
Eur Biophys J (2007) 36:955–965 

DOI 10.1007/s00249-007-0202-y

REVIEW

Biomimetic tethered lipid membranes designed 
for membrane-protein interaction studies

Claire Rossi · Joël Chopineau 

Received: 15 February 2007 / Revised: 7 June 2007 / Accepted: 11 June 2007 / Published online: 5 July 2007
© EBSA 2007

Abstract The complexity of the biological membranes
restricts their direct investigation at the nanoscale. Lipid
bilayer membranes have been developed as a model of bio-
logical membranes in order to allow the interaction and
insertion of peptides and membrane proteins in a functional
manner. Promising models have been developed in the past
two decades and tethered bilayer design traduces constant
improvement of membrane models. The formation of protein
free solid tethered membranes can be achieved by direct
vesicle fusion, Langmuir–Blodgett, Langmuir–SchaVer
transfers, self assembly of various building blocks such as
thiol on gold, silane on quartz, grafting of polymers, as well
as ligand receptor recognition. In this review, the current
state of diVerent tethered bilayer membrane will be described.
We will focus on critical analysis of the main advantages/
drawbacks of each kind of model construction and their
ability to allow protein incorporation in non-denaturing
conditions. Some of the current drawbacks encountered in
these biomimetic models can be overcome using an innovative
tethered bilayer design based on a reliable and fast forma-
tion method. The successful protein incorporation of
the Adenylate Cyclase produced by Bordetella pertussis
and the voltage dependent anion channel (VDAC) was
demonstrated on this model.

Abbreviations
AFM Atomic force microscopy
DSPE-PEG-NHS 1.2-Distearoyl-sn-glycero-3-phospho

ethanolamine-poly(ethylene-glycol)-
N-hydroxysuccinimide

EggPC Egg-phosphatidyl-choline
FRAP Fluorescence recovery after 

photobleaching
IS Impedance spectroscopy
LB Langmuir Blodgett
MeO-PEG-PDP Methoxy-poly(ethylene glycol)-

2000-N-[3-(2-(pyridyldithio)propionate]
NBD-DPPE 1,2-dipalmitoyl-sn-glycero-

3-phosphoethanolamine-N-NBD 
(7-nitro-2,1,3-benzoxadiazol-4-yl)

PEI Polyethyleneimine
PEG Polyethylene glycol
POPC 1-Palmitoyl 2-oleoyl phosphatidyl

choline
QCM-D Quartz crystal microbalance with 

dissipation
SPR Surface plasmon resonance
VDAC Voltage dependent anion channel

Introduction

Biological membranes are essential elements for all living
organisms; they play crucial roles in cell life. Their central
structure, the lipid bilayer, acts as a barrier in order to
prevent the exchange of proteins, ions and metabolites
between the intracellular and the extra cellular environ-
ment. Lipid membranes ensure the individuality of the cell,
but at the same time allow the communication and the
transport of materials between the intra and extra cellular
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matrix. Proteins embedded in the bilayer or interacting with
one of the leaXets are responsible for a selective permeability.
To accomplish their diverse functions, membranes have a
complex organization where physical properties of the
bilayer inXuence protein structure, folding and function
and speciWc interactions with lipid molecules contribute
towards the biological activity of some membrane proteins
(Findlay and Booth 2006). Because of the complexity of
biological membranes, there is a clear need for biomimetic
membrane platforms development, in which one or few
membrane components can be isolated and studied.

Solid supported membranes have been developed during
the past two decades. One of the major advantages of mem-
brane models deposited on or attached to a surface is the
wide range of surface sensitive techniques which can be
applied to study model characteristics or proteins/membrane
interactions. DiVerent constructions and combinations of
membrane models on a solid support have been developed
since the pioneer work of McConnell group (Brian and
McConnell 1984; Tamm and McConnell 1985) such as
supported lipid bilayers on hydrophilic surfaces (Brian
and McConnell 1984; Nollert et al. 1995; Rädler et al. 1995;
Schmidt et al. 1998), hybrid bilayers (Plant 1993; Plant
1999), tethered bilayers (Knoll et al. 2000; Tanaka and Sack-
mann 2005) and supported vesicle layers (Jung et al. 2000;
Nollert et al. 1995; Yoshina-Ishii and Boxer 2003). At pres-
ent, an important research eVort concerns the development of
tethered bilayers. Tethered bilayers are made up of a bilayer
spaced out from the surface by the use of spacer’s molecules
or layers which intercalate between the substrate and the
bilayer. These tethered constructions solve the proximity
problem between the artiWcial membrane and the solid
substrate that can induce frictions between reconstituted
transmembrane proteins and the solid surface and by
consequence, improve conditions for the study of membrane
components within a non-denaturing environment. In the lit-
erature, demonstration of transmembrane proteins incorpora-
tion into solid supported bilayers is constantly increasing
(McConnell et al. 1986; Hinterdorfer et al. 1994; Salafsky
et al. 1996; Heyse et al. 1998; Giess et al. 2004; Elie-Caille
et al. 2005; Jeuken et al. 2006; Deniaud et al. 2007).

Various strategies for separating the membrane from the
substrate are available. The molecular diversity of the lipid
bilayer constructions allows to envisage the reconstruction
of various protein environments. Assembling strategies
mostly depend on the spacer molecules or layers and the
nature of the substrate. The choice of the bilayer construc-
tion strategy is most of the time inXuenced both by the sur-
face techniques which have to be used for characterization
and by the substrate properties that are required for analy-
ses. Noble metals (gold, silver) are commonly encountered
for surface plasmon resonance (SPR) monitoring while
transparent surfaces (silica, quartz, glass) are necessary for

optical techniques, atomically Xat surfaces (mica, silicon,
Xat gold) being candidates for atomic force microscopy
(AFM) imaging, even if certain techniques, such as quartz
crystal micro-balance with dissipation (QCM-D), permit a
wider panel of substrate nature to be used.

Structural concepts for tethered membranes

Several membrane construction concepts have been devel-
oped. They are gathered in Table 1 and schematized in
Fig. 1. These diVerent constructions will be described in
detail in the following.

• Bilayers on polymer cushions
In the case of lipid bilayers directly deposited on a solid
substrate, the substrate nature can strongly inXuence the
biomimetic membrane properties. Hydrophilic materials such
as silicon, silica, quartz or mica allow the presence of a 1–2 nm
thick water layer between the lipid bilayer and the substrate
(Bayerl and Bloom 1990; Beckmann et al. 1998; Johnson
et al. 1991) which permits a high diVusion of the membrane
lipids (Cezanne et al. 1999; Kalb et al. 1992); conversely,
metals or metallic oxides (gold and Indium Tin Oxide (ITO))
have been shown to reduce drastically the mobility of mem-
brane components (Groves et al. 1997; Groves et al. 1998).
Surfaces such as oxidized gold, aluminum oxide and titanium
oxide even prevent the vesicle fusion to form a continuous
membrane (Groves et al. 1998; Reimhult et al. 2003).

