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A
fter the invention of the patch
clamp, different methodologies for
the fabrication of in vitro membrane

systems have been proposed for the appli-

cation of drug screening as well as for the

investigation of membrane peptides and

proteins. Black lipid membranes (BLMs),1,2

where an artificial lipid membrane is

spanned over a micropore by painting lipid

molecules dissolved in organic solvents,

have become a model system for monitor-

ing single channel events of pore-forming

peptides3,4 and ion channels.5 Nevertheless,

the system remains low throughput be-

cause of its delicate preparation procedure

and short lifetime. Additionally, the organic

solvent residuals remaining in the lipid

membrane disrupt some channels, limiting

the applications. Supported lipid mem-

branes (SLMs),6�11 where a lipid bilayer is di-

rectly created on a flat electrode by fusing

liposomes, are an alternative because the li-

posome fusion is a self-assembling and re-

producible fabrication method, while the

solid support prolongs the membrane life-

time, all of which potentially make the sys-

tem high throughput. However, the system

suffers from low sensitivity mainly because

the small distance between the electrode

and the lipid bilayer causes ion accumula-

tion that stops the current across the chan-

nels. The obvious and challenging solution

for the dilemma between BLM and SLM is

the fabrication of a lipid bilayer in the free-

standing configuration by liposome fusion.

Recently, Schmitt et al. have chemically

modified the surface of porous alumina to

promote the fusion of large unilamellar

vesicles (LUVs) directly on the nanopore ar-

ray obtaining a free-standing lipid bilayer.12

Nanopores are also known to enhance the

robustness and the lifetime of the lipid bi-
layer as reported in several other works.13,14

However, the anodized alumina produces
too many pores (�100 000), resulting in a
serious current leakage from uncovered
pores, preventing the monitoring of single
channel events. Standard semiconductor li-
thography allows for a straightforward con-
trol over the pore density and the aspect ra-
tio of nanopore arrays,13,14 yet there is no
established procedure to fuse vesicles on
such pore arrays, except for a non-self-
assembling approach.15 In addition, the fab-
rication of nanopores smaller than 100 nm
demands electron beam lithography, which
leads back to the low fabrication through-
put and high cost.

On the other hand, polymers have been
widely exploited in both BLMs16 and
SLMs17�20 to stabilize bilayers or as a cush-
ion between bilayers and surfaces. Several
groups have demonstrated a polymer-
sandwiched lipid bilayer and detected
single ion channel transports, showing that
the polymer enhances the lifetime of the
lipid bilayer while remaining transparent for
ions.16,21,22 Nevertheless, those fabrication
methods (painting or folding) are non-self-
assembling, therefore hindering high-
throughput applications. Polyelectrolyte
multilayers (PEMs),23�26 besides other films
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ABSTRACT A lipid bilayer with gigaohm resistance was fabricated over a single 800 nm pore in a Si3N4 chip

using 50 nm liposomes. The nanopore was prefilled with a polyelectrolyte multilayer (PEM) that triggered the

spontaneous fusion of the lipid vesicles. Pore-forming peptide melittin was incorporated in the bilayer, and single

channel activities were monitored for a period of 2.5 weeks. The long lifetime of the system enabled the

observation of the time-dependent stabilization effect of the melittin open state upon bias application.

KEYWORDS: planar lipid bilayers · polyelectrolyte multilayers · melittin · single
channel monitoring · impedance spectroscopy
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such as noncharged polymers27 and lipidic films,28 have
been found to trigger the fusion of oppositely charged
lipid vesicles into a planar lipid bilayer,20,29�32 providing
an interesting alternative to create self-assembling
polymer-supported bilayers; however, the electrical
property of the lipid bilayer has been reported as
leaky.30

