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Abstract

Self assembled monolayers and bilayers are produced on a flat glass surface, bound by a thiolipid onto bare gold. 1,2-Dipalmitoyl-sn-Glycero-
3-Phosphothioethanol (DPPTE) is used as the molecule binding to the electrode surface. The lipid λ-α-Phosphatidyl-Choline-β-Oleoyl-g-
Palmitoyl (POPC) and the lipid mixture eggphosphatadiylcholine (EPC) are used as spacer lipids with the aim of achieving solid-supported
artificial lipid membranes. With the aim of creating and investigating more natural systems, ion carrier proteins such as valinomycin are introduced
into the DPPTE/EPC system. The direct influence on the membranes as well as the effects of different ionic solutions on the proteins is shown.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Biological membranes have to serve multiple functions. As a
plasma membrane, they separate different cells and permit free
flow of material between them. The cell nutrition and other
materials are transported trough the membrane by special chan-
nels and carrier molecules. Cell membranes can, due to their
preferred order direction, be categorised as smectic liquid crys-
tals [1–4]. The stability of membrane systems derives from
multiple effects. First, dissociation of protons from the lipid
headgroups results in a negatively charged membrane surface
which adsorbs conversely charged ions out of the aqueous
solution. Thus, an electrically charged double layer is formed on
each side of the membrane. This field can be modelled after the
Gouy–Chapman model of an electrically charged diffusive
bilayer [5]. Some of the positively charged ions like calcium can
adsorb on the membrane and increase its rigidity by forming
chelates with the lipids. Further structural integrity of the
membranes derives from the hydration of the membrane where
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water molecules up to a thickness of 7 Å form a dense hydro-
bond network around the membrane [6].

The interactions of a great variety of membrane molecules
make it difficult to measure complete real cell systems. To get an
overview of how complex systems work, each part of these
systems has to be investigated separately. Proteins, incorporated
into membranes, can act as transporters for polar and ionic mo-
lecules and atoms which would otherwise not be capable of
passing the membrane. Proteins have the advantage of being
amphiphilic and can thus anchor within a membrane and float
within it. They alter the thermodynamic properties of the mem-
brane due to electrostatic force interactions. Conversely, their own
enzymatic capability is dependent on the very lipid system of the
membrane [7]. Proteins can be divided into two groups. The first
group regulates the transport across the membrane via uncatalysed
diffusion control [8]. The second group actively transports ions
through a membrane. The activation is often very ion-specific.
Valinomycin is a peptide actively transporting ions through mem-
branes and has been reported to be highly potassium ion selective
[9,10]. The valinomycin activity and selectivity in a DPPTE/EPC
bilayer membrane system has been investigated in this research.

Stability of these bilayer systems is an issue in research [11,12],
incorporation of valinomycin has been shown to be an option to
observe the membrane integrity [13]. Valinomycin is a rather small
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peptide with the chemical formula of C54H90N6O18. This peptide
is a cyclodepsipeptid antibiotic produced from Streptomyces ful-
vissimus, a structural relative of the enniatines [14].

Binding lipid bilayer to a solid gold substrate via thiol groups,
by simultaneously retaining its biomimetic properties, has seen a
vast increase in interest over recent years [15–33].

Spacer lipids with different headgroups are added to fill the area
on the goldwhere no thiolipids have anchored aswell as to form the
surface distal second layer creating a membrane. It is theoretically
possible to construct biomimetic systems that are highly analyte
specific by utilising the specificity found naturally in cellular bio-
logy [34,35]. Practically, problems still prevail. First of all, a suf-
ficiently flexible and defect free lipid bilayer has to be formed on a
solid surface, such that ion channel activity can actually be mea-
sured. Secondly, to be biomimetic, the lipid membrane has to be in
a chemo-physical state in which incorporated biological molecules
such as peptides function as if in a real natural system. And finally,
watermust be incorporated on the inner surface of themembrane to
facilitate the incorporation of transmembrane proteins. The incor-
poration of isolated peptides into supported bilayer membranes has
been found to be impossible, only peptides integrated in vesicles
could easily be transferred into existing membrane systems. The
utilisation of solid supported bilayers on gold facilitates the benefit
of direct in-situ electrochemical measurements of the properties of
defined amounts of peptides in natural solutions.

