
High Resistivity Lipid Bilayers Assembled on Polyelectrolyte
Multilayer Cushions: An Impedance Study
Eleftheria Diamanti,† Danijela Gregurec,† María Jose ́ Rodríguez-Presa,‡ Claudio A. Gervasi,*,‡,§

Omar Azzaroni,*,‡ and Sergio E. Moya*,†

†Soft Matter Nanotechnology Group, CIC biomaGUNE, Paseo Miramoń 182 C, 20009 San Sebastiań, Guipuźcoa, Spain
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ABSTRACT: Supported membranes on top of polymer
cushions are interesting models of biomembranes as cell
membranes are supported on a polymer network of proteins
and sugars. In this work lipid vesicles formed by a mixture of
30% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
70% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) are
assembled on top of a polyelectrolyte multilayer (PEM)
cushion of poly(allylamine hydrochloride) (PAH) and poly-
(styrene sodium sulfonate) (PSS). The assembly results in the
formation of a bilayer on top of the PEM as proven by means
of the quartz crystal microbalance with dissipation technique
(QCM-D) and by cryo-transmission electron microscopy
(cryo-TEM). The electrical properties of the bilayer are
studied by electrochemical impedance spectroscopy (EIS). The bilayer supported on the PEMs shows a high resistance, on the
order of 107 Ω cm2, which is indicative of a continuous, dense bilayer. Such resistance is comparable with the resistance of black
lipid membranes. This is the first time that such values are obtained for lipid bilayers supported on PEMs. The assembly of
polyelectrolytes on top of a lipid bilayer decreases the resistance of the bilayer up to 2 orders of magnitude. The assembly of the
polyelectrolytes on the lipids induces defects or pores in the bilayer which in turn prompts a decrease in the measured resistance.

■ INTRODUCTION

Lipid layers assembled on top of substrates of different nature
represent a subject of research on their own.1,2 The so-called
supported lipid membranes have been extensively used as
models for biophysical studies of cell membranes3−5 and as a
means to modify surfaces to improve their biocompatibility6 or
to integrate sensing elements. Besides the lipid components,
the supported membranes may include membrane proteins,
receptors, channels, and nonnatural molecules increasing
functionality.7−9 As a model for cell membranes, the coupling
of lipid layers with a supporting interface has been very useful
for the investigation of issues related to membrane transport,
the spatial arrangement of lipids and biomolecules in the two
lipid monolayers, the electrical properties of membranes,
specific receptor ligand interaction, etc.10−12 Supported
membranes have been integrated in multiple devices, especially
for sensing, where the membrane is used to provide a biological
interface and a point of anchorage of enzymes or receptors,
which will fulfill, for example, a sensing function.13,14 Significant
research has been conducted on membranes supported on
planar and hard substrates such as TiO2 or Au.15,16

Comparatively less work has been dedicated to membranes

supported on polymeric surfaces, which are an interesting
model system, as biological membranes are supported on top of
a cushion of biopolymers, the glycocalix, or the cell wall.11 Of
particular interest in this regard is the work of Möhwald et al.
involving the assembly of lipid membranes on top of
polyelectrolyte (PE) multilayers fabricated by the layer-by-
layer (LbL) technique.17 The LbL is based on the alternating
assembly of polyelectrolytes of opposite charge to form a thin
film.18,19 The lipid layers on PE multilayers have been used to
control the permeability of PE capsules.20 In particular, it has
been shown that polyelectrolyte multilayers exhibit a decrease
in conductivity after lipid assembly.21,22 In addition, the
conditions for the assembly of a lipid bilayer on top of
polyelectrolyte multilayers requires a balance between zwitter-
ionic and charged lipids, which is achieved when the proportion
of charged lipids is more than 50 mol % of the total lipid
content as shown by Fischlechner et al.23
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Electrochemical impedance spectroscopy (EIS) studies have
been conducted by Knoll et al. on lipid layers formed from
negatively charged dimyristoyl-L-α-phosphatidylglycerol
(DMPG) and the zwitterionic dimyristoyl-L-α-phosphatidyl-
choline (DMPC) unilamellar vesicles assembled on PE
multilayer supports.24 These impedance studies showed the
successful formation of a lipid bilayer on microcontact printed
self-assembled microlayers (SAMs).25 Electrical resistivity of
lipid bilayers of anionic dioleoylphosphatidic acid (DOPA) and
the zwitterionic dimyristoylphosphatidylcholine (DMPC)
assembled on a PE multilayer support has been also studied
in the past by means of EIS in the 0.1 Hz−30 kHz frequency
range17 revealing that the polymer support might participate in
the formation of conducting defects.
Since the EIS studies conducted so far with lipid layers