In this work, we report a unique fabrication strat-
egy of a giga-sealing lipid bilayer over a single 800 nm
pore in a Si/Si3N4 chip by prefilling the pore with a PEM
to enable the spontaneous fusion of 50 nm liposomes
over the pore (Figure 1). The prefilled PEM functions, on
one hand, as a “surface”, promoting liposome fusion as
well as enhancing the lifetime of the obtained bilayer,
while it remains transparent for ions, maintaining a
pore-spanning configuration. Our approach needs only
a single submicrometer pore fabricated by standard
photolithography and 50 nm small unilamellar vesicles
(SUVs) obtained by the common extrusion procedure,
freeing us from pursuing the labor-intensive fabrication
of “smaller pores and larger vesicles” required for the di-
rect fusion on nanopores. To test the feasibility of the
obtained gigaseal for monitoring the peptide channel
activities and the lifetime of the functioning lipid bi-
layer, melittin, which is known as a voltage-gated chan-
nel, was incorporated directly from the solution and
single channel events were monitored.

RESULTS AND DISCUSSION
The sample fabrication process is illustrated in the

schematic in Figure 1. The pore with 800 nm diameter
in a 300 nm Si/Si3N4 membrane is designed to be small
enough to avoid the leakage current but large enough
to maintain the low aspect ratio (0.375). The PEM is
sprayed33,34 from one side of the chip while the lipid bi-
layer is formed from the other side (back-spraying
method). When the PEM film and the lipid bilayer were
deposited on the same side, the PEM cushion between
the Si3N4 membrane and the lipid bilayer induced a
leakage current, preventing the establishment of a
gigaseal.

First, after spraying one polyethyleneimine (PEI)
layer as an anchoring layer, a (PSS/PAH)24 film, which is
a well-known polymer couple frequently used to fabri-
cate a smooth film,35,36 was sprayed onto the trans side
of the chip, and a PEI layer was subsequently sprayed
from the cis side. Both the last PAH layer on the trans
side and the PEI layer on the cis side are meant to give
the PEM a net-positive charge, which is important for
the following vesicle fusion. As positively charged poly-
electrolyte, such as PAH and PLL, has been known to
trigger the vesicle fusion,37 we found that the PEI top
layer functions in a similar way. To characterize the PEM
deposition, topographical images of the chip after PEM
deposition were taken by atomic force microscopy
(AFM) from the cis side (Figure 2a,c) and the trans side
(Figure 2b,d). For imaging, chips with pore arrays were
used in order to localize the pores easier. A pattern of
bumps with a few hundred nanometers height were
observed on the cis side: by comparison with AFM im-
ages of the bare chip before PEM deposition, we can in-
fer that the bumps are due to the PEM film. Although
the filling of the pore is not uniform in each pore, we
can conclude that all of the pores are closed by PEM
since even the deepest point in the PEM-filled pores is
less than 80 nm, while AFM scanning is impractical over
800 nm pores without the PEM film because of the
lack of the force feedback over the empty pores. The
AFM image of the trans side (Figure 2b) shows a pat-
tern of hollows with less than a hundred nanometers
in correspondence to the pore pattern. From these in-

Figure 1. Schematic of the device. The chip consists of a
300 nm Si/Si3N4 membrane and a single 800 nm pore pro-
duced by standard photolithography (see ref 13 for a de-
tailed description). A polyelectrolyte multilayer (PEM) is
sprayed from the trans side to close the pore. Small unila-
mellar vesicles (SUVs) are simply added from the cis side to
spontaneously form a lipid bilayer.

Figure 2. Characterization of the PEM film and the lipid bi-
layer. (a,b) Topographical AFM images after the deposition
of PEM and (c,d) corresponding cross sections along the
highlighted line, taken from the cis and trans side, respec-
tively. The thickness of the PEM film in the nonpore area on
the trans side was determined as 100 nm by the scratching
method at the edge of the chip. (e,f) Fluorescent recovery
after photobleaching (FRAP) measurements by confocal la-
ser scanning microscope (CLSM) taken from the trans side (e)
just after the bleaching and (f) after 30 min. The full recov-
ery confirms the lipid bilayer formation. Note that the focus
was adjusted on the cis side. The small dots correspond to
the pore array.