To circumvent the inXuence of the substrate nature
on the bilayer formation and its properties, one approach
consists in the addition of a soft hydrated polymer (or a
polyelectrolyte Wlm) on top of the substrate surface. This
polymer or electrolyte layer acts as a deformable, mobile
and hydrophilic substrate on which a Xuid membrane can
be built. Various approaches concerning these polymer-
lipid composite Wlms based methods were recently
reviewed (Elender et al. 1996; Knoll et al. 2000; Sackmann
and Tanaka 2000; Tanaka and Sackmann 2005). DiVerent
strategies were envisaged for the formation of the polymer
Wlm on the surface. In the case of water soluble polymers
such as dextran, a chemical grafting is preferred to avoid
dehydration; it can be performed via a reactive self assem-
bled monolayer (Knoll et al. 2000) on the substrate, which
allows the chemical linkage of the polymer chains to the
surface. On the other hand, physisorption onto the solid sur-
face is used in the case of branched polyethyleneimine
(PEI), which sticks to the negatively charged surfaces
through electrostatic interactions. Construction of the mem-
brane on top of the polymer cushion can be achieved by
Langmuir–Blodgett (LB) transfer, vesicles fusion, a combi-
nation of both or by bilayer spreading (Knoll et al. 2000;
Sackmann and Tanaka 2000). A comparative study of the
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diVerent bilayer formation processes onto PEI layers was
detailed by Wong et al. (1999).

As mentioned by Wagner and Tamm (2000), bilayers
formed on polymers can often be found to be patchy and
to exhibit several structural defects. Uniform and Xuid
bilayers were obtained on dextran Wlms, their stability was
increased using cholesterol incorporation (Elender et al.
1996). The formation of a continuous 1,2-dimyristoyl-sn-
glycero-phosphatidylethanolamine (DMPC) bilayer on PEI
cushions was found to be dependent of the chosen construc-
tion process (Wong et al. 1999). Vesicles deposition lead to
the desired Xuid and continuous bilayer structure only when
fusion was realized on a dried polymer cushion or when the
reverse method was used, i.e. polymer adsorption on an
already formed bilayer on the quartz substrate (Majewski
et al. 1997; Wong et al. 1999). The weak interaction
between DMPC lipids and PEI makes delicate the construc-
tion using the Langmuir–Blodgett deposition method. A
successful bilayer formation using vesicle fusion above a
lipid monolayer (deposited by LB transfer) was reported
(Wong et al. 1999). An improvement introduced by Seitz
et al. (1998) comprised as Wrst step a LB transfer (above the
PEI layer) of the inner lipid monolayer containing an isothi-
ocyanate-functionalized 1,2-dimyristoyl-sn-glycero-phos-
phatidylethanolamine (DMPE), which was followed by
vesicle fusion for bilayer completion. The modiWed lipid
polar head group ensured the covalent anchoring of the
inner monolayer on the PEI cushion.

Another assembling technique developed for bilayer
construction on polymer cushions is to support a mixed
bilayer composed by anionic and zwitterionic lipids on
alternated polyions multilayers. Then, electrostatic forces
ensure the cohesion of the molecular assembly. The interac-
tion kinetics of several peptides such as the peptide wt-20
of the inXuenza virus, gramicidin peptide (Zhang et al.
2000) and the ion channel forming peptide Protegrin-1 (Ma
et al. 2003) with these membrane models were monitored
by SPR. One major drawback of such electrostatic based
construction is a reduced mobility of lipids in the bilayer
due to the electrostatic forces.

• Tethered bilayers using functionalized lipids
An alternative strategy widely used to separate lipid bilayers
from the solid substrate is based on lipids with head groups
chemically coupled to macromolecules, which act as spacers
and linkers. These macromolecules can be built from poly-
merized ethylene oxide units (Cornell et al. 1997; Lang et al.
1994; Schiller et al. 2003; Tanaka and Sackmann 2005;
Wagner and Tamm 2000) or are oligo-peptide based moie-
ties (Bunjes et al. 1997; Naumann et al. 1997; Naumann
et al. 1999; Schmidt et al. 1998). The lipid part is commonly
a phospholipid, but some examples of cholesterol-polyethyl-
eneglycol molecules, which act at the same time as anchorT

ab
le

1
A

dv
an

ta
ge

s 
an

d 
dr

aw
ba

ck
s 

of
 s

up
po

rt
ed

 b
io

m
im

et
ic

 m
em

br
an

es

St
ru

ct
ur

al
 c

on
ce

pt
Su

pp
or

tin
g 

la
ye

r
A

dv
an

ta
ge

s
D

ra
w

ba
ck

s
L

ip
id

 
di
V

us
io

n 
ra

ng
e

R
ef

er
en

ce
s

B
ila

ye
rs

 o
n 

po
ly

m
er

cu
sh

io
ns

C
hi

m
is

or
be

d 
po

ly
m

er
 W

lm
 

T
he

 p
ol

ym
er

 la
ye

r 
ac

ts
 a

s 
a 

de
fo

rm
ab

le
, 

m
ob

ile
 a

nd
 h

yd
ro

ph
il

ic
 s

ub
st

ra
te

L
ac

k 
of

 b
ila

ye
r 

st
ab

ili
ty

; 
ex

hi
bi

ts
 o

ft
en

 s
tr

uc
tu

ra
l d

ef
ec

ts
2.

5
§

0.
3

�m
2 /s

E
le

nd
er

 e
ta

l. 
(1

99
6)

; 
K

no
ll 

et
al

. (
20

00
)

Ph
ys

is
or

be
d 

po
ly

m
er

 W
lm

T
he

 q
ua

lit
y 

of
 th

e 
bi

la
ye

r 
is

 d
ep

en
de

nt
 

of
 th

e 
fo

rm
at

io
n 

pr
oc

ed
ur

e
N

ot
 d

et
er

m
in

ed
W

on
g 

et
al

. (
19

99
)

Po
ly

el
ec

tr
ol

yt
e 
W

lm
T

he
 m

ob
il

ity
 o

f 
th

e 
li

pi
ds

 is
 r

ed
uc

ed
0.

2–
0.

1
�m

2 /s
Z

ha
ng

 e
ta

l. 
(2

00
0)

; 
M

a 
et

al
. (

20
03

)

T
et

he
re

d 
bi

la
ye

rs
 u

si
ng

 
fu

nc
ti

on
liz

ed
 li

pi
d

Su
pp

or
tin

g 
la

ye
r 

fo
rm

ed
 

by
 s

el
f-

as
se

m
bl

y
T

he
 h

ig
h 

de
ns

it
y 

of
 th

e 
su

pp
or

te
d 

la
ye

r 
he

lp
 to

 o
bt

ai
n 

el
ec

tr
ic

al
 

se
al

in
g 

pr
op

er
ti

es
 o

f 
th

e 
bi

la
ye

r

E
le

ct
ri

ca
l s

ea
lin

g 
an

d 
in

co
rp

or
at

io
n 

of
 la

rg
e 

pr
ot

ei
n 

m
ay

 n
ot

 b
e 

co
m

pa
tib

le
0.