deposited on polyelectrolyte cushions have only been
performed in conditions where the assembly does not lead to
a bilayer but to non fully fused vesicles or multilayers of lipid
vesicles deposited on the multilayers, the electrochemical
properties of a lipid bilayer interacting with PE multilayers
remain a largely unexplored issue. This subject is intrinsically
interesting and worthy of study in its own right, as it would be
important to determine whether the assembled lipid bilayer on
top of the PE cushion can display resistance and capacity values
close to those of a biomembrane when they are forming a
bilayer. Up to now most works on lipids assembled on
polyelectrolyte multilayers (PEMs) have revealed that this type
of interfacial architecture exhibits much lower resistivity and
capacitance values17,24,26 as compared to the ones obtained in
black membranes.27−29 We hypothesize that these differences
arise from the fact that in previous works the deposited lipids
are not forming a bilayer but they are assembled as nonfused
vesicles, with defects and free space between vesicles, which are
responsible for the high conductance of the lipid assemblies.
Only when a continuous and dense lipid bilayer is formed on
the PEMs a high resistivity can be expected. It is also of
fundamental interest to address the effect of the lipid
composition on the conductance and capacitance of the bilayer,
i.e., the ratio of charged to zwitterionic lipids, the type of lipid,
or the presence of cholesterol. Another aspect that has not been
studied is the impact of PE layers deposited on top of the upper
leaflet of a lipid bilayer. The bilayer would be then sandwiched
between PE layers. The polyelectrolytes on top could generate
defects on the membranes or the reorganization of the lipids
around the charged moieties of the polyelectrolyte. A
sandwiched bilayer between polyelectrolytes could have
interesting applications in the design of devices or sensors.

To address these issues, we have conducted EIS studies on
lipid bilayers supported on polylectrolyte multilayers of
poly(allylamine hydrochloride) (PAH) and poly(styrene
sodium sulfonate) (PSS) assembled by the layer-by-layer
technique on planar substrates (Figure 1). Lipid vesicles
formed by a mixture of 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS) were assembled into a bilayer. We have shown that,
using vesicles based on these lipids, a bilayer is formed on top
of PAH/PSS PEMs. Bilayer formation was confirmed by means
of the quartz crystal microbalance with dissipation technique
(QCM-D) and by cryo-transmission electron microscopy
(cryo-TEM). The impact of the assembly of PE layers on top
of the lipid layers was also studied by QCM-D. The electrical
properties of the lipid bilayers were characterized by electro-
chemical spectroscopy.

■ MATERIALS AND METHODS
Poly(allylamine hydrochloride) (PAH, Mw 15 kDa), poly-
(styrenesulfonate sodium salt) (PSS, Mw 70 kDa), sodium 3-
mercapto-1-propanesulfonate (MPS, Mw 178.21 g/mol), and choles-
terol (Mw 386.65 g/mol) were purchased from Sigma-Aldrich.
Phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 10
mg mL−1 in chloroform) and 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS, sodium salt, 10 mg mL−1 in chloroform) were obtained
from Avanti Polar Lipids, Inc. SiO2 particles with a diameter of 200 nm
were purchased from Attendbio. Phosphate-buffered saline (PBS),
potassium chloride (KCl), sodium chloride (NaCl), and chloroform
(anhydrous, >99%) were purchased from Sigma-Aldrich. Ethanol
(99.9% HPLC) was obtained from Scharlau S.A.

Polyelectrolyte Multilayer Supports. Polyelectrolyte multilayer
cushions were assembled using the LbL. Eleven layers of positively
charged PAH and negatively charged PSS were assembled from
solutions with a polyelectrolyte concentration of 1 mg mL−1 in 0.5 M
NaCl. For each layer deposition, surfaces were incubated during 15
min at room temperature in the polyelectrolyte solution. Each step of
polyelectrolyte deposition was followed by a washing step with 0.5 M
NaCl. The multilayer film was deposited, following the same
procedure, on top of diverse surfaces depending on the study; quartz
crystals with a fundamental frequency of 5 MHz coated with SiO2 (Q-
Sense) were used for the QCM-D measurements, gold surfaces coated
with a self-assembled monolayer of MPS in ethanol 0.1 M were used
for the EIS measurements, and SiO2 nanoparticles were coated with a
polyelectrolyte multilayer for the cryo-TEM measurements.