A
RT

IC
LE

VOL. 4 ▪ NO. 9 ▪ SUGIHARA ET AL. www.acsnano.org5048



vestigations, the shape of the PEM film can be sche-
matically modeled as Figure 1. Such a complete nano-
pore clogging by PEM films has been reported
extensively.38�41 The growth mechanism of the same
PEM film as we used (PSS/PAH) in nanopores with diam-
eters of 200�500 nm has been studied in detail by
Roy and co-workers with transmission electron micro-
scope and gas-flow porometry,42 where they have ob-
served two different PEM growth kinetics, which they
linked to the diffusion of the polyelectrolytes in the
pores.

In order to form a lipid bilayer over the PEM-filled
pores, a solution containing negatively charged SUVs
(DOPS, � � 50 nm, 3 mg/mL) was simply added from
the cis side and incubated for 20�30 min at 55 °C fol-
lowed by a rinse, where both the electrical attraction
and the high temperature were exploited to promote
vesicle rupture.37 Although the bilayer formation was
also observed at lower temperatures occasionally, the
elevated temperature increases the success rate. The
formation of the lipid bilayer and its mobility were
proven by fluorescent recovery after photobleaching
(FRAP) using a confocal laser scanning microscope
(CLSM) imaging from the trans side (Figure 2e,f). The
bleached circular zone was fully recovered within 30
min, proving the fluidity of lipid molecules throughout
the pores. When we added the vesicle solution without
the PEM deposition, the fluorescent intensity in the
pores was much lower than over the nonpore area, in-
dicating the lack of lipid molecules over the empty
pores. From the time evolution of the fluorescent inten-
sity in the bleached zone, we derived a diffusion coeffi-
cient D of (0.08 � 0.04) � 10�8 cm2 s�1 (according to
the equation provided in ref 43), which is comparable
to the value for the lipid bilayer on a PEM film reported
previously (0.021�0.072 � 10�8 cm2 s�1), where the 1
or 2 orders of magnitude smaller value of D compared
to that on a glass slide has been linked either to the
strong coupling between the lipid molecules and the
oppositely charged PEM or to the result of insufficient
connectivity of the lipid bilayer.20,30,37

The electrical resistance of the lipid bilayer was esti-
mated by electrochemical impedance spectroscopy
(EIS) using a chip with a single pore (CSP) and two Ag/
AgCl electrodes (Figure 3). At low frequency (red dotted
circles in Figure 3), where the impedance Z is mainly
dominated by the resistance R, the impedance Z of CSP
and CSP � PEM are Z � R � 1.5 and 19 M�, respec-
tively, while it increases up to 1 G� after the deposi-
tion of the lipid bilayer, indicating the formation of a gi-
gaseal (see Supporting Information for a detailed
discussion). The drastic increase of the resistance after
the vesicle fusion was observed at every attempt: a gi-
gaseal was established with a 30% success rate, while a
resistance between 500 and 800 M� was measured
the rest of the time. Although gigaseal was obtained, re-
sistivity calculated from the pore area is 5 �cm2, which

is 6 orders of magnitude lower than that in BLM.1 In

general, PEM-supported lipid bilayers are known to

have a poor electrical resistivity,30 as a result of defects

in the bilayer. In addition, in our system, the imperfect

sealing between the chip and the lipid bilayer at the

edge of the pore as well as the electrostatic interaction

between the positively charged PEM and the negatively

charged lipids might have also influenced the trans-

port properties, leading to the low resistivity. Neverthe-

less, the change in the resistance by 2 orders of magni-

tude between before and after the lipid bilayer

deposition tells us that the total defect area is 1% of

the pore area, hypothesizing that the obtained lipid bi-

layer is made of a perfect insulator membrane with de-

fects. Our data show that the gigaseal is achievable

with such a PEM lipid bilayer composite by exploiting

the 800 nm pore. Here, we note that we used a thin PEM

film, and both fabrication and the experiment were

conducted with buffer solution with monovalent ions

at high concentration in order to make the PEM as ion

permeable as possible since PEMs are known to act as

ion-selective membranes especially for divalent ions

and at low salt concentration.44 As we expected, the

data prove that the resistance of the PEM is low enough

not to disturb the monitoring of the peptide channel

activities because both the resistance of CSP (1.5 M�)

and CSP � PEM (19 M�) are orders of magnitudes lower

than that with lipid bilayer (1 G�).

