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Scientific and practical applications of supported lipid-protein bilayers are described. 
Membranes can be covalently coupled to or separated from solids by ultrathin layers of 
water or soft polymer cushions. The latter systems maintain the structural and dynamic 
properties of free bilayers, forming a class of models of biomembranes that allow the 
application of a..manifold of surface-sensitive techniques. They form versatile models of 
low-dimensionality complex fluids, which can be used to study interfacial forces and 
wetting phenomena, and enable the design of phantom cells to explore the interplay of 
lock-and-key forces (such as receptor-ligand binding) and universal forces for cell ad- 
hesion. Practical applications are the design of (highly selective) receptor surfaces of 
biosensors on electrooptical devices or the biofunctionalization of inorganic solids. 

Supported membranes on  solids are of 
practical and scientific interest for several 
reasons. They enable biofunctionalization 
of inorganic solids (semiconductors, gold- 
covered surfaces, and obtoelectronic devic- 
es) and polymeric materials. They provide a 
natural environment for the immobilization 
of proteins (such as hormone receptors and 
antibodies) under nondenaturine condi- 
tions and' in a well-defined orintat ion.  
They allow the preparation of ultrathin, 
high-electric-resistance layers on conduc- 
tors and the incorporation of receptors into 
these insulating layers for the design of 
biosensors based on electrical and optical 
detection of ligand binding. 

Supported lipid-protein bilayers separated 
from the solid surface by nanometer-thick 
water layers or ultrathin soft polymer cushions 
maintain the thermodynamic and structural 
properties of free bilayers. This enables the 
application of several surface-sensitive tech- 
niques [microinterferometry, ellipsometry, 
surface plasmon spectroscopy, Fourier trans- 
form infrared (FTIR) spectroscopy, nuclear 
magnetic resonance (NMR), and neutron and 
x-ray surface reflectivity]. Such polymer mem- 
brane-composite films represent a class of low- 
dimensionality complex fluids that allow sys- 
tematic studies of wetting phenomena under 
controlled humidity conditions and interfa- 
cial forces. Another attractive application of 
supported membranes is the design of phan- 
tom cells exhibiting well-defined adhesive 
properties and receptor densities, useful for 
study of the interplay of specific (lock-and- 
key) and universal forces during cell adhesion 
and locomotion on surfaces. 

Self-Assembly and Manipulation 
of Supported Membranes 

Three types of supported membranes can be 
assembled (Fig. 1): (i) integrated bilayers 
with the inner monolayer fixed to the sub- 
strate either covalently or by ion bridges (1 ,  
2 ) ,  (ii) freely supported lipid-protein bilay- 
ers sewarated from the substrate bv ultrathin 
wate; layers (-10 A), and (iii) bilayer 
membranes resting on ultrathin, soft hv- 
drated polymer filks. A completely diffei- 
ent tvue of suuuorted membrane, used to 
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immobilize monopolar (amphiphilic) pro- 
teins, can be formed by ultrathin polymer 
films (such as dextran) hydrophobized by 
coupling of long alkyl chains to the hydro- 
philic polymer backbone (Fig. 1C). 

Fig. 1. Three types of supported membranes: (A) 
integrated membrane with covalently fixed inner 
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The  common methods of membrane as- 
sembly on  surfaces are monolayer transfer 
[by the Langmuir-Blodgett (LB) technique] 
and vesicle spreading. In both cases, the 
continuity (for example, as measured by 
electrical-impedance spectroscopy) of the 
supported membranes depends critically on  
the smoothness of the substrate. In order to 
separate membranes from the substrate by 
an ultrathin film of water, one must either 
treat the supports briefly by argon sputter- 
ing or use freshly cleaved mica (2).  Integrat- 
ed membranes are prepared by deposition of 
an alkyl monolayer as an inner layer by 
self-assembly from solution, with the use of 
alkyl silanes in the case of Si-SiO, supports 
and alkyl mercaptanes in the case of gold 
surfaces. Another method for integration of 
the first monolayer is coupling through salt 
bridges by the classical Kuhn technique (3). 

Advantages of the subsequent monolay- 
er transfer are that (i) the deposition pro- 
cess can be performed automatically, (ii) it 
may be followed optically by imaging ellip- 
sometry or microfluorescence (4), and (iii) 
both layers can be manipulated in many 
ways. With the appropriate choice of lipid 
mixtures and thermodynamic conditions, 
monolayers of a multitude of different mi- 
croscopic lateral organizations can be 
formed ( 1  , 2 , 4  - 6). The  microstructure and 
packing density of the inner monolayer are 
conserved during the transfer but deter- 
mine the structure and density of the outer 
layer. T h e  latter solidifies over crystalline 
domains of the inner layer by epitactic 
coupling (2), unless its fluid-solid transi- 
tion is far above -20°C, the temperature 
of transfer. This condition enables the 
design of heterogeneously functionalized 
solid surfaces. 