Liposome Preparation and Characterization. The procedure
for the preparation of the vesicles formed by mixtures of DOPC,
DOPS, and cholesterol is as follows. First, lipid stock solutions in
chloroform (10 mg mL−1) were mixed together at molar ratios
(DOPC:DOPS) of 30:70 and 30:70 and 30% cholesterol, respectively.
The chloroform was evaporated with an argon stream and followed by
at least 1 h incubation under vacuum in order to remove any

Figure 1. Schematic illustration of the mechanism of formation of a lipid bilayer on top of polyelectrolyte multilayer film. (a) Vesicle attraction to the
PEM surface, (b) vesicle adsorption and deformation, (c) vesicle rupture, and (d) fusion of neighboring lipid patches and subsequent lipid bilayer
formation.
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chloroform trace. The resulting lipid film was rehydrated with PBS (10
mM), forming large multilamellar vesicles (MLVs) which were
extruded through a 50 nm polycarbonate membrane forming small
unilamellar vesicles (SUVs).
In order to determine the size and charge of the prepared vesicles,

dynamic light scattering (DLS) and ζ-potential measurements were
conducted. 1H NMR was used 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 it was redissolved in CDCl3 at a
concentration of 0.6 mg mL−1.
QCM-D Measurements. The multilayer assembly of PAH and

PSS was followed by QCM-D (Q-Sense E4). Before the injection of
the polyelectrolyte solution, the surfaces were rinsed in Milli-Q water
for 10 min and then in 0.5 M NaCl for 10 min under continuous flow
in the chamber. Each polyelectrolyte solution was injected during 10
min through the chamber until a stable frequency value was achieved.
Each deposition was followed by 10 min of rinsing with 0.5 M NaCl
(under continuous flow). In all the multilayers the capping layer was
positively charged PAH (11th layer). Then, the chamber was filled
with PBS, and the dispersion of SUVs in PBS (0.1 mg mL−1) was
injected. When the frequency reached a stable value, the quartz sensor
was rinsed with PBS to remove nonadsorbed vesicles. Finally, the
membrane was rinsed with Milli-Q water.
Cryo-TEM measurements. Lipid bilayer morphology was

characterized by cryo-TEM using a JEOL JEM-2200FS field emission
TEM with a digital camera and an in-column energy filter (Omega
filter). SiO2 particles were coated with 11 layers of PAH and PSS, with
PAH always being the last deposited layer; thus the SUVs were
incubated with the PEM coated SiO2 particles in PBS solution at a
molar ratio of 3:1 respectively. Before vitrification the SUVs were
incubated for 1/2 h with the polyelectrolyte coated SiO2 particles in

PBS. Afterward, the specimen was deposited on QUANTIFOIL grids,
Holey Carbon Films (shape R2/2). The suspended sample in aqueous
solution was then rapidly frozen in liquid ethane and cooled to liquid
nitrogen temperature; the whole process was performed on a Vitrobot
setup (FEI).

Electrochemical Impedance Spectroscopy Measurements. A
general-purpose three-electrode electrochemical cell was used to
perform the impedance characterization of the lipid membrane in
contact with the soft polyelectrolyte cushions. A gold surface was used
as the substrate of the working electrode. The multilayer cushion and
the lipid bilayer were deposited on top of the gold surface, which had
been previously modified with a self-assembled monolayer of MPS.
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
measured with respect to a silver/silver chloride reference electrode
(Ag/AgCl/saturated KCl with a potential of 0.199 V vs SHE (standard
hydrogen electrode)). Measurements were conducted in 0.1 M KCl
electrolyte solution.

■ RESULTS AND DISCUSSION
Lipid Vesicle Characterization. First, the conditions for

obtaining a bilayer on the multilayers were revised. Since the
concentration of lipids in chloroform solutions may differ from
the information provided by the supplier, it is necessary to
determine the exact molar ratio of charged to zwitterionic lipids
of the depositing vesicles. 1H NMR measurements of the lipid
mixtures were conducted in deuterated chloroform. For the
bilayer deposition the chosen composition of the vesicles was
30:70 DOPC:DOPS. 1H NMR revealed that the theoretical