5
�

m
2 /s

N
au

m
an

n 
et

al
. (

20
03

);
 

M
un

ro
 a

nd
 F

ra
nc

k,
 (

20
04

)

Su
pp

or
tin

g 
la

ye
r 

fo
rm

ed
 

by
 L

am
gm

ui
r–

B
lo

dg
et

t
T

he
 d

en
si

ty
 o

f 
th

e 
su

pp
or

te
d 

la
ye

r 
is

 c
on

tr
ol

le
d

L
am

gm
ui

r–
B

lo
dg

et
t i

s 
no

t a
n 

ea
sy

 r
ou

te
 

fo
r 

th
e 

In
co

rp
or

at
io

n 
of

 la
bi

le
 p

ro
te

in
s

0.
8–

1.
2

�m
2 /s

W
ag

ne
r 

an
d 

T
am

m
, (

20
00

)

B
as

ed
 o

n 
th

e 
di

re
ct

 f
us

io
n 

of
 v

es
ic

le
s 

co
nt

ai
ni

ng
 

th
e 

an
ch

or
 m

ol
ec

ul
es

Fo
rm

at
io

n 
of

 th
e 

bi
la

ye
r 

is
 

fa
st

 a
nd

 e
as

y 
to

 s
et

up
T

he
 p

re
se

nc
e 

of
 th

e 
an

ch
or

 m
ol

ec
ul

e 
in

 th
e 

ou
te

r 
le

aX
et

 o
f 

th
e 

bi
la

ye
r

3.
0
§

0.
8

�m
2 /s

R
os

si
 e

ta
l. 

(2
00

3)
; 

D
en

ia
ud

 e
ta

l. 
(2

00
7)

; 
R

os
si

 e
ta

l. 
(2

00
7)

Pr
ot

ei
n-

te
th

er
ed

 
bi

la
ye

rs
no

ne
H

el
p 

to
 c

on
tr

ol
 th

e 
de

ns
ity

 a
nd

 
th

e 
or

ie
nt

at
io

n 
of

 th
e 

in
co

rp
or

at
ed

 p
ro

te
in

s

T
he

 m
ob

il
ity

 o
f 

th
e 

pr
ot

ei
ns

 
is

 d
ra

st
ic

al
ly

 r
ed

uc
ed

N
ot

 d
et

er
m

in
ed

G
ie

ss
 e

ta
l. 

20
04
123



958 Eur Biophys J (2007) 36:955–965
and spacer molecule in phospholipid bilayers, have been
described (Cheng et al. 1998; Jeuken et al. 2005).

Vogel and co-workers introduced and extended the
“polymer spacer concept” for the construction of polymer
supported monolayers using a lipid-ethoxy group chain-
disulWde molecule (Lang et al. 1992; Lang et al. 1994)
while Knoll’s group performed the same approach using
a methacrylic terpolymer containing a hydrophilic main-
chain spacer (hydrophobic lipid-like parts) and a disulWde
termination (Spinke et al. 1992). Since these pioneer works,
the commonly synthesized design of functionalized anchor
lipids applied in tethered bilayer elaboration is commonly
based on a polyethyleneglycol (PEG) chain terminated by a
disulWde moiety that ensures chemisorption onto gold sur-
faces. This preferential choice is explained by the ability of
PEG to prevent non-speciWc adsorption of protein to sur-
face (Prime and Whitesides 1991) and it also provides a
soft hydrophilic spacer layer (Sackmann 1996). Thiol and
disulWde groups present a high aYnity for gold surfaces,
which allows fast, stable and reproducible anchorage of
molecules (Bain and Whitesides 1989); moreover gold is an
inert metal that allows the possible application of a wide
panel of surface sensitive techniques such as SPR, imped-
ance spectroscopy (IS), QCM-D and AFM. In addition,
optical techniques (adsorption, Xuorescence) require trans-
parent surfaces such as silica, quartz or glass, which implies
the use of silane, terminated molecules such as PEG-phos-
pholipid ones (Wagner and Tamm 2000) for anchoring the
molecular construction on the substrate. The diversity of
the surfaces relying on the characterization techniques
explains the research eVorts towards the development of

versatile “tool box” enabling the formation of a molecule
design adaptable on several surfaces (Atanasov et al. 2006).

Several techniques are available both for designing and
assembling the two leaXets of the membrane. The sup-
ported inner lipid monolayer and the outlet lipid layer can
be independently assembled either by LB transfer or by a
two steps self-organisation procedure such as a Wrst self-
assembly followed by vesicle fusion. One of the most versatile
approaches appears to be vesicle fusion onto a preformed
supported lipid monolayer prepared either by LB transfer
(Duschl et al. 1994; Wagner and Tamm 2000) or by self-
assembly (Atanasov et al. 2005; Munro and Frank 2004;
Naumann et al. 2003a; Raguse et al. 1998; Seitz et al. 2000;
Spinke et al. 1992). However, alternative routes were
explored. Munro and Frank (2004) described bilayer
formation by vesicle fusion on a previously chemisorbed
PEG Wlm, composed of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[PDP(polyethylene glycol)2000]
(DSPE- PEG-PDP) mixed with methoxy-poly(ethylene
glycol)-2000-N-[3-(2-(pyridyldithio)propionate] (MeO-PEG-
PDP); completion of the lipid monolayer was achieved by
free lipid deposition in hexane. Cornell et al. (1997) used
solvent exchange for bilayer completion; lipids were added
as an ethanolic solution onto a previously prepared tethered
monolayer which was Xush with a brine solution. This
method could be seen as an alternative procedure to the
vesicle fusion for completion and formation of the bilayer;
indeed vesicles fusion was not always spontaneous and
required to be induced or initiated by osmotic stress (Atanasov
et al. 2005; Munro and Frank 2004; Naumann et al. 2003a;
Seitz et al. 2000).

Fig. 1 DiVerent preparation 
techniques of tethered bilayers. 
a vesicle fusion or Langmuir–
Blodgett transfer on a polymer 
cushion. b Langmuir–Blodgett 
deposition or self-assembling of 
a lipid monolayer including 
lipids whose head groups are 
coupled to the spacer group. The 
spacer chains are anchored on 
the substrate and the bilayer is 
completed with vesicle fusion. 
c Fusion of vesicles containing 
lipids with a chemically 
modiWed head group in order to 
present a speciWc recognition 
site for the functionalized self-
assembled monolayer on the top 
of the substrate

Chemical grafting or 
physisorption of 
polymer cushion 

Bare substrate 

Transfer 
LB

Self-assembly 
of a monolayer 

Self-assembly 

Transfer LB 
and/or

vesicle fusion 

Vesicle fusion Vesicle fusion 

I II III 

A B C 
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Membranes models developed following such supported
lipid bilayer design show very good electrical properties.
They are comparable to those of black lipid membranes
(resistance larger than 10 M� cm² and capacitances smaller
than 1 �F/cm² are standard for “good” membranes). Taking
advantage of insulating properties of these membranes and
the possibility of ion channels incorporation, a functional
biosensor was developed where gramicidin was embedded
in the membrane and acts as a detection unit (Cornell et al.
1997). Functional insertion of valinomycin in this mem-
brane model proves to be successful (Raguse et al. 1998).
Another highly electrically insulating model was developed
by Vogel’s group in which a polypeptidic molecule com-
prising a surface anchoring region and channel forming
region acts as speciWc recognition unit for monoclonal anti-
bodies (Tanaka and Sackmann 2005; Terrettaz et al. 2003;
Terrettaz et al. 2001). More recently, Knoll and co-workers
have synthesized a novel type of tethered lipids. The 2,3-
do-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D, L,�-lipoic
acid ester lipid (DPTL) allows the construction of tethered
bilayers with resistance of up to several M� cm² and capa-
citance less than 1 �F/cm². Valinomycin (Naumann et al.
2003a), gramicidin and cytochrome c oxidase (Naumann
et al. 2003a, b) were functionally reconstituted. This mem-
brane model was successfully transposed on silicon oxide
surface in which valinomycin and gramidicin were also
functionally incorporated; nevertheless, membrane resis-
tance was found to be lower than that of the thiol based sys-
tem (Atanasov et al. 2005).