Next, to test that the obtained sealing is sufficient

to observe peptide channel activities, we performed ex-

periments with a pore-forming peptide: melittin. Melit-

tin is the main active component of bee venom that has

attracted interest because of its antimicrobial activity

(e.g., against Borrelia burgdorferi bacteria, which causes

lyme disease,45 yeast Candida albicans,46 Mycoplasma

hominis, and Chlamydia trahomatis47) and also has been

exploited as a model peptide for studying the

lipid�peptide interactions.48 It is a bar-type peptide,

which adsorbs on lipid bilayers with various orienta-

Figure 3. Electrical resistance of the lipid bilayer. Electro-
chemical impedance spectroscopy (EIS) measurement of a
chip with a single pore (CSP, �), of CSP covered with PEM
(CSP � PEM, Œ), and of CSP � PEM with a lipid bilayer (CSP
� PEM � lipid bilayer, 9). The drastic increase of the imped-
ance at low frequency at f � 10�2 Hz up to 1 G� after the
deposition of a lipid bilayer indicates the formation of the
gigaseal.
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tions such as surface, transmembrane, and pseudot-
ransmembrane orientations, while it forms a channel
as an oligomer upon applying a certain potential (to
avoid the confusion between “pores” in Si3N4 mem-
brane and in the bilayer, we will use the word “chan-
nel” for peptide pores). We chose this peptide because
identification of the channel activity is straightforward
thanks to its voltage-gated properties as extensively re-
ported in literature.4,49 Melittin incorporation was char-
acterized by monitoring the change in the current I
across the lipid bilayer before and after the addition of
melittin in the cis side. Figure 4a shows the change in
the current I as a function of time at a constant volt-
age V � 60 mV, whereby a positive voltage corresponds
to the situation where higher voltage is applied to the
cis side relative to the trans side. We note that a higher
salt concentration of 0.5 M NaCl was used in this and
the rest of the experiments in order to increase the so-
lution conductivity for the efficient observation of the
channel activity.4,49�52 Although the change of the salt
concentration has been known to affect the structure of
the PEM film,53�55 the lipid bilayer remained intact as
confirmed by the remaining high electrical resistance.
A current increase was observed after the addition of
melittin (see the arrow in Figure 4a) until it saturated at
I � 200 pA in 200 min, confirming that the lipid bilayer
became porous due to the presence of melittin. The
current increase is continuous, while stepwise current
increase has been reported in ring-type peptide chan-
nels such as gramicidin.3 The mechanism of the chan-
nel formation in melittin is different from those ring
types due to its bar shape: It is known to be more like
formation of a defect, where the high-energy edge of
the lipid bilayer is subsequently covered by several
monomers.48 The insertion mechanism, the fluctuation
of channels as an ensemble, contribution of channels
outside of the pore as well as lack in the time resolu-
tion may explain the nonstep increase (see also the
comment56). As a further step to verify the melittin func-
tionality, we investigated its voltage-gated characteris-
tics. It is known that when melittin is added only from

one side of the bilayer, it forms channels with higher
probability if a higher voltage is applied on the melittin-
added side because of the unbalanced molecular
charge distribution of melittin.4,49 Figure 4b shows I�V
curves before and after the addition of melittin from the
cis side. With melittin, a major nonlinear current in-
crease occurs only in the positive bias larger than 80
mV, indicating channel opening, while it is not observed
without melittin. Both polarity of the voltage associ-
ated with the melittin-added side and the threshold
voltage are in a good agreement with previous
works.4,49 Additionally, a current hysteresis that has
also been reported and interpreted as melittin chan-
nels maintaining their open state for a while after re-
versing the potential sweep4,57 is seen. The results con-
firm that the widely known voltage-gated characteristic
of melittin is well reproduced in our system. Here we
note that a few orders of magnitude higher concentra-
tion of melittin was required to observe the asymmetri-
cal I�V curve compared to other works4,49,57 because
our total pore area is several orders of magnitude
smaller than that of the referred works. Even at the
high concentration, melittin did not break the lipid bi-
layer as reported since negatively charged lipids
strongly suppress the lysis induced by melittin even at
a high concentration of 100 	g/mL,58,59 while in systems
with electrically neutral lipids, addition of melittin
breaks the BLM4 or induces pores without applying
any voltages even at a few 	g/mL.58,59 The concentra-
tion of melittin is so high that tetramers may have been
formed in the solution,60 which contribute to the pore
formation to a lesser extent than monomers.