Figure 2. Changes in frequency (curve in blue) and dissipation (curve in red) of SiO2-coated QCM-D crystals (a) during the assembly of 11 layers of
PAH/PSS and injection of 30:70 DOPC:DOPS vesicles. The area between the dashed lines corresponds to the PEM assembly until the moment of
injection of the vesicles. (b) Magnification of the area of the curve corresponds to the lipid bilayer formation. Dashed lines demonstrate the moments
of injection of mentioned solutions. (c) Assembly of 11 layers of PAH/PSS, injection of 30:70 DOPC:DOPS vesicles and addition of three layers of
PAH/PSS. Dashed lines indicate the areas of PEM and lipid bilayer assembly. (d) Magnification of the area of the curve that corresponds to the lipid
bilayer formation and the addition of three layers. Dashed lines demonstrate the moments of injection of mentioned solutions.
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ratio of 30:70 DOPC:DOPS was actually present in the lipid
mixture (Figure S1a in the Supporting Information).
Results from DLS measurements are illustrated in Figure

S1b. Size distributions shown by intensity revealed diameters of
∼79 nm for the 30:70 DOPC:DOPS composition. The
diameter of the vesicles increases to ∼140 nm when 30%
cholesterol is added to the same lipid composition. Cholesterol
molecules orient themselves in the lipid vesicles with their
hydroxyl groups close to the polar head groups of the
phospholipid molecules. In this position, their rigid steroid
rings interact and partly immobilize the hydrocarbon chain
regions closer to the polar head groups, rendering the lipid
vesicle and the bilayer less deformable; thus vesicles are more
difficult to extrude through the 50 nm membrane. Sub-
sequently, by the addition of 30% cholesterol (Chol) the
resulting vesicles are larger. ζ-Potential measurements of the
unilamellar vesicles had, as expected, negative potential values
due to the presence of the negatively charged DOPS. ζ-
Potential values of −40.9 and −40.6 mV were measured for
PC:PS and PC:PS:Chol, revealing close charge values for the
two different lipid compositions (Figure S1b).
Evaluation of the Lipid Bilayer Formation. QCM-D

measurements corroborated that the experimental conditions
used for the electrochemical studies were optimal for a lipid
bilayer formation using vesicles with a 30:70 ratio of PC:PS on
top of 11 layers of PAH and PSS (Figure 2a). In Figure 2a
typical frequency and dissipation shifts due to the formation of

a lipid bilayer can be observed. After addition of the vesicles the
frequency decreases rapidly, indicating the adsorption of the
vesicles onto the PEM surface. A fast increase of the frequency
is detected 3 min after the injection. This increase is related to a
decrease in mass, and it is a consequence of the liberation of
water after the rupture of the vesicles. Finally, the frequency
remains constant due to the formation of a continuous lipid
bilayer with a negative surface charge that precludes further
adsorption of additional vesicles from the SUV solution due to
electrostatic repulsion. The total frequency change, due to the
vesicle assembly, was Δf = 25.91 Hz, thus indicating the
presence of a complete and stable bilayer.1 Dissipation shows a
similar behavior: it increases rapidly to decrease immediately
until it remains constant. The rapid increase in dissipation is
associated with the deposition of the soft vesicles on the PEM;
when they rupture and fuse, they form a continuous bilayer
with solidlike characteristics, which is responsible for the
decrease in dissipation. By the addition of 30% cholesterol in
the formulation of the vesicles (Figure 3a) the frequency
decreases and remains constant, while no rapid increase is
detected. The total shift was 130 Hz, a quite high value for the
adsorption of vesicles. In similar experiments, when the same
lipid and cholesterol compositions were deposited on top of
five layers of PAH/PSS, the resulting frequency shift was 53 Hz.
The frequency values resulting from the assembly of vesicles

with cholesterol, together with the absence of the jump in
frequency and dissipation, hint that vesicles with cholesterol

Figure 3. Changes in frequency (curve in blue) and dissipation (curve in red) of SiO2-coated QCM-D crystals (a) during the assembly of 11 layers of
PAH/PSS and injection of 30:70 DOPC:DOPS vesicles with 30% Chol. The area between the dashed lines corresponds to the PEM assembly until
the moment of injection of the vesicles. (b) Magnification of the area of the curve corresponds to the adsorption of the SUVs containing Chol.
Dashed lines demonstrate the moments of injection of mentioned solutions. (c) Assembly of 11 layers of PAH/PSS, injection of 30:70
DOPC:DOPS vesicles with 30% Chol, and addition of three layers of PAH/PSS. Dashed lines indicate the areas of PEM and SUVs containing Chol
assembly. (d) Magnification of the area of the curve that corresponds to the SUVs containing Chol adsorption and the addition of three layers.
Dashed lines demonstrate the moments of injection of mentioned solutions.
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remain unperturbed on the PEM, without fusing. However,
when the same vesicles were fused on colloids coated with
PEMs, we observed by means of cryo-TEM the presence of a
bilayer (data not shown). The formation of a bilayer on top of
PEMs is very much dependent on the proportion of charged
and zwitterionic lipids. Charged lipids are fundamental for the
interaction of the vesicles with the PEMs and vesicle rupture,
while zwitterionic lipids seem to help in the reorganization of
the vesicle to rearrange on the surface and lead to the fusion of
lipid patches. The presence of cholesterol might render the
vesicles too rigid to reorganize and fuse or even might restrict
the vesicle rupture.
Figure 2c shows the deposition of a PAH layer on top of the

