mem-
branes is usually lower than for K*.*' Na" ions are larger than K*
ones because of the large hydration shell of Na'. The larger Na*
ions find it more difficult to pass through defects in the
membranes than the K ions. In the case of the supported
membranes on polyelectrolytes, we can assume that the inter-
action of the lipids with the polyelectrolyte results in restricted
mobility for the lipids directly in contact with the polyelectro-
lytes and that this favors the presence of defects in the
supported membranes, large enough not to restrict the flux of
Na', resulting in higher conductivity for this ion in the
membranes without GA. The higher K" conductivity of the

This journal is © The Royal Society of Chemistry 2017

membranes with GA is indeed indicative of channel-mediated
conductivity.

In the case of Ca®", a different behavior can be observed for
the membrane with GA. As the Ca®>" concentration is increased
from 0.01 M to 0.1 M the resistance increases as well, from
850 kQ cm”® to 1.336 MQ cm® (conductance decreases). This
indicates that a large fraction of the pores is blocked when the
Ca>" concentration is higher, which is also the expected beha-
vior for GA pores. For the membrane without GA resistance,
values are also 5 times higher than with GA and resistance
decreases when the Ca®>* is increased. The difference in the
behavior for the membrane with and without GA hints again at
a pore effect. The increase in resistance increasing the concen-
tration of Ca®* proves that ion conductivity takes place through
GA channels and not through defects in the lipid layers. If this
was the case, one would observe a decrease in the resistance as
the concentration of Ca** is increased as for the membrane.
The higher conductance for K* than for Na" is also indicative of
the transport through the channel, as affinity for K* is higher
than for Na' in gramicidin.

Experimental

Materials and methods

Poly(allylamine hydrochloride) (PAH, M,, 15 kDa), poly-(styrene-
sulfonate sodium salt) (PSS, M,, 70 kDa), sodium 3-mercapto-1-
propanesulfonate (MPS, M,, 178.21 g mol '), gramicidin (A, B
and C mixture) from Bacillus aneurinolyticus (Bacillus brevis),
phosphate-buffered saline (PBS), potassium chloride (KCl), sodium
chloride (NaCl), calcium chloride (CaCl,) and chloroform

Soft Matter, 2017, 13, 8922-8929 | 8927
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(anhydrous, >99%) were purchased from Sigma-Aldrich. The
phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,
10 mg mL " in chloroform) and 1,2-dioleoyl-sn-glycero-3-phospho-
-serine (DOPS, sodium salt, 10 mg mL™! in chloroform) were
obtained from Avanti Polar Lipids, Inc. Ethanol (99.9% HPLC) was
obtained from Scharlau S.A.

SUVs preparation and characterization

Vesicles were formed by mixing DOPC, DOPS, and gramicidin
as follows: lipid stock solutions in chloroform, 10 mg mL ™,
were mixed together at a 50: 50 (DOPC : DOPS) molar ratio. The
chloroform was evaporated with an argon stream and followed
by at least 1 h incubation under vacuum to remove any trace of
chloroform. The lipid film was rehydrated with PBS (10 mM,
pH 7.4), together with gramicidin to a final concentration of
0.1 mM. The resulting multilamellar vesicles (MLVs) were
extruded through a 50 nm polycarbonate membrane forming
small unilamellar vesicles (SUVs). The size and charge of the
vesicles were characterized by dynamic light scattering (DLS)
and (-potential, respectively. 'H NMR measurements were
conducted to reveal the exact composition of both DOPC and
DOPS in the lipid mixture. The chloroform from the lipid
mixture was first evaporated and then dissolved again in CDCl;
at a concentration of 0.75 mg mL ™.

QCM-D measurements

The formation of the bilayer from SUVs carrying GA on 11 layers
of PAH and PSS was followed by means of the QCM-D techni-
que (Q-Sense E4). For the PEM assembly, polyelectrolyte
solutions were flown for 10 min through the chamber until a

8928 | Soft Matter, 2017, 13, 8922-8929

stable frequency value was achieved. Each deposition was
followed by 10 min of rinsing with 0.5 M NaCl. The last
deposited layer was the positively charged PAH. The PEM was
formed on 11 layers. Afterwards, the chamber was filled with
PBS (10 mM, pH 7.4) and the dispersion of SUVs carrying
0.1 mM gramicidin in PBS (0.1 mg mL™") was flown. When
the frequency reached a stable value, the quartz sensor was
rinsed with PBS to remove non-adsorbed vesicles. Finally, the
membrane was rinsed with Milli-Q water.

AFM measurements

AFM measurements were performed in liquid state using a
Multimode AFM with a Nanoscope V controller (Bruker AXS,
Santa Barbara, CA) equipped with a J-scanner. Oxide-sharpened
silicon nitride cantilevers (7: 600 nm) with a nominal spring
constant of 0.06 N m~ " (Bruker, model: DNP-10) and f: 12-24 kHz
were used. QCM-D sensors with (PAH/PSS)s 5 and the assembled
lipid bilayer with gramicidin were attached to Teflon-coated metal
disks using double-sided tape and placed on the AFM scanner.
Images were acquired with minimal force. Tapping mode images
were analysed using the Gwyddion software (gwyddion.net).

EIS measurements

A general-purpose three-electrode electrochemical cell was used
to perform the impedance characterization of the lipid membrane
displaying gramicidin supported on PEMs. A gold surface was
used as the substrate of the working electrode 0.2 cm?® The
multilayer cushion and the lipid bilayer carrying GA were
deposited on top of the gold surface, which had been previously
modified with a self-assembled monolayer of MPS, formed from

This journal is © The Royal Society of Chemistry 2017
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a 0.01 M ethanolic solution of the thiol. For the assembly of the
thiol monolayer, the gold surface was left in MPS solution
overnight, resulting in a negatively charged surface. A platinum
(Pt) plate served as the counter electrode. Potentials were mea-
sured with respect to a silver/silver chloride reference electrode
(Ag/AgCl/saturated KCI with a potential of 0.199 V vs. the standard
hydrogen electrode). Measurements were conducted in 0.1 M and
0.01 M KCl, NaCl and CaCl, electrolyte solutions, respectively.
Measurements were made with an Autolab PGSTAT302 (Metrohm).

Conclusions

We have shown that DOPC:DOPS vesicles carrying GA can be
assembled on PAH/PSS multilayers resulting in a lipid bilayer.
QCM-D data prove the formation of a bilayer with built-in GA.
AFM shows that the topology of the bilayer is altered by the
presence of GA inducing height depressions in the surface of
the bilayer. EIS shows a higher conductance for K" than Na* for
the same ionic concentration, which is opposite to the beha-
viour of the membranes without GA for the same ions. For both
monovalent ions, the conductance increases with ionic strength.
A lower conductance was measured for Ca®, which decreases
with increasing ion concentration, again oppositely to the beha-
viour of a lipid bilayer without GA. The higher affinity for K than
Na* and the blocking effect of Ca®* are in accordance with the
expected behaviour of the GA channels.

To summarize, in this work we show that a bilayer with
incorporated gramicidin channels can be assembled on top
of a polyelectrolyte multilayer film, and GA channels display
selective ionic transport. More complex architectures, involving
membrane proteins can be envisaged. Our results lead the way
for potential applications of lipid bilayers on PEMs for ion
sensors or selective transport.
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