2. Experimental section

2.1. Electrodes

Standard microscope glass slides were cleaned following a
procedure already published elsewhere [36]. Gold electrodes for
Fig. 1. The completelymounted electrochemical cell and the steps of producing a solid su
Addition of DPPTE forming a binding monolayer on the gold surface and of EPC vesic
the ionophores, dissolved in EPC vesicles (here represented by the chemical structure
electrochemical measurements were made by the thermal eva-
poration of 5 nm of chromium followed by 5 nm of gold
(purity>99.99%) onto these slides at a pressure of 2⁎10−4 Pa
to produce an electrode of 39 mm2. The electrode-covered slides
were annealed for 2min at 600 °C and finally cleaned in piranha, a
mixture of 1/3 hydrogen peroxide and 2/3 concentrated sulphuric
acid.

2.2. Electrochemical cell

The as-prepared slides were mounted in an electrochemical
cell depicted in Fig. 1. The slide was heated to 37 °C from below
with pumped warm water, temperature controlled by a thermo-
couple. Sealed with a rubber ring, a Teflon cylinder was mounted
atop the slide. The setup was screwed tight in a grounded brass
frame. Counter electrode (CE) and first reference electrode (RE1)
were connected to a 2-mm gold (> 99.99%) wire (Advent
Research Materials Ltd, Oxford, UK) immersed in the respective
cell solution. Working electrode (WE) and second reference
electrode (RE2) were connected to the part of the gold electrode
that showed out of the measurement cell on the bottom.

2.3. SAM preparation

2 mg DPPTE (Avanti Polar Lipids, Alabaster, U.S.) were
dissolved in 1 ml chloroform and 1 ml ethanol in a Petri dish. A
lipid monolayer was allowed to self assemble on the gold elec-
trode as the slide was immersed in that solution over 60 min and
the measurement cell was subsequently assembled atop the
slide. The cell was rinsed five times in 0.1 M KCl without
completely drying the gold electrode and impedance was mea-
sured. The system was then allowed to settle another 60 min
pported lipid bilayermembranewith the ionophore valinomycin. From left to right:
les settling onto this monolayer to form a solid-supported bilayer membrane. Then,
of the valinomycin molecule) are introduced into the electrochemical cell.



Fig. 2. Equivalent circuits for a dielectric layer on gold and with embedded
valinomycin (a) and representation of a real, non-perfect film showing the
coverage Θ.
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before the cell was rinsed once again and another impedance
measurement was made. Using this technique, not only the
chemically bonded molecules build a layer on the surface, but
additionally some unbonded lipid molecules floating around the
surface. To remove these floating lipids and to be sure to have
only bonded DPPTE molecules on the gold surface, the cell was
rinsed five times with ethanol and than again five times with
0.1 M KCl solution. This way, it can be observed how dense the
formed layer really is using a calculation described elsewhere
[37].

2.4. Lipid bilayer membrane

2.4.1. Kinetic experiments
Large unilamellar vesicles (LUVs) were formed from

DPPTE and POPC (Avanti Polar Lipids, U.S.). A 1:1 mixture
of DPPTE and POPC containing an overall of 16.4×10−7 mol
lipids was prepared in 1200 μl 0.1 M KCl and vortexed to
ensure full dispersion of the lipid in the KCl solution. The
resultant dispersion was extruded 15 times through a Avestin
Inc. (Mannheim, Germany) LiposoFast Basic extruder contain-
ing membranes with 50 nm diameter pores to form unilamellar
vesicles of approximate diameter<50 nm [38]. The changes in
layer density were observed in the capacitive element from
impedance experiments. Subsequent measurements (impedance
scan duration of 2 min for the 10 first experiments) were made
to reveal the adsorption kinetics of this system.

2.4.2. Biomimetic systems
In order to get to more natural system, LUVs were produced

from the lipid mixture EPC (Lipid products, U.K.). It is also well
known that temperature has a crucial influence on lipids phase
transitions [39]. and thus the gold surface temperature was
adjusted to natural living conditions (37 °C), well above the EPC
phase transition temperature of around 1 °C. 5mg EPC dissolved
in a chloroform/methanol 1:1 mixture were dried under a stream
of nitrogen and then hydrated in 0.1 M KCl solution and
vortexed. The resultant dispersion was extruded 15 times as
described above to form desired vesicles. These were injected
into the electrochemical cell containing a DPPTE SAM formed
on the gold electrode as described above. The changes in layer
density were observed in the capacitive element from impedance
experiments.