bilayer of DOPC:DOPS as described previously. Frequency
decreases upon deposition of the positively charged poly-
electrolyte and results in a frequency shift close to 16 Hz,
similar to that of the previously deposited PAH layers. Another
two polyelectrolyte layers where deposited on top afterwards.
For these additional layers the frequency and dissipation shifts
were as expected for the deposition of a polyelectrolyte layer.
Cryo-TEM was also used as a tool to confirm the presence of

the lipid bilayer on PEMs assembled on SiO2 colloidal particles.
Figure 4 displays the cryo-TEM images of SiO2 colloids

covered with 11 layers of PAH and PSS (Figure 4a) and the
SiO2 particles with a PAH/PSS PEM after coating with 30:70
DOPC:DOPS vesicles (Figure 4b). In Figure 4b we observe the
assembled lipid bilayer, which forms a homogeneous layer on
the PEM coated particles with a thickness of ∼5 nm.
Electrochemical Characterization. The experimental

impedance of the gold substrates coated with polymer cushions
in the form of 5 and 11 layers of the sequence PAH/PSS are
shown as Bode plots in Figure 5. The measured impedance of
the PEM films clearly exhibits a single capacitive relaxation
behavior that can be fitted to the impedance of an equivalent
circuit containing a series connection of the electrolyte
resistance Re and an impedance element resulting from the
parallel connection of a capacitor and a large resistance. For the
results shown in Figure 5 the response at frequencies larger
than 1 Hz resembles an ideally polarizable interface with a
phase angle approaching −90°. The capacitor has a slight
frequency dispersion effect, it reflects a distribution of the

interfacial capacitance due to surface inhomogeneity in the
presence of the PE film, and, consequently, it is represented
here by a constant phase element Qf (see circuit in Figure 6a).

A resistance of the PE film Rf in parallel connection with Qf is
always considered here,30 but in the experiments shown in
Figure 6 Rf is apparently too large and it is detected for the
measured frequency range f < 1 Hz. The exact origin of Rf as
described in the literature remains controversial. In fact, Rf was
related to an electron charge transfer resistance at the
substrate,31 or as described elsewhere, “some electrochemistry”
is expected to take place at defect sites in the film giving rise to
a shunt resistance in the equivalent circuit.32 In this work,
however, there are no electroactive species with a decom-
position potential in the studied potential window. According
to Guidelli and Becucci30 a hydrophilic spacer, the polyelec-
trolyte multilayer in our experiments, on top of which the
bilayer membrane is supported, represents, from an impedance
point of view, a dielectric slab contacting the substrate, across
which there is a slight ionic flux or equivalently a resistance with
a value that is high, though not infinitely high. Moreover, we
have shown in a previous paper that PAH/PSS films bear a
constant water content irrespective of their layer number and
water is mainly located at the film interface. Therefore, ion
conductance is expected to take place through defects in the
layers.33

Figure 4. Cryo-TEM images of (a) SiO2 (PAH/PSS)5.5 and (b) SiO2
(PAH/PSS)5.5 particles with 30:70 DOPC:DOPS on top.

Figure 5. Bode plots for impedance spectra of multilayer cushions on
gold electrodes: (a) five-layer cushion; (b) 11-layer cushion.
Experimental spectra were fitted to the impedance of the equivalent
circuit in Figure 6a.

Figure 6. Equivalent circuits used to analyze experimental impedance
data. For definitions of the impedance elements see text and legend for
Table 1.
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Best-fit results of impedance data in Figure 5 are given in
Table 1. Values for the exponent n are close to 1, i.e. a
capacitance behavior, becoming slightly smaller when the
number of layers in the hydrophilic spacer film is increased.