Other properties, e.g. the increasing protein mobility, are
still under discussion. Wagner and Tamm (2000) have
shown that the construction of a tethered bilayer based on a
lipid-polymer layer lead to high lateral diVusion coeYcient
for the lipids and an improved mobility of cytochrome c
and annexin V within the bilayer, even if some immobile
fraction of the protein are not eliminated. But the increase
of protein mobility in these systems is discussed in a recent
publication; polymer cushions don’t necessarily increase
the protein mobility as expected at a Wrst glance (Merzlya-
kov et al. 2006). Anyhow, Naumann and co-workers have
shown by single molecular tracking that high concentration
of tethered lipid (Ctether ¸ 10 mol%) acts as an obstacle
for protein diVusion and modiWes the protein diVusion in
an anormalous or two-component diVusion (Deverall et al.
2005). Moreover, the percentage of tethered lipid had a
strong inXuence on the lipid diVusion coeYcient. In the
membrane model described by Wagner and Tamm (2000),
the mobile fraction of lipid, at the mushroom-brush transi-
tion PEG-lipid percentage, was found to decrease while the
lipid diVusion coeYcient remained constant. However, a
gradual decrease in the lipid diVusion coeYcient upon
increase of the PEG lipid concentration from 5 to 30% was
observed (Naumann et al. 2002).

• Tethered bilayers using receptor/ligand recognition and
protein-tethered bilayer lipid membranes

An alternative for the assembly of tethered lipid bilayers on
solid substrate is to take advantage of speciWc ligand/receptor
interactions. Such a membrane model is usually composed
of a substrate, coated with a self-assembled monolayer
or a polymer Wlm that includes a receptor, allowing the
immobilisation and the tethering of either the bilayer or the
vesicles containing a speciWc ligand. Coupling or anchoring
of the bilayer to the substrate was achieved by divalent
cations/chelators lipids coupling. Membranes were built with
N-nitrilotriacetic acid (NTA) lipid head groups trapping
nickel ions to form a complex with histidine residues of
tagged proteins (Radler et al. 2000). The use of the biotin/
streptavidin complex is also commonly used for this kind of
membrane constructions (Elie-Caille et al. 2005; Fisher and
Tjarnhage 2000; Proux-Delrouyre et al. 2002; Tanaka and
Sackmann 2005).

Brisson’s group developed membrane construction sys-
tems for the formation of well organized 2D protein layers.
A network of streptavidin is formed on top of a mica-sup-
ported bilayer containing a biotinylated lipid bilayer. Then,
vesicles containing biotinylated lipids anchor and fuse onto
this protein network to lead to locally Xat lipid bilayers
(Reviakine and Brisson 2001). Following this idea, bilayer
architectures based on the speciWc recognition construction
can be considered as protein-tethered bilayers. Indeed,
spontaneous incorporation of proteins in membrane models
leads to a lack of control of their density or orientation. One
way to overcome these limitations is to tether the mem-
brane via the incorporated protein. A construction based on
a monolayer containing NTA groups and an N-terminus
His-tagged cytochrome c oxidase was recently described.
The reconstitution and reversible binding of cytochrome c
oxidase were monitored by SPR and QCM-D. Upon incu-
bation with Cu2+ or Ni2+ ions, the protein was immobilised
on the surface, and Xushing with a lipid/detergent solution
lead to the protein tethered lipid bilayer structure (Ataka
et al. 2004; Friedrich et al. 2004; Giess et al. 2004).

• An easy and versatile model for biomimetic membrane
formation

A new concept for membrane construction is based on the
direct vesicle fusion that contains both the anchor and
spacer molecules on a functionalized surface. This approach
combines functionalized/spacer lipids and their use for
receptor/ligand binding. This membrane model is expected
to overcome diVerent limitations of diVerent constructions
developed so far.

In former tethered membrane models, the nature of the
substrate governs the reactivity of the terminal end of the
anchor molecule which was synthesized on purpose.
Indeed, direct anchoring of the spacer molecule to the bare
123
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substrate was ensured by the speciWc reactive group of the
molecule with the substrate. For example, silane was used
for mica, glass, silicone and thiol for gold substrates. In the
case of “easy and versatile model for membrane forma-
tion”, the construction of the tethered membrane was
achieved by a vesicle deposition on a pre-activated surface.
Surface coating was obtained from self-assembled mono-
layers containing amino groups (amino-thiols or amino-
silanes). The bilayer formation step was completed by
deposition of vesicles containing a mixture of EggPC and
DSPE-PEG3400-NHS, which acts both as a spacer and an
anchor molecule. The spacer lipid is terminated by an NHS
activated carboxylic acid that can react with any amine
coated surface. We performed the construction of the teth-
ered DSPE-PEG-NHS/lipid bilayer on glass and gold
(Deniaud et al. 2007; Rossi et al. 2003). Egg PC or POPC/
DSPE-PEG-NHS mixture liposomes were injected on the
top of an amine grafted surface (cysteamine-coated gold
or silanized glass); vesicles were linked to the surface and
disrupted leading to the formation of a bilayer (Fig. 2).

The other important advantage of the direct incorpora-
tion of the spacer molecule in vesicles is the possibility to
control its percentage. This allows to obtain a spacer layer
with low density in comparison to very close packed layers
of models which are supported by a self-assembled sup-
ported lipid monolayer (Atanasov et al. 2005; Munro and
Frank 2004; Naumann et al. 2003a; Seitz et al. 2000;
Spinke et al. 1992). This high density could constitute a ste-
ric limitation and proteins having large extramembrane
domains cannot be incorporated appropriately. The con-
struction of this tethered bilayer model was envisaged using
a simple and reliable procedure. The challenging part was
to determine the experimental conditions that lead to the
spontaneous formation of a Xuid and homogenous tethered
bilayer. A Doehlert experimental design, a second order
experimental design, was applied to determine these exper-
imental conditions (Rossi et al.; in press). Four important
factors involved in the bilayer formation were studied: the
lipid concentration in the vesicles suspension, the mass per-
centage of anchoring molecules in the vesicles, the time of

contact between vesicles and the surface and the time dur-
ing which the lipidic assembly was left at rest after buVer
rinse. A restraint experimental domain, which led to prop-
erties in accordance with a bilayer presence, was delimited.
The measured properties of the biomimetic were the thick-
ness by SPR on gold substrate and the Xuidity by FRAP on
gold and glass substrate (Fig. 3,A and B respectively). The
tethered bilayer model was characterized by a thickness
of 56.5 § 2.5 Å, a diVusion coeYcient of 3.0 § 0.8 £
10¡8 cm²/s and a mobile fraction of 96 § 4%. AFM imag-
ing was also performed and showed the step by step con-
struction on both glass and smooth gold amine coated
substrates (Fig. 3C). The aspect of the membrane formed
on the gold and glass substrates looks very similar; the
presence of a homogenous Xat surface of soft material cor-
responding to a biomimetic lipid bilayer anchored to the
solid substrate was observed. Two diVerent zones can be
observed in Fig. 3Cb (gold pathway) and Fig. 3Cd (glass
pathway), the brighter one corresponding to the intact teth-
ered membrane and the darker one corresponding to holes
showing the bare amine substrate after a limited Triton X-
100 solubilization of the membrane. A step height measure-
ment indicated a membrane thickness of 5.4 § 0.6 nm on
the gold substrate and of 5.9 § 0.4 nm on the glass sub-
strate, which clearly indicates the presence of a lipid bilayer
on both the substrates.