Finally, single channel activities were recorded upon
optimization of melittin concentration (Cmelittin � 33 	g/
mL) and of the applied bias voltage (V � 100 mV). Fig-
ure 5 shows the time evolution of the current at differ-

Figure 4. Melittin incorporation. (a) Time evolution of the
current at V � 60 mV upon melittin addition to the cis side
(Cmelittin � 166 �g/mL, CNaCl � 0.5 M). The red arrow indicates
the moment when the melittin solution was injected into
the device. (b) Voltage-gated characteristics of melittin. I�V
curves were measured with (�) and without (▫) melittin. The
two typical responses of incorporated melittin, i.e., the asym-
metrical I�V curve and the current hysteresis were both ob-
served after the addition.

Figure 5. Monitoring of single channel events. Single chan-
nel activities were recorded at V � 100 mV. The current
changes with respect to the baseline �I were monitored con-
tinuously over 100 min after the bias application. �t1 corre-
sponds to 15 min 
 t 
 18 min 20 s (a), �t2 to 48 min 48 s 

t 
 52 min 8 s (b), �t3 to 71 min 48 s 
 t 
 75 min 8 s (c),
and �t4 to 86 min 42 s 
 t 
 90 min 2 s (d). (e) Plot of the
channel-opening rate � during t= 
 t 
 (t= � 200) versus t=.
The four arrows indicate the a�d situations.
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ent time points since the bias was applied. The current
jumps between two discrete states separated by 40 pA
(determined by the histogram over the whole experi-
ment), as shown in Figure 5a�d, are interpreted as
single channel activity with a channel conductance of
gs � 400 pS, as very similar current fluctuations for
single melittin channel events have been extensively
reported.4,49�52 The fact that the similar single channel
activities to conventional BLM system was observed im-
plies that the difference in the condition of our system
from BLMs (e.g., the presence of the PEM film or the
electrostatic interaction between the PEM and the lip-
ids) did not affect the melittin activities significantly.
Such events could be monitored continuously for a
couple of hours repeatedly over 2.5 weeks (data after
1 and 2 weeks are provided in Supporting Information)
until a sudden decrease of the membrane resistance,
which indicates the breakdown of the membrane. This
is one of the longest functioning lipid bilayer lifetimes,21

which is attributed to the robustness conferred by the
PEM film. In the previous reports, a variety of channel
conductance have been observed4,49�52 (e.g., 500 pS at
Cmelittin � 2 	g/mL with a POPC system in 5 M NaCl,51

7�10 pS at Cmelittin � 3 ng/mL with an asolectin lipid bi-
layer in 1 M NaCl50), and also channel size has been
studied by nonelectrical methods,61�63 which are
known to strongly depend on the melittin concentra-
tion, Cmelittin.62 In our work, a few orders of magnitude
higher Cmelittin than those works was used as described
previously. Thus, although the conductance is high, the
result is compatible to the other works.