Figure 6 shows the equivalent circuits used to interpret
experimental impedance data for the different electrochemical
interfaces. Figure 6a is the electrical analogue of an electrode
coated with a PE cushion, and Figure 6b is used for
determining the interfacial behavior of electrodes modified
with PE layers and a lipid bilayer.
In the present study especially important parameters to

derive by using EIS are the capacitance Cm and resistance Rm of
the bilayer membrane. The expected values for the membrane
resistance of black lipid membranes that separate two aqueous
electrolytes are larger than 10 MΩ cm2 in the absence of
species that promote the formation of conducting paths for
ionic transport.27,34 The typical range for Rm values of
membranes on Au surfaces as measured by impedance
spectroscopy are 105−107 Ω cm2.35 For membranes supported
on PE cushions low resistances of 2000 Ω cm2 and capacitance
values on the order of 10 μF cm2 were reported.17

Figure 7a shows Bode plots of a lipid bilayer with a
composition of 30:70 DOPC:DOPS and supported on a PE

cushion in the form of 11 layers of PAH/PSS. Figure 7b
displays Bode plots for a bilayer with a composition of 20:50:30
DOPC:DOPS:Chol on top of 11 layers of PAH/PSS. Both
spectra can be satisfactorily interpreted in terms of the
equivalent circuit from Figure 6b. The responses in the high-
frequency region are dominated by the lipid membrane
parameters Rm and Cm, while the low-frequency portions of
each spectrum are related to the relaxation phenomena in the
PE films (Qf − Rf).

31 Best-fit results of impedance data in
Figure 7 are given in Table 2.
Membrane resistances in Table 2 indicate the formation of

coherent bilayers. A 30:70 DOPC:DOPS bilayer deposited on
top of a PAH/PSS polyelectrolyte multilayer cushion displays a
resistance of 1.89 × 107 Ω cm2. This is a value comparable with
the resistance of black lipid membranes and several orders of
magnitude higher than previously reported resistances for lipids
assembled on PEMs. The presence of cholesterol in the vesicles
leads in our case to lower resistance, 7.69 × 106 Ω cm2. The
lower resistance in the presence of cholesterol can be a
consequence of an incomplete bilayer as the QCM-D data
suggested.
The membrane capacitance values measured by EIS are

relatively high. Membrane capacity strongly depends on the
lipid composition and conformational state (tilt angle, etc.) of
the lipid chains through the resulting ratio of dielectric
constant/thickness.36 The assembly of the lipids on top of
the polyelectrolyte multilayers may induce significant changes
in the dielectric environment of the lipid layer in contact with
the polyelectrolyte as the positively charged groups of PAH can
compensate the opposite charges of DOPS and trigger
reorganization of the lipids. The negatively charged lipid,
DOPS, will tend to associate with the charged groups of PAH
more strongly than DOPC, and this will have an impact on the
distribution of DOPC and DOPS in the membrane. We can
also think that, because of the interaction with PAH, the DOPS
concentrated on the side of the membrane interacting with the
polyelectrolyte may be higher, generating an asymmetric lipid
composition. All these issues could have an impact on the
membrane capacitance and explain their elevated values.
The same qualitative results were obtained with lipid bilayers

supported on a five-layer PE cushion (results not shown). From
a quantitative point of view Rm still exhibits unusually large
values (0.5 × 107 Ω cm2) that are somewhat smaller than those
derived from the spectrum in Figure 7a.
We can assume that the resistance of the membrane is a

result of the presence of pores spanning the bilayer thickness
precisely, which are filled with the electrolyte solution. Making
this assumption, we can calculate the relative pore area fraction
by the following equation:

=R A r L A/ /m e o p (1)

where L is the length of the pore of the membrane (5 nm), Ap
is the pore area, Ae is the area of the electrode, and ro is the
resistivity of the electrolyte solution (16.67 Ω cm).17

Then

Table 1. Best-Fit Parameters Derived from Experimental
Impedance Spectra in Figure 5 and Theoretical Impedance
According to the Equivalent Circuit in Figure 6aa

PE cushion Re, Ω cm2 YO, F cm−2 sn−1 n Rf, Ω cm2

5 PAH/PSS layers 31.70 6.23 × 10−6 0.97 1.02 × 107

11 PAH/PSS layers 49.40 7.90 × 10−6 0.96 2.06 × 107

aThe impedance of the constant phase element is Qf = (jω)−n/YO with
= −j 1 and ω = 2πf is the ac signal frequency.