2.5. Peptide preparations

Since a direct introduction of up to 2.5 wt.% peptides
(Valinomycin, Sigma Aldrich, Milwaukee, U.S.) dissolved in
KCl solution into the cell containing a DPPTE/EPC bilayer did
not introduce significant changes in impedance results,
2.25×10−7 mol valinomycin were dissolved in 10−5 mol of
EPC and adequately vortexed. If the ion channel was already
dissolved in lipid, it should more easily settle into the
membrane. The ion channel should ideally introduce a second
time constant since it reacts differently in an electric field and
permits potassium cations to pass the membrane at a certain
voltage.
2.6. Electrochemical measurements

EIS was performed on an Autolab PGSTAT12 Electrochem-
ical Interface. Modelling was made by an equivalent circuit as
follows. A perfect interface, without peptides, was modelled
using a standard RS(R2C1) equivalent circuit, where RS was the
series resistance of the system, mainly resistance of the solution,
cables and attached peripheral instruments, R(2) was the
interfacial resistance and C(1) the capacitance of the interface.
Index numbering of each impedance arc is done by increasing
time constant τ=RC with |Y0| as the capacitance. The
distinctiveness in the obtained values made a more refined
criterion unnecessary. The systemwas verified on an appropriate
test circuit to reproduce data within 1%. The equivalent circuit,
RS(R2(R3C2)C1), for membranes containing ionophores was
more complex. Fig. 2a shows this circuit. The arrows indicate the
flip-flop mechanism of the protein that occurs when a
transportable ion has entered the molecule and is transported
through the membrane. This behaviour can be treated like an
ion-channel where molecules can diffuse freely through proteins
like for example gramicidin [40–43]. The interpretation of the
circuit components and especially the capacitors was more
difficult for these systems. RS again resembled the resistance of
the solution, cables and attached peripheral instruments. R2 was
the resistance of the film giving evidence of the ionic transport



Fig. 3. Development of specific membrane capacitance (squares) and coverage
(circles) over time for the addition of a DPPTE–POPC LUVs in 0.1 M KCl on
bare gold.
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properties because it directly showed at which rate the proteins
carried ions through the membrane; this value will decrease for a
good transport. R3 was merely an indication of the roughness of
the gold surface and will increase with decreased roughness. C1

can be regarded as the capacitance of the dielectric on gold,
while C2 represented the interface between the gold electrode
and the ion-channel. In this case, a Bode plot will reveal multiple
time constants as two separate slopes in the magnitude and two
different peaks in the phase shift plot. An unbiased sinusoidal
0.1 V ac potential was swept from 100 kHz–0.01 Hz and the
current response of the system was registered. Impedance fitting
of these results was done using the Autolab fitting software and
Boukamp's program “Equivcrt” [44]. This DPPTE/EPC/vali-
nomycin system and variations, including POPC, 1,2-Dimyr-
istoyl-sn-Glycero-3-Phosphocholine (DMPC) and outer
membrane protein F, were also subjected to intense UVradiation
to obtain information of the stability of these membranes
presented elsewhere [45].

3. Results and discussion

3.1. Electrochemical impedance measurements

Experiments were made to estimate the capacitance of pure
DPPTE. If this layer proved to be stable, the changes due to the
addition of valinomycin to this system could be studied. First of all,
the changes in film capacitance are of interest since they represent
the film integrity [46]. The layers that form in a pure aqueous
solution and on a gold electrode can be described with the Helm-
holtz model as a flat plate capacitor dielectric. If the gold surface is
screened with an insulating dielectric lipid layer, the capacitance
can be modelled as two capacitors in series. The capacitance itself
changes due to the lipid film forming on the surface.

3.2. Adsorption kinetics

In real systems, the coverage of the gold electrode is never
perfect, resulting in only partly covered electrodes. Following
Jenkins et al., the overall coverage, Θ, can be derived from the
two contributions to Cmeas, the total measured area specific
membrane capacitance: CDPPTE from the lipid–liquid interface
and CAU from the interface gold–liquid [37]. Fig. 2b shows this
coverage on an electrode. The actual capacitance measured is
the combined capacitance of the perfect layer parts and the gaps
in between these layers where the pure gold is in contact with
the electrolyte.