This biomimetic membrane was applied for protein/
membrane interaction studies of two diVerent kinds of inte-
gral proteins: the bacterial toxin, the adenylate cyclase pro-
duced by Bordetella pertussis (CyaA) (Ladant and Ullmann
1999) and the mitochondrial outer membrane channel, the
voltage dependent anion channel (VDAC) (Colombini et al.
1996). CyaA is able to bind and translocate across the
plasma membrane of eukaryotic target cells in a calcium-
dependent manner. CyaA presents a hemolytic activity that
is due to its ability to form cation-selective channels in lipid
bilayers and also a catalytic domain able to translocate
across the cell membrane and interact with the endogenous
calmodulin to produce supra-physiologic levels of cyclic
AMP. Both internalization and hemolytic activities are cal-
cium-dependent. Calcium-bound CyaA should behave as
an intrinsic membrane protein, with hydrophobic polypep-
tide segments putatively inserted within the lipid bilayer.
The results obtained by monitoring SPR binding and inser-
tion of CyA to artiWcial membranes demonstrate a calcium
dependent binding, suggesting that CyaA associates with
polymer tethered membrane as a result of insertion of its
polypeptide chain into the lipid bilayer and therefore
behaves as an integral membrane protein (Fig. 4a). The
binding properties of CyaA towards a hybrid bilayer and
the tethered bilayer in the presence and the absence of cal-
cium were measured. The protein didn’t bind or insert to/in
the hybrid bilayer even in the presence of calcium; the rigid

Fig. 2 A versatile tethered bilayer model obtained from vesicle
anchorage plus fusion. Self-assembled monolayers of aminopropyl-
dimethylethoxysilane or cysteamine were obtained respectively on
glass and on gold. EggPC liposomes containing DSPE-PEG3400-NHS
were deposited onto the coated surface, linked to the amine surface,
and then disrupted to generate the bilayer

Covalent anchoring 

and
vesicle fusion 
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alkyl monolayer presence prevent the protein insertion in
the hemimembrane. Conversely, the protein bind and insert
in the tethered bilayer model in a calcium dependent man-
ner (Rossi et al. 2003). VDAC, a central player in mito-
chondrial biology and apoptosis, was reconstituted into the
tethered bilayer using fusion proteoliposomes containing
DSPE-PEG-NHS on amine-coated surface (Fig. 4b). VDAC
reconstituted in bilayers transported calcium ions eYciently
and was blocked by 4,4�-diisothiocyanatostilbene-2,2�-
disulfonic acid and L-glutamate as known on liposomes
and mitochondrial extract (Deniaud et al. 2007).

Conclusion

Due to the complexity of biological membranes and their
interactions with intra- and extra cellular networks, direct

investigations are diYcult and limited to a few examples
only. Solid supported phospholipid bilayer model systems
have been introduced in order to simplify the complex
architecture of the cell membrane and to provide experi-
mental systems to incorporate membrane proteins under
native conditions. The formation of protein free solid
supported membranes can be achieved by direct vesicle
fusion, Langmuir–Blodgett, Langmuir–SchaVer transfers,
self assembly of various building blocks such as thiol on gold,
silane on quartz, grafting of polymers, as well as ligand
receptor recognition. These biomimetic systems allow
functional investigations of membrane-spanning proteins
and of polyprotein complexes with surface-sensitive tech-
niques such as surface plasmon resonance, impedance spec-
troscopy, quartz crystal micro-balance with dissipation,
Xuorescence microscopy and atomic force microscopy
(Table 2).

Fig. 3 Characterization of the 
tethered bilayer model. A SPR 
kinetics of the EggPC/DSPE-
PEG3400-NHS on a cysteamine 
coated gold surface. B Images 
(320 �m £ 320 �m) sequence 
on amino-silane coated glass of 
Xuorescence recovery after 
photobleaching (FRAP) of teth-
ered bilayer built containing 
NBD-DPPE as Xuorescent 
probe. C Contact mode 
topographic AFM images 
(10 �m £ 10 �m, z scale 
20 nm); a and b are for gold; 
c and d are for glass. a and c 
were obtained before vesicles 
addition; b, d were obtained 
after vesicle fusion. Lipid 
bilayers were treated with 
Triton X-100 leading to a local 
solubilization of the membrane, 
the corresponding height 
sections are reported below the 
corresponding images

Time (min) 

)
Å(

sse
nkci

h
T

0

0,5

1

45 50 55 60
Angle

ytivitcelfe
R

0

20

40

60

0 15 30 45 60

A) 

C)

+ 4 s 

- 4 s 

+ 100 s 

+ 500 s 

+ 200 s 

a

b

c

d

Vesicles

B) 
123



962 Eur Biophys J (2007) 36:955–965
The functional assembly of membrane proteins into
supported membranes is not a straightforward process
(Michalke et al. 2001). Small peptides spontaneously incor-
porate in lipid bilayers; valinomycin and gramicidin are
common candidates for testing supported membranes (Cor-
nell et al. 1997; Schiller et al. 2003). Similarly, urea dena-
tured membrane proteins, such as toxins, spontaneously
insert in preformed tethered membranes (Rossi et al. 2003).
However, the pore-forming toxin �-hemolysin was only
partially reconstituted into supported bilayer membranes
(Glazier et al. 2000). Integral membrane proteins have been
introduced in lipid membrane using diVerent strategies.
His-tagged proteins such as cytochrome c oxidase can be
directly coupled to the support using NTA groups in the
presence of Cu2+ or Ni2+; completion of the bilayer was
achieved with addition of phospholipids (Giess et al 2004).
Mixed micelles containing proteins can be added to pre-
form tethered bilayers; incorporation of the protein is
ensured upon detergent removal (Heyse et al. 1998; Terret-
taz et al. 2001, 2003). Detergent removal can be obtained

Fig. 4 Schematic illustration of the incorporation of two diVerent inte-
gral proteins in a versatile tethered membrane model: a CyaA interacts
directly with the membrane in the presence of calcium and inserts its
hemolytic channels b VDAC reconstitution via anchorage and fusion
of proteoliposomes containing DSPE-PEG-NHS

Ca2+ Ca2+

Ca2+

A)  

CyaA 

VDAC
Proteoliposomes 

B)

Table 2 Techniques for surface supported bilayer characterization

Techniques Bilayer characterization Principle Surfaces

Quartz crystal 
microbalance 
with dissipation 
QCM-D

Mass and structural properties 
of the bilayer. Real time 
monitoring of the bilayer 
formation

QCM-D measures the resonance behavior of a quartz crystal 
oscillator. The quartz oscillation is excited by applying an 
oscillating electric Weld to the crystal. The resonance 
frequency decay curve and the dissipation are measured 
via the decaying electric Weld. Adsorption process 
and structural changes of the bilayer are measured. 
Coupled water and structural defects can be checked

Gold, SiO2, 
mica, 
metal oxides...