Figure 7. Bode plots for impedance spectra of lipid bilayers supported
on an 11-layer PE cushion with compositions (a) of 30:70
DOPC:DOPS and (b) of 20:50:30 DOPC:DOPS:Chol. Experimental
spectra were fitted to the impedance of the equivalent circuit in Figure
6b.

Table 2. Best-Fit Parameters Derived from Experimental Impedance Spectra in Figure 7 and a Theoretical Impedance
According to the Equivalent Circuit in Figure 6b

system Re, Ω cm2 YO, F cm−2 sn−1 n Rf, Ω cm2 Cm, F cm−2 Rm, Ω cm2

11L cushion/membrane (30:70 DOPC:DOPS) 32.02 2.27 × 10−5 0.91 4.91 × 105 1.06 × 10−5 1.89 × 107

11L cushion/membrane (20:50:30 DOPC:DOPS:Chol) 29.27 1.87 × 10−5 0.93 4.90 × 105 1.38 × 10−5 7.69 × 106
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= = Ω · × × Ω

≈ ×

−

−

A A r L R/ / 16.67 cm 5 10 cm/2 10

cm 4 10

p e o m
7 7

2 13

A pore area fraction of 4 × 10−13 of the total electrode area is
indicative of a very dense membrane, as one would expect from
the calculated resistance. It is the first time that a dense lipid
membrane, with resistance comparable with that of black
membranes, has been achieved on polyelectrolyte multilayers,
and to our knowledge none of the works on membranes
supported on polymer cushions show these high resistance
values for the supported membranes.
The reason why such resistance values have not been

achieved before could be attributed to the use of lipid mixtures
and assembly conditions that do not lead to a lipid bilayer on
polyelectrolyte multilayers but lead to the assembly of, at least
partially, vesicles that do not fully fuse. This ultimately affects
the homogeneity of the lipid bilayer on the electrode surface
and might induce pores or defects.
A logical step after achieving such dense membranes would

be to incorporate channels or transmembrane proteins to
increase selective passage of ions, which could have applications
in the development of electrochemical sensors. A dense lipid
membrane on top of a hydrophilic cushion as a spacer from the
electrode is of fundamental interest as it would allow the study
of the electrochemical properties of ion channels and
transmembrane proteins, avoiding the direct contact of the
molecules with the electrode and reducing the impact of the
electrode on the channels or the biomolecules.
Impedance spectra shown in Figure 8 were measured with

electrodes modified as described for Figure 7a with further

assembly of one (Figure 8a) and three (Figure 8b) PE layers on
top of the lipid layers. The experimental spectra can be

successfully fitted to the impedance of the equivalent circuit in
Figure 6b and resemble qualitatively those obtained with
supported lipid bilayers doped with ionophores. The two time
constants for the two RC networks (RfQf and RmCm) result in
an inflection point of the phase angle vs log f plot that can be
detected for a frequency range at which the transition between
these two regimes takes place.
Best-fit results of impedance data in Figure 8 are given in

Table 3. A lipid bilayer confined in a sandwich structure
between two PE films results in a decrease in Rm values and
increase in Cm values, as compared with the system of Figure
8a. Moreover, Rf is also smaller in the presence of a film with
three layers of PE on top of the bilayer, as compared with a
capping film of only one layer of PE. Additionally, the
capacitance (see YO values) of the PE film in the water
subphase also decreases in the presence of three capping layers
as compared with a one capping layer film. This is the reason
why at each frequency the maximum of the phase shift for the
relaxation processes due to the underlying PE film exhibits
lower values in the former case, although separation between
the two maxima remains constant. Again, impedance data in
Figure 8 resembles the response measured for a lipid bilayer
containing lipid-soluble ion transporters or, equivalently,
numerous ion channels. This suggests that the lipid−PE
interaction in the present sandwich-like configuration enhances
ion transport through the bilayer.
Charge imbalance across the bilayer,37 lateral tension for the