3.2.1. DPPTE/POPC vesicles
The adsorption kinetics of DPPTE/POPC vesicles on bare

gold, as investigated electrochemically in-situ by change in
capacitance between sequential impedance scans, was in good
comparison with those previously reported [36,47]. After an
initial fast decrease in capacitance, attributed to the adsorption
and spontaneous rupture of lipid vesicles on the surface, the
decrease progresses more slowly for times longer than 5 min as
seen in Fig. 3. This can be attributed to bilayer spreading and
lipid self-organisation on the surface [48]. Consequently, the
gold surface coverage increases fast in the beginning and levels
out. Such a multi-step adsorption process is in agreement with
reported surface Plasmon resonance investigations [42].

3.2.2. DPPTE–SAM
While a bare gold electrode in 0.1 M KCl solution was

measured to have a specific capacitance of 25.54 μF/cm2, the
specific capacitance of an as-produced DPPTE–SAM was
found to be 1.27 μF/cm2 which decreased to 1.07 μF/cm2 while
rinsing in potassium salt solution. This was attributed to
improved surface kinetics allowing slightly more molecules
bind to the gold surface forming a denser layer after rinsing in
KCl. The surface kinetics of all these experiments showed a
sharp drop in specific capacitance during the first ten minutes
and a gradual decrease over the following 24 h, usually to a
certain limiting value of about 1 μF/cm2. In order to remove
free-floating lipid molecules, the cell was rinsed with ethanol
before switching the solution back to KCl giving an increase in
specific capacitance to 3.08 μF/cm2, a value derived from the
less covered gold–liquid interface as only bonded molecules are
left on the surface.

3.2.3. EPC vesicles on DPPTE monolayer
Since the technique of external SAM formation produced a

reasonably stable and dense layer of pure DPPTE, and in order to
come back to more natural systems, a 0.1 M KCl solution
containing extruded vesicles of EPCwere introduced directly into
the cell. The changes in specific capacitance can be seen in Fig. 4.
After a rapid decrease ofC1 to 0.79 μF/cm

2 during the first 6 min,
the EPC was allowed to settle on the surface for another 174 min
until the specific surface capacitance had stabilised at a value of
0.69 μF/cm2. Monitoring the variations in specific capacitance
during the addition of EPC vesicles to a SAMallowed the kinetics
of lipid film formation to be followed in-situ. The angular fre-
quency reduced admittance (Y′/ω; −jY ʺ/ω) plot in the complex
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Fig. 4. Adsorption of EPC vesicles on a DPPTE monolayer bound to a gold
surface. Time in minutes after the addition of the EPC into the cell.

Fig. 5. a) Bode plot before (circles) and 71 min after (down triangles) the
addition of valinomycin to the membrane system DPPTE/EPC. b) The same
graphs represented in a complex plane plot.

Fig. 6. Changes in impedance introduced by different ionic solutions. Since
valinomycin conduction is very ion specific, two time constants can only clearly
be distinguished when the peptide is active which is the case for solutions
containing potassium ions; here: 0.1 M KCl.
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plane was a good way to reveal the specific capacitance of
systems with a dielectric interface directly in the intercept point of
the graph with the imaginary axis.

3.3. Ion selectivity

2.25×10−7 mol of valinomycin were dissolved in 10−5 mol
EPC and vortexed. This was done to dissolve the ionophores in
lipid in order to make it easier for the peptide to get incorporated
into the membrane. The ion carrier introduced a second time
constant since it reacted differently in an electric field and
permitted potassium cations to pass the membrane at a certain
voltage. Consequently, fitting procedures were changed to the
equivalent circuit drawn in Fig. 2a. It became obvious that an
admittance complex plane plot did no longer easily reflect the
reality of the system. Plotting the results in a Bode plot (|Z| and
negative phase shift angle theta vs. log(frequency)), the second
time constant becomes more obvious.