In Figure 5a�d, four different channel-opening be-
haviors were recorded. The open state (�I � 40 pA)
was more frequently observed as time elapses. To quan-
titatively analyze this chronological channel behavior,
we defined a channel-opening rate � over 200 s: � �

(total channel-opening time �topen)/200 s. The channel-
opening rate � was calculated at given time t= with
the time interval of next 200 s (t= 
 t 
 t= � 200 s) and

plotted against t= in Figure 5e. Although not monoto-
nous, an increasing tendency of the channel-opening
rate was observed as time elapses, which implies the
stabilization of the open state of the channel by apply-
ing the voltage. Pawlak et al. mentioned a similar effect
in ref 4. A recent paper has revealed that the adsorp-
tion of melittin induces a mechanical stress, making the
lipid bilayer thinner, which they have related to the
channel formation.64 We assume the long-time me-
chanical stress imposed by the cross-membrane volt-
age due to electrical attraction of the opposite charge
accumulated on the surface of the lipid bilayer may ex-
plain the observed time-dependent stabilization of the
channels in a similar way.

CONCLUSIONS
We developed a giga-sealing lipid bilayer by sponta-

neous vesicle fusion on a PEM-filled nanopore. The nov-
elty of our concept was to prefill the pore with PEM re-
sulting in a double advantage:

(i) It enabled us to form a lipid bilayer from SUVs
(self-assembling and organic solvent free method),
where we underline the versatility of our method to
be able to use small vesicles obtained by common ex-
trusion together with a submicrometer pore fabricated
by standard photolithography, both of which are high-
throughput fabrication methods.

(ii) The PEM confers a strong mechanical robust-
ness to the system. The lifetime of the functioning lipid
bilayer was shown with the single peptide channel
events monitored over 2.5 weeks. The long lifetime of
the system allowed us to observe the increase in the
channel-opening rate depending on the duration of the
bias application, indicating a channel stabilization
mechanism.

As an application, ion channels that do not go into
lipid membranes spontaneously can be incorporated
to the system by proteoliposome fusion or using cell
fragments for ion-channel sensors.

MATERIALS AND METHODS
Si/Si3N4 Chips: The chips were fabricated by Leister (CH) accord-

ing to the procedure described in ref 65. The Si3N4 membrane is
300 nm thick either with a single pore or with a pore array. In
both cases, pores have the diameter of 800 nm (separated by a
distance of 2 	m for the pore array).13,49 The chips were prelimi-
narily cleaned for 15 min by an oxygen plasma cleaner (PDC-32G,
Harrick, USA) just before the experiments.

Buffer Solution (HEPES-2): The buffer solution was prepared with
10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) purchased from Fluka (Buchs, Switzerland) and either
at 0.15 or 0.5 M sodium chloride (Fluka, Buchs, Switzerland) in ul-
trapure water filtered through Milli-Q Gradient A10 filters (Milli-
pore AG, Switzerland). The pH was adjusted to 7.4 using 6 M
NaOH (Fluka, Buchs, Switzerland).

Polyelectrolytes and Polyelectrolyte Multilayers (PEM): Polyethylene-
imine (PEI, MW � 25 000 g/mol, branched, 408727), poly(ally-
lamine hydrochloride) (PAH, MW � 70 000 g/mol, 283223), and
poly(sodium 4-styrenesulfonate) (PSS, MW � 70 000 g/mol,

243051) were purchased from Sigma-Aldrich Chemie GmbH
(Buchs, Switzerland). PEI, PAH, and PSS were dissolved at a con-
centration of 1 mg/mL in HEPES-2 buffer solution (150 mM NaCl).
All of the solutions were sterile filtrated through 0.22 	m filters.
PEM films were deposited with a custom-made automated
spraying system. Four parallel Paasche VLS airbrushes (Paasche
Airbrush Co., USA) connected to a compressor with pressure con-
trol allowed for the spraying of each polyelectrolyte or buffer so-
lutions at a constant pressure (1 bar), with one airbrush for each
different solution. A Lego Mindstorms NXT programmable robot-
ics kit (Lego Group, Denmark) was used to fabricate a spraying
device with programmable spraying time, pause time, and se-
quence order. The cleaned substrates were placed on a sample
holder allowing for drainage of the solutions, fixed at a distance
of 19 � 2 cm from the airbrush aperture and tilted at 45°. Each
solution was sprayed according to the following sequence: 5 s
polyelectrolyte spraying, 15 s pause, 5 s buffer spraying, 5 s
pause, so that the deposition of each bilayer required 1 min.
For PSS/PAH films, the first layer of PAH was replaced by a PEI an-
choring layer.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 9 ▪ 5047–5054 ▪ 2010 5051