lipid mobility,38 and mechanical stress39 may cause the
presence of pores in protein-free phospholipid membranes.
The polyelectrolyte deposited on top of the lipid layers can
induce rearrangement of the lipids underneath. DOPS lipids
will tend to complex the charged amine groups of PAH,
inducing a redistribution of the lipids and probably generating
some free space in the lipid layers as the negative charged lipids
will accumulate in the areas where PAH is assembled. The
assembly of PSS can also alter the lipid distribution, repulsing
the charged lipids but interacting with the quaternary amines of
DOPC.40 For three polyelectrolyte layers there is large
interdigitation and it is likely that the third layer of PAH alters
again the lipid distribution pattern. Our results show that three
layers on top of the bilayer are more effective in increasing layer
conductance, which can be interpreted as a consequence of the
formation of a layer with more defects or pores. In conclusion,
the PE−lipid membrane interactions enable pore-mediated
transport of ionic species across a lipid membrane. Capacitance
is however only slightly affected by the assembly of the PEMs.
The values of capacitance increase approximately 3 times after
the polyelectrolyte assembly. The polyelectrolyte assembly on
top of the bilayer seems to favor the high capacitance values,
probably due to the electrostatic interaction between the lipids
and the polyelectrolytes or because there is more interdigitation
between lipids when both lipid monolayers are facing
polyelectrolyte. In any case, the high capacitance indicate that
although more defects are formed in the bilayer, increasing
conductivity, the bilayer is not losing connectivity and

Figure 8. Bode plots for impedance spectra of lipid bilayers supported
on an 11-layer PE cushion with a composition of (a) 30:70
DOPC:DOPS with an extra assembled one-layer and (b) three-layer
PE array on top. Experimental spectra were fitted to the impedance of
the equivalent circuit in Figure 6b.

Table 3. Best-Fit Parameters Derived from Experimental Impedance Spectra in Figure 8 and Theoretical Impedance According
to the Equivalent Circuit in Figure 6b

system Re, Ω cm2 YO, F cm−2 sn−1 n Rf, Ω cm2 Cm, F cm−2 Rm, Ω cm2

11L PE film/membrane (30:70 DOPC:DOPS)/1L PE film 18.36 2.52 × 10−5 0.9 1.87 × 106 3.17 × 10−5 1.62 × 106

11L PE film/membrane (30:70 DOPC:DOPS)/3L PE film 22.1 2.32 × 10−5 0.89 4.82 × 104 3.65 × 10−5 1.64 × 105
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continues acting as a capacitor. This would mean that the
polyelectrolyte deposition only induces small defects in the
bilayer in agreement with Pilbat et al.,41 who observe that
polyelectrolytes assembled on top of lipid layers deposited on
PEMs do not get in contact with the supporting PEM and they
do not cross the lipid layers.

■ CONCLUSIONS

EIS measurements show for the first time that a lipid bilayer
deposited on top of a polyelectrolyte multilayer cushion can
attain high resistance values, 1.89 × 107 Ω cm2. This high
resistance results from the formation of a dense lipid bilayer
with a limited number of defects or pores (∼10−11% of the total
area). Previous works on lipid bilayers deposited on top of
poyelectrolyte multilayes did not show such dense membranes,
and the resistance for the lipid bilayers was significantly lower.
The lipid composition of the vesicles used for lipid assembly
ensures the formation of a continuous bilayer on top of the
PAH/PSS multilayers. Previous works on lipid bilayers on
PEMs used other lipid compositions for the vesicles, which
might lead to incomplete fusion of the lipids into a bilayer or
even the assembly of nonfused vesicles. A continuous bilayer
exhibits fewer pores or defects than an assembly of nonfused
vesicles, explaining the high resistance values measured by EIS.
The capacitance of the lipid bilayer is however larger than for

other dense supported membranes. This is most likely a result
of the lipid composition and the interaction of the lipids with
the polyelectrolytes causing changes in the dielectric constant
on the lipid side in contact with the polyelectrolyte and a
redistribution of the charged lipids toward the lipid layer in
contact with the PE. The assembly of PE on top of the lipids
results in the formation of pores or defects in the lipid layer
with a subsequent decrease in the resistance of up to 2 orders of
magnitude. These results show the influence of the
polyelectrolytes on the lipid arrangement in the bilayers,
generating regions of different density of charged and
zwitterionic lipids.
Our results open new perspectives on the use of lipid bilayers

on supported polymer cushions. The high resistance obtained
here envisages the combination of lipid layers with channels or
transmembrane proteins for selective transport in devices or as
model for biological processes, taking advantage of the use of
polyelectrolyte multilayers as hydrophilic spacers.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.6b01191.

Details of electrochemical impedance and control
experiments (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: smoya@cicbimagune.es (S.E.M.).
*E-mail: gervasi@inifta.unlp.edu.ar (C.A.G.).
*E-mail: azzaroni@inifta.unlp.edu.ar (O.A.).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was financially supported by the FP7 PEOPLE-IAPP
Project VIROMA, Grant Agreement 612453, Agencia Nacional
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