The interpretation became likewise difficult for these sys-
tems. The main aspect was no longer specific capacitance of
the film to give an indication of electrode coverage, but the
resistance of the film, R2. Due to the capability of ionic charge
conductance through the peptides, R2 shows how well ions are
being transported through the membrane, a low R2 value thus
reflect high ionic conductance through the ionophore The
second time constant is clearly visible in Fig. 5 showing the
impedance before the addition of valinomycin and after
valinomycin-containing EPC vesicles were allowed to settle
in the membrane for 71 min. Thus, it could be shown that
valinomycin transports K+-ions through a constructed biomi-
metic solid supported DPPTE/EPC membrane and is active in
named system.

Besides making the lipid more natural, the introduction of
ionophores into the lipid bilayer facilitates the in-situ detection
of passage of specific ions. The type of ionophore used in this
research, valinomycin, is an active ion carrier. Since valinomy-
cin proved to be difficult to be incorporated into the membrane
by only adding the dried peptide dissolved in salt solution, the
valinomycin was dispersed, vortexed and extruded with the
EPC to form vesicles that were incorporated into the existing
lipid bilayer upon interaction with the surface. The initial
valinomycin concentration was 1.17 mol% of the total lipid
(DPPTE/EPC) present. It should be mentioned that, since no
experiments were made to investigate the incorporation rate of
the ionophores in the membrane, the final concentration of
peptides present in the lipid membrane remained unknown.
Conduction of ions through the resulting biomimetic DPPTE/
EPC membrane containing valinomycin was dominated by two
effects; (i) bilayer defects and (ii) peptide activity. Since only
(ii) showed ion selectivity, the presence of active ion carriers
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could be seen by changes in the resistance of the film. The KCl
solution was carefully rinsed five times with 0.1 M NaCl and
with 0.1 M CaCl2. As expected, valinomycin only permitted
potassium cations through the membrane and the ionophore
resistance R2 dropped from 163 kΩ for a DPPTE/EPC
membrane without ionophores fast to 8.7 kΩ (after 3 min) to
a stable minimum value of 6.5 kΩ (after 71 min). Valinomycin
is an ionophore that transports ions across lipid membranes with
particular affinity for potassium. The arrangement of three
repeating units of <L-valine, D-hydroxy-isovaleric acid, D-
valine and L-lactic acid> forms an octahedral cavity with the
optimum size for coordinating a potassium ion [49–51]. Since
the resistance increased for sodium ions (30 kΩ) and even
further for calcium ions (47.9 kΩ), it was shown that the ion
transport was shut down by different salt solutions. Accord-
ingly, the experiments proved the expectation that the second
time constant should vanish or decrease significantly and the
resistance of the surface should increase again as no charges
were actively transported by the ionophore.

The experiments showed that, for NaCl, the ion transporting
properties varied accordingly (Fig. 6). The second time constant
was significantly reduced but still slightly noticeable. These
effects intensified for CaCl2 solutions due to the ion channels
completely blocking the even larger calcium cations. A control
experiment made on a similar DPPTE/EPC system without
ionophores showed no selectivity towards any of the used salt
solutions.

4. Conclusions

This paper demonstrates different ways of producing
supported lipid bilayer membrane systems. The kinetics of
formation of lipid bilayers on gold is measured by electro-
chemical impedance spectroscopy. Noticeably, it is illustrated
that formed membranes retain their biomimetic nature. By
addition of ionophores, the present system can be used to model
ion transport properties of selected membranes. It is shown that
potassium ion selective transport through the membrane was
activated due to the incorporation of the peptide valinomycin
into the membrane. This system blocked other ions and can
therefore be considered to be a good model to test the ion
transport capabilities of ionophores. A further application can
be seen in biosensors created from arrays of the present system
and with alternating lipid content, when potassium concentra-
tion is of crucial influence, such as in biological fluids. Since
sensor tips should be replaced when the biological system of
interest changes, it can initially be accepted that the present
system is for one-time use only. Further materials engineering
has to be carried out in order to make these sensors long-term
stable and reliable. Mixtures of ionophores including gramicidin
or alamethicin among others might prove to provide a biological
equilibrium in which non-potassium ions will be conducted
through the membrane without blocking valinomycin which
remains potassium specific. Further experiments aim at the
validation of seen effects using different lipid mixtures,
ionophore concentrations as well as revelations of temperature
dependency.
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