Surface plasmon 
resonance 
spectroscopy SPR

Optical thickness of the bilayer. 
Real time monitoring of the 
bilayer formation

Surface plasmons are electromagnetic evanescent waves 
propagating at the surface of a noble metal with a 
penetration depth of 200 nm. Optical thickness is derived 
from the diVerence in refractive index between the 
adsorbed biomolecules and buVer. Information 
concerning properties of the deposited material 
is not available

Noble metals: 
gold, silver, 
aluminum

Electrical impedance 
spectroscopy EIS

Formation and (non-) 
permeability of the bilayers.
Characterization of 
incorporated ion channels

EIS is performed in a potentiostatic three-electrode 
conWguration by applying an AC potential 
at diVerent frequencies and measuring the resulting 
impedance. The resistance and the capacitance 
of the bilayer/electrolyte system can be determined
using a equivalent circuit

Gold, silicon...

Atomic force 
microscopy AFM

Observation and investigation 
of the bilayer surface at the 
nanoscale range. Surface 
roughness determination

A microscopic probe (tip) is mounted on a soft cantilever. 
A high precision optical detection (laser) device 
measures cantilever deXection. The sample is moved
using a scanner (piezoelectric elements) and 
interactions between the tip and the sample are 
controlled by feedback. So, surface topography 
and interactions forces between tip and sample 
can be determined

Atomically 
Xat surfaces: 
mica, silicon, 
quartz, Xat gold 

Fluorescence recovery 
after phtobleaching 
FRAP

Mobility characterization 
of the lipids or proteins 
(peripheral or integral) 

Lipid Xuorescent probes or tagged proteins are 
incorporated in the bilayer. The Xuorescence 
is destroyed in a small area of the bilayer. 
The Xuorescence recovery rate of the bleaching 
area allows the determination of the diVusion 
coeYcient and the mobile fraction of the probes

Optically 
transparent 
but non 
Xuorescent 
surfaces: glass, 
silica, silicon, gold
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by dilution, by dialysis using speciWc experimental cells
or using polymer gels (biobeads) (Deniaud et al. 2007).
Protein rich membranes or proteoliposomes can be the start-
ing material for tethered membrane formation (Elie-Caille
et al. 2005). When these protein-containing vesicles were
added to a preformed self assembled monolayer, “hydro-
phobic” fusion ensured the formation of the outer leaXet of
the membrane. Proteoliposomes containing anchored lipid
molecules can be directly used for the formation of the
entire membrane, which is obtained after vesicle anchoring
on the surface followed by rupture that leads to the forma-
tion of the bilayer. Tethered membrane platforms have been
envisaged for the design of biosensors applicable for medi-
cal or/and environmental purposes (Cornell et al. 1997;
Terrettaz et al. 2001, 2003;). G-protein-coupled receptors
(GPCR) and other membrane receptors reconstitution, con-
stitute an important challenging step for fundamental
research (signal transduction and cascade) and for applica-
tions as pharmaceutical screening or as analytical sensors
(Heyse et al. 1998; Robelek et al. 2007). Membrane fusion
and vesicle secretion for protein/phospholipid production at
the cellular level were studied using these reconstitution
approaches (Kiessling and Tamm 2003; Kleinschmidt and
Tamm 2002; Tamm et al. 2002, 2003; Wagner and Tamm
2001). Exploring energetic chains (respiratory and photo-
synthesis), starting from one protein incorporation towards
the reconstitution of polyprotein complexes or redox cas-
cades, is a very promising research area (Deniaud et al.
2007; Elie-Caille et al. 2005; Friedrich et al. 2004; Giess
et al. 2004; Jeuken et al. 2005, 2006).

Acknowledgment We acknowledge Dr. Ingo Köper (Max Planck
Institute for Polymer Research) for scientiWc support and critical read-
ing of the manuscript.

References

Ataka K, Giess F, Knoll W, Naumann R, Haber-Pohlmeiter S, Richter
B, Heberle J (2004) Oriented attachment and membrane reconsti-
tution of His-tagged cytochrome c oxidase to a gold electrode:
in situ monitoring by surface enhanced infrared adsorption spec-
troscopy. J Am Chem Soc 126:16199–16206

Atanasov V, Knorr N, Duran RS, Ingebrandt S, OVenhausser A, Knoll
W, Köper I (2005) Membrane on a chip: a functional tethered
lipid bilayer membrane on silicon oxide surfaces. Biophys J
89:1780–1788

Atanasov V, Atanasova P, Vockenroth I, Knorr N, Köper I (2006) A
molecular toolkit for highly insulating tethered bilayer lipid mem-
branes in various subtrates. Bioconjug Chem 17:631–637

Bain CD, Whitesides GM (1989) A study by contact angle of the acid-
base behavior of monolayers containing w-mercaptocarboxylic
acids adsorbed on gold: an example of reactive spreading. Lang-
muir 5:1370–1378

Bayerl T, Bloom M (1990) Physical properties of single phospholipid bi-
layers adsorbed to micro glass beads. A new vesicular model system
studied by 2H-nuclear magnetic resonance. Biophys J 58:357–362

Beckmann M, Nollert P, Kolb HA (1998) Manipulation and molecular
resolution of a phosphatidylcholine-supported planar bilayer by
atomic force microscopy. J Membr Biol 161:227–233

Brian AA, McConnell HM (1984) Allogeneic stimulation of cytotoxic
T cells by supported planar membranes. Proc Natl Acad Sci USA
81:6159–6163

Bunjes N, Schmidt EK, Jonczyk A, Rippmann F, Beyer D, Ringsdorf
H, Graber P, Knoll W, Naumann R (1997) Thiopeptide-supported
lipid layers on solid substrates. Langmuir 13:6188–6194

Cezanne L, Lopez A, Loste F, Parnaud G, Saurel O, Demange P, Toc-
anne JF (1999) Organization and dynamics of the proteolipid
complexes formed by annexin V and lipids in planar supported
lipid bilayers. Biochemistry 38:2779–2786

Cheng Y, Boden N, Bushby RJ, Clarkson S, Evans SD, Knowles PF,
Marsh A, Miles RE (1998) Attenuated total reXection Fourier
transform infrared spectroscopic characterization of Xuid lipid
bilayers tethered to solid supports. Langmuir 14:839–844

Colombini M, Blachly-Dyson E, Forte M (1996) VDAC, a channel in
the outer mitochondrial membrane. Ion Channels 4:169–202

Cornell BA, Braach-Maksvytis VL, King LG, Osman PD, Raguse B,
Wieczorek L, Pace RJ (1997) A biosensor that uses ion-channel
switches. Nature 387:580–583

Deniaud A, Rossi C, Berquand A, Homand J, Campagna S, Knoll W,
Brenner C, Chopineau J (2007) The voltage-dependent anion
channels transports calcium ions throught biomimetic mem-
branes. Langmuir 23(7):3898–3905

Deverall MA, Gindl E, Sinner E-K, Besir H, Ruehe J, Saxton MJ,
Naumann CA (2005) Membrane lateral mobility obstructed by
polymer-tethered lipids studied at the single molecule level.
Biophys J 88:1875–1886