For vesicle spreading, the surface of the 
support has to be attractive or the vesicles 
must be under high tension, or both condi- 
tions may be needed (7). The bilayer may 
be linked electrostatically through ion 
bridges or covalently by lock-and-key forces 
(8). Two different mechanisms of vesicle 
spreading are possible (9) (Fig. 2, A and B): 
(i) the advancement of single bilayers with 
open edges and (ii) viscous fingerlike 
spreading of closed lobes of juxtaposed bi- 
layers (protruding from giant vesicles) by 
means of a rolling motion of the upper 
bilayer over the substrate while the bilayer 
in contact with the substrate is immobilized 
by pinning centers. The  former process pre- 
vails if the surface is strongly hydrated and 
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the bilayer and surface are separated by 
lubricating ultrathin water or polymer films 
(9). Only the latter process leads to closed 
bilayers by self-healing, whereas the former 
results in incomplete coverage. 

Functionalization of Solid Surface 
and Supported Film 

Functionalization of the solid surface is the 
key problem for the deposition of bilayers, 
the anchoring of polymers, and the direct 
immobilization of proteins on solid surfaces. 
Each system requires a different strategy. To  
anchor polymers (such as dextrans), one 
can deposit a mixed monolayer of long- 
chain surfactants exhibiting functional 
head groups (such as epoxy groups, amines, 
and nitrile groups) and alcohols (Fig. 3A). 
Alcohol groups render the surface hydro- 

philic and thus reduce nonspecific protein 
binding. For the direct immobilization of 
proteins on solids, an already classical 
method is to functionalize the surface with 
biotin-streptavidin layers and couple the 
proteins (such as antibodies) through biotin 
groups. The lateral anchor density can be 
controlled by depositing mixed monolayers 
with incorporated biotin-lipids (8). 

The second problem is functionalizing 
the deposited membranes or polymer films. 
The simplest way is to incorporate monopo- 
lar receptors (such as proteins penetrating 
membranes only partially) into the bilayer. 
A more general strategy-is to mediate pro- 
tein coupling by active (succidinimide) es- 
ters (Fig. 3B), which are bound to the lipids 
or polymer chains, whereas the protein it- 
self is coupled to the active ester through 
amine groups attached to the protein by 

Fig. 2. (A) Two types of A B 
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advance as the top bilay- s 
er rolls over the immobi- A 

lized lower bilayer. Bot- 
tom shows spreading of 
single bilayer over a lubri- 
cating water film or poly- 
mer cushion. (6) RlCM 
image of spreading lobes 
of juxtaposed bilayers by 
viscous fingering. (C) 
RlCM images are formed 
by interference of light re- 
flected from the sub- 
strate surfaces and the 
object. 0, incidence an- 
gles; I , lengths; and n, re- 
fractive indices. (D) By 
analvzina the interference 
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pattern by dynamic image processing, one can reconstruct the surface profile and the average distance of 
the object surface from the solid with a resolution of -5 nm in the normal and of -0.3 ym in the lateral 
direction. 
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Fig. 3. (A) Functionalization of a solid surface with a mixed monolayer of surfactants (silanes, mercap- 
tanes) carrying alcohol and functional groups. The alcohol groups passivate the surface, minimizing 
nonspecific binding of ligands, and the functional groups anchor the polymers. In the case of epoxy- 
group functionalization, some groups are transformed into OH by hydrolysis (which can be monitored by 
FTIR). Polymers are anchored to residual epoxy groups through COO- groups. Another method of 
coupling is by photoaffinity labeling (through N, groups). (B) Irreversible coupling of proteins to mem- 
branes, polymer films, or solids through an active (succinimide) ester, as described in (4). (C) Reversible 
immobilization of proteins (exhibiting His tags) to supported membranes through chelating lipids. In the 
presence of bivalent ions (Ni2+), proteins exhibiting protruding His sequences (-3 His) bind but can be 
removed by EDTA. 

spacers. This popular technique is well suit- 
ed for the coupling of antigen epitopes or 
Fab fragments of antibodies to membranes 
[see (4) for further referencesl. - . .  