Lipids and Vesicle Preparation: 1,2-Dioleoyl-sn-glycero-3-
phospho-L-serine (sodium salt) (DOPS, 840035) and 1-oleoyl-2-
[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]lauroyl]-sn-
glycero-3-phosphocholine (NBD-PC, 810133) were purchased
from Avanti Polar Lipids and stored in chloroform. Lipids (either
pure DOPS or DOPS � 3% NBD-PC) were poured into a glass flask
and completely dried with a nitrogen stream. Two 1 mL glass sy-
ringes were connected to a Teflon/steel extruder equipped with
two 50 nm pore filters. Empty syringe 1 was mounted to the ex-
truder, while HEPES-2 (1 mL, 150 mM NaCl) was added to the
flask with the lipids (6 mg/mL), vortexed, and sucked into sy-
ringe 2. The solution was extruded 31 times. The vesicles were
stored at 4 °C and used within a week.

Lipid Bilayer Formation: After the PEM deposition on the trans
side, the chips were dried with a nitrogen gun and mounted in
a vertical electrochemical cell similar to that described in ref 49.
The buffer solution was preliminarily warmed up at 55 °C and
poured in the electrochemical cell to hydrate the PEM. Dehydra-
tion and rehydration of PEM does not induce a serious change
in the conformation of PEM as confirmed with AFM. Vesicle solu-
tion was also prewarmed up at 55 °C and simply added on the
cis side of the chip for 20�30 min followed by a rinse.

Melittin: Melittin (C131H229N39O31) was purchased from Bio-
Chemika (Fluka, Buchs, Switzerland). It is a cationic polypeptide
composed of 26 amino acids (Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-
Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-
Arg-Gln-Gln-NH2) with a molecular weight of 2846.5 g/mol. It
was stored at �20 °C in a freezer, and aliquots of 2�10 mg/mL
were used to obtain the desired final concentration.

Atomic Force Microscopy (AFM): We used the Nanowizard I Bio-
AFM (JPK Instruments, Berlin, Germany) and the Mikromasch
CSC38/noAl cantilevers in contact mode (set point �1 nN, scan
rate � 0.6�1.0 Hz).

Confocal Scanning Laser Microscope (CSLM) and Fluorescent Recovery
after Photobleeching (FRAP): We used the LSM 510 microscope (Zeiss,
Germany) equipped with an argon laser (488 nm) using a 40�
(LD, NA 0.7) objective. The FRAP data were analyzed by evaluat-
ing intensity with ImageJ (Image processing and analysis in Java,
National Institutes of Health; http://rsb.info.nih.gov). The diffu-
sion coefficient was determined with the fitting procedure de-
scribed in ref 43.

Electrochemical Impedance Spectroscopy (EIS): We used the Autolab
PGSTAT12 Instrument (Ecochemie, Utrecht, The Netherlands),
equipped with a FRA odule. Samples were positioned in a fara-
day cage. EIS spectra were recorded from 1 MHz to 0.01 Hz at 0
V offset potential applying 10 mV signal amplitude between two
Ag/AgCl electrodes purchased from Lot-Oriel AG (WPI reference
Electrode for EC-QCM Module QSP 020). The I�V curve of Figure
4 was obtained with the same potentiostat using a sweep rate
of 0.13 mV/s.
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Köper, I. Tethered Bilayer Lipid Membranes with Giga-
Ohm Resistances. Electrochem. Commun. 2008, 10,
323–328.

29. Moya, S.; Donath, E.; Sukhorukov, G. B.; Auch, M.; Baumler,
H.; Lichtenfeld, H.; Mohwald, H. Lipid Coating on
Polyelectrolyte Surface Modified Colloidal Particles and
Polyelectrolyte Capsules. Macromolecules 2000, 33, 4538–
4544.

30. Cassier, T.; Sinner, A.; Offenhäuser, A.; Möhwald, H.
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