Duschl C, Liley M, Corradin G, Vogel H (1994) Biologically address-
able monolayer structures formed by templates of sulfur-bearing
molecules. Biophys J 67:1229–37

Elender G, Khuner M, Sackmann E (1996) Functionalisation of Si/
SiO2 and glass surfaces with ultrathin dextran Wlms and deposi-
tion of lipid bilayers. Biosens Bioelectron 11:565–577

Elie-Caille C, Fliniaux O, Pantigny J, Maziere J-C, Bourdillon C (2005)
Self-assembly of solid-supported membranes using a triggered fu-
sion of phospholipid-enriched proteoliposomes prepared from the
inner mitochondrial membrane. Langmuir 21:4661–4668

Findlay HE, Booth PJ (2006) The biological signiWcance of lipid-pro-
tein interactions. J Phys Condens Matter 18:1281–1291

Fisher MI, Tjarnhage T (2000) Structure and activity of lipid mem-
brane biosensor surfaces studied with atomic force microscopy
and a resonant mirror. Biosens Bioelectron 15:463–471

Friedrich MG, Giess F, Naumann R, Ataka K, Heberle J, Hrabakova J,
Murgida DH, Hildebrandt P (2004) Active site structure and
redox processes of cytochrome c oxidase immobilised in a novel
biomimetic lipid membrane on a electrode. Chem Commun
(21):2376–2377

Giess F, Friedrich MG, Heberle J, Naumann RL, Knoll W (2004) The
protein-tethered lipid bilayer: a novel mimic of the biological
membrane. Biophys J 87:3213–3220

Glazier SA, Vanderah DJ, Plant AL, Bayley H, Valincius G,
Kasianowicz JJ (2000) Reconstitution of pore-forming toxin
�-hemolysin in phospholipid/18-octadecyl-1-thiahexa(ethylene
oxide) and phospholipid/n-octadecanethiol supported bilayer
membranes. Langmuir 16:10428–10435

Groves JT, Ulman N, Boxer SG (1997) Micropatterning Xuid lipid bi-
layers on solid supports. Science 275:651–653

Groves JT, Ulman N, Cremer PS, Boxer SG (1998) Substrate-mem-
brane interactions: mechanisms for imposing patterns on a Xuid
bilayer membrane. Langmuir 14:3347–3350

Heyse S, Ernst OP, Dienes Z, Hofmann KP, Vogel H (1998)
Incorporation of rhodopsin in laterally structured supported
membranes : observation of transducin activation with spatially
123



964 Eur Biophys J (2007) 36:955–965
and time-resolved surface plasmon resonance. Biochemistry
37:507–522

Hinterdorfer P, Baber G, Tamm LK (1994) Reconstitution of mem-
brane fusion sites. A total internal reXection Xuorescence micros-
copy study of inXuenza hemagglutinin-mediated membrane
fusion. J Biol Chem 269:20360–20368

Jeuken LJC, Connell SD, Nurnabi M, O’Reilly J, Henderson PJF,
Evans SD, Bushby RJ (2005) Direct electrochemical interaction
between a modiWed gold electrode and a bacterial membrane ex-
tract. Langmuir 21:1481–1488

Jeuken LJC, Connell SD, Henderson PJF, Gennis RB, Evans SD,
Bushby RJ (2006) Redox enzymes in tethered membranes. J Am
Chem Soc 128:1711–1716

Johnson SJ, Bayerl TM, McDermott DC, Adam GW, Rennie AR,
Thomas RK, Sackmann E (1991) Structure of an adsorbed
dimyristoylphosphatidylcholine bilayer measured with specular
reXection of neutrons. Biophys J 59:289–294

Jung LS, Shumaker-Parry JS, Campbell CT, Yee SS, Gelb MH (2000)
QuantiWcation of tight binding to surface-immobilized phospho-
lipid vesicles using surface plasmon resonance: binding constant
of phospholipase A2. J Am Chem Soc 122:4177–4184

Kalb E, Frey S, Tamm LK (1992) Formation of supported planar bilay-
ers by fusion of vesicles to supported phospholipid monolayers.
Biochim Biophys Acta 1103:307–316

Kiessling V, Tamm LK (2003) Measuring distances in supported bi-
layers by Xuorescence interference-contrast microscopy: polymer
supports and SNARE proteins. Biophys J 84:408–418

Kleinschmidt JH, Tamm LK (2002) Secondary and tertiary structure for-
mation of the beta-barrel membrane protein OmpA is synchronized
and depends on membrane thickness. J Mol Biol 324:319–330

Knoll W, Frank CW, Heibel C, Naumann R, OVenhausser A, Ruhe J,
Schmidt EK, Shen WW, Sinner A (2000) Functional tethered
lipid bilayers. J Biotechnol 74:137–158

Ladant D, Ullmann A (1999) Bordatella pertussis adenylate cyclase: a
toxin with multiple talents. Trends Microbiol 7:172–176

Lang H, Duschl C, Gratzel M, Vogel H (1992) Self-assembled of thi-
olipid molecular layers on gold surfaces: optical and electrochem-
ical characterization. Thin Solid Films 210/211:818–821

Lang H, Duschl C, Vogel H (1994) A new class of thiolipids for the
attachment of lipid bilayers on gold surfaces. Langmuir 10

Ma C, Srinivasan MP, Waring AJ, Lehrer RI, Longo ML, Stroeve P
(2003) Supported lipid bilayers lifted from the substrate by layer-
by-layer polyion cushions on self-assembled monolayers. Col-
loids Surf B Biointerfaces 28:319–329

Majewski J, Kuhl TL, Gerstenberg MC, Israelachvili JN, Smith GS
(1997) Structure of phospholipid monolayers containing
poly(ethylene glycol) lipids at the air–water interface. J Phys
Chem B 101:3122–3129

McConnell HM, Watts TH, Weis RM, Brian AA (1986) Supported pla-
nar membranes in studies of cell-cell recognition in the immune
system. Biochim Biophys Acta 864:95–106

Merzlyakov M, Li E, Gitsov I, Hristova K (2006) Surface-supported
bilayers with transmembrane proteins: role of the polymer cush-
ion revisited. Langmuir 22:10145–10151

Michalke A, Schurholz T, Galla H-J, Steinem C (2001) Membrane
activity of an anion channel from Clavibacter michiganense ssp.
nebraskense. Langmuir 17:2251–2257

Munro JC, Frank CW (2004) In situ formation and characterization of
poly(ethylene glycol)-supported lipid bilayers on gold surfaces.
Langmuir 20:10567–10575

Naumann CA, Prucker O, Lehmann T, Ruhe J, Knoll W, Frank CW
(2002) The polymer-supported phospholipid bilayer: tethering as
a new approach to substrate-membrane stabilization. Biomacro-
molecules 3:27–35

Naumann R, Jonczyk A, Kopp R, v.Esch J, Ringsdorf H, Knoll W,
Bunjes N (1997) Coupling of proton translocation through AT-

Pase incorporated into supported lipid bilayers to an electrochem-
ical process. Bioelectrochem Bioenerg 42:241–247

Naumann R, Schmidt EK, Jonczyk A, Fendler K, Kadenbach B,
Liebermann T, OVenhausser A, Knoll W (1999) The peptide-
tethered lipid membrane as a biomimetic system to incorporate
cytochrome c oxidase in a functionally active form. Biosens
Bioelectron 14:651–662

Naumann R, Schiller SM, Giess F, Grohe B, Hartman KB, Karcher I,
Koper I, Lubben J, Vasilev K, Knoll W (2003a) Tethered lipid
bilayers on ultraXat gold surfaces. Langmuir 19:5435–5443

Naumann R, Walz D, Schiller SM, Knoll W (2003b) Kinetics of vali-
nomycin-mediated K+ ion transport through tethered bilayer lipid
membranes. J Electroanal Chem 550–551:241–252

Nollert P, Kiefer H, Jahnig F (1995) Lipid vesicle adsorption versus
formation of planar bilayers on solid surfaces. Biophys J
69:1447–1455

Plant AL (1993) Self-assembled phospholipid/alkanethiol biomimetic
bilayers on gold. Langmuir 9:2764–2767

Plant AL (1999) Supported hybrid bilayer membranes as rugged cell
membrane mimics. Langmuir 15:5128–5135

Prime KL, Whitesides GM (1991) Self-assembled organic monolay-
ers: model systems for studying adsorption of proteins at surfaces.
Science 252:1164–1167

Proux-Delrouyre V, Elie C, Laval J-M, Moiroux J, Bourdillon C
(2002) Formation of tethered and streptavidin-supported lipid
bilayers on a microporous electrode for the reconstitution of
membranes of large surface area. Langmuir 18:3263–3272

Rädler J, Strey H, Sackmann E (1995) Phenomenology and kinetics
of lipid bilayer spreading on hydrophilic surfaces. Langmuir
11:4539–4548

Radler U, Mack J, Persike N, Jung G, Tampe R (2000) Design of sup-
ported membranes tethered via metal-aYnity ligand-receptor
pairs. Biophys J 79:3144–3152

Raguse B, Braach-Maksvytis V, Cornell BA, King LG, Osman PD,
Pace R, Wieczorek L (1998) Tethered lipid bilayer membranes:
formation and ionic reservoir characterization. Langmuir 14:648–
659

Reimhult E, Hook F, Kasemo B (2003) Intact vesicle adsorption and
supported biomembrane formation from vesicles in solution:
inXuence of surface chemistry, vesicle size, temperature, and
osmotic pressure. Langmuir 19:1681–1691

Reviakine I, Brisson A (2001) Streptavidin 2D crystals on supported
phospholipid bilayers: toward constructing anchored phospho-
lipid bilayers. Langmuir 17:8293–8299

Robelek R, Lemker ES, Wiltschi B, Kirste V, Naumann R, Oesterhelt
D, Sinner EK (2007) Incorporation of in vitro synthesized GPCR
into a tethered artiWcial lipid membrane system. Angew Chem Int
Ed Engl 46:605–608

Rossi C, Homand J, Bauche C, Hamdi H, Ladant D, Chopineau J
(2003) DiVerential mechanisms for calcium-dependent protein/
membrane association as evidenced from SPR-binding studies
on supported biomimetic membranes. Biochemistry 42:15273–
15283

Rossi C, Briand E, Parot P, Odorico M, Chopineau J (2007) Surface
response methodology for the study of supported membrane
formation. J Phys Chem B. [Epub ahead of print]

Sackmann E (1996) Supported membranes: scientiWc and practical
applications. Science 271:43–48

Sackmann E, Tanaka M (2000) Supported membranes on soft polymer
cushions: fabrication, characterization and applications. Trends
Biotechnol 18:58–64

Salafsky J, Groves JT, Boxer SG (1996) Architecture and function of
membrane proteins in planar supported bilayers: a study with
photosynthetic reaction centers. Biochemistry 35:14773–14781

Schiller SM, Naumann R, Lovejoy K, Kunz H, Knoll W (2003) Ar-
cheas analogue thiolipids for tethered bilayer lipid membrane
123



Eur Biophys J (2007) 36:955–965 965
on ultrasmooth gold surfaces. Angew Chem Int Ed Engl
42:208–211

Schmidt EK, Liebermann T, Kreiter M, Jonczyk A, Naumann R,
OVenhausser A, Neumann E, Kukol A, Maelicke A, Knoll W
(1998) Incorporation of the acetylcholine receptor dimer from tor-
pedo california in a peptide supported lipid membrane investi-
gated by surface plasmon and Xuorescence spectroscopy. Biosens
Bioelectron 13:585–591

Seitz M, Wong JY, Park CK, Alcantar NA, Israelachvili JN (1998)
Formation of tethered supported bilayers via membrane-inserting
reactive lipids. Thin solid Wlms 327–329:767–771

Seitz M, Ter-Ovanesyan E, Hausch M, Park CK, Zasadzinski JA, Zen-
tel R, Israelachvili JN (2000) Formation of tethered supported bi-
layers by vesicle fusion onto lipopolymer monolayers promoted
by osmotic stress. Langmuir 16:6067–6070

Spinke J, Yang J, Wolf H, Liley M, Ringsdorf H, Knoll W (1992) Poly-
mer-supported bilayer on a solid substrate. Biophys J 63:1667–1671

Tamm L, McConnell H (1985) Supported phospholipid bilayers. Bio-
phys J 47:105–113

Tamm LK, Crane J, Kiessling V (2003) Membrane fusion: a structural
perspective on the interplay of lipids and proteins. Curr Opin
Struct Biol 13:453–466

Tamm LK, Han X, Li Y, Lai AL (2002) Structure and function of
membrane fusion peptides. Biopolymers 66:249–260

Tanaka M, Sackmann E (2005) Polymer-supported membranes as
models of the cell surface. Nature 437:656–663

Terrettaz S, Ulrich WP, Guerrini R, Verdini A, Vogel H (2001) Immu-
nosensing by a synthetic lignad-gated ion channel. Angew Chem
Int Ed Engl 40:1740–1743

Terrettaz S, Mayer M, Vogel H (2003) Highly electrically insulating
tethered lipid bilayers for probing the function of ion channel pro-
teins. Langmuir 19:5567–5569

Wagner ML, Tamm LK (2000) Tethered polymer-supported planar
lipid bilayers for reconstitution of integral membrane proteins: si-
lane-polyethyleneglycol-lipid as a cushion and covalent linker.
Biophys J 79:1400–1414

Wagner ML, Tamm LK (2001) Reconstituted syntaxin1a/SNAP25
interacts with negatively charged lipids as measured by lateral
diVusion in planar supported bilayers. Biophys J 81:266–275

Wong JY, Majewski J, Seitz M, Park CK, Israelachvili JN, Smith GS
(1999) Polymer-cushioned bilayers. I. A structural study of vari-
ous preparation methods using neutron reXectometry. Biophys J
77:1445–1457

Yoshina-Ishii C, Boxer SG (2003) Arrays of mobile tethered vesicles
on supported lipid bilayers. J Am Chem Soc 125:3696–3697

Zhang L, Booth CA, Stroeve P (2000) Phosphatidylserine/cholesterol
bilayers supported on a polycation/alkylthiol layer pair. J Colloid
Interface Sci 228:82–89
123


	Biomimetic tethered lipid membranes designed for membrane-protein interaction studies
	Abstract
	Introduction
	Structural concepts for tethered membranes
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