An elegant way to reversibly couple pro- 
teins to supported membranes is based on 
chelating lipid (Fig. 3C). In the presence of 
bivalent ions (such as NiZ+ or CaZ+), his- 
tidine oligomers bind to the chelator (10). 
The binding is completely reversible be- 
cause the "receptor" can be detached by 
sequestering the bivalent ions with EDTA. 
The histidine tags of the proteins are at- 
tached by genetic engineering. 

Supported Bilayers: A Class of 
Model Membranes 

Because supported membranes separated from 
the solid bv ultrathin water or ~olvmer films . ,  
maintain the structural and thermodynamic 
properties of free lipid layers, their dynamic 
and structural properties can be studied by 
FTIR and NMR (6, 7), total internal reflec- 
tion fluorescence (4, 1 I), surface scattering of 
x-rays and neutrons (6, 12), lateral diffusion 
measurements (Fig. 4) (4, 13), microoptical 
techniques such as imaging ellipsometry ( 14), 
and microinterferometrv [reflection interfer- 
ence contrast microscop; (RICM) (9)]. Use of 
NMR spectroscopy of membranes deposited 
on spherical (glass or silica) beads allows one 
to avoid the many artifacts caused by polydis- 
~ersitv of the vesicle sus~ension and the local . , 
curvature effects that render data interpreta- 
tion ambiguous (7). 

Neutron reflectivity combined with con- 
trast variation techniques provides a prom- 
ising tool for the study of structural aspects 
of protein-membrane coupling ( 12) and 
protein-protein recognition processes at 
membrane interfaces. Experiments require 
only microgram quantities of protein, and 
radiation damage is avoided (in contrast to 
x-ray methods). 

The RICM technique (Fig. 2, C and D) 
is a powerful tool for observing the dynam- 
ics of bilayer spreading (Fig. 2, A and B) 
and analyzing the two-dimensional (2D) 
organization of supported mono- and bilay- 
ers with a resolution of (5 A in the normal 
and -0.3 pm in the lateral direction (9). 
The high azimuthal resolution of this 2D 
(optical) density mapping of supported 
films is achieved by contrast enhancement, 
realized by the deposition of a low refractive 
index layer (MgF2 film 118 of a wavelength 
thick) on the solid support (9). 

Lateral Diffusion at Interfaces 
Between Two and Three 

Dimensions 

The most striking and biologically impor- 
tant consequences of the 2D fluid nature of 
lipid membranes is the logarithmic depen- 
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dence of the diffusion coefficient on the 
particle radius, as predicted by the Saffman- 
Delbriick model (2). This peculiar behavior 
enables large integral cell membrane pro- 
teins to diffuse nearly as fast as lipid mole- 
cules, as long as they are not coupled to the 
actin-cytoskeleton or embedded in immobi- 
lized domains (13). The situation is com- 
~letelv different for membranes in frictional = ,  
contact with solid substrates, where the mo- 
bility of large diffusants (such as polymer- 
ized amphiphiles or proteins) is reduced by 
orders of magnitude compared to the lipid 
molecules (2, 13). This slowing down of 
large molecules is a consequence of the 
frictional contact between the fluid bilayer 
and the solid support (Fig. 4), which gen- 
erates two additional frictional forces. First, 
the velocity field induced by the diffusant 
in the membrane v- leads to a frictional 
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shear stress a, = q, v,/d,, where q, is the 
viscosity of the lubricating film of thickness 
d,. Second, a direct frictional force between 
the diffusant (of radius R) and the solid 
arises of the form fdir = = TR'v, 
q Jd, (b,, = direct frictional coefficient 
measured in erg-s/cm4, and v, is the velocity 
of the particle). The total lateral frictional 
force (per square centimeter of membrane) 
is a = (b, + bai,) v, = b: v, (b, = q JdJ. 
The diffusion coefficient may be expressed 
in terms of a dimensionless parameter E p. 

R- [see (2) for an exact expression] 

where kg is Boltzmann's constant, T is tem- 
perature, K, and KO are Bessel functions of the 
second kind, and q:) is the 2D membrane 
viscosity, which is related to a bulk mem- 
brane viscosity q:) (often called microvis- 
.cosity) by q:) = q:)d,. The second term 
in the bracket of Eq. 1 corresponds exactly 
to the classical Saffman-Delbriick logarith- 
mic law, and the first accounts for the 
friction exerted by the wall. For thin lubri- 
cating films or large diffusing particles 
(such as proteins), the e2 term prevails and 
one obtains 

Equation 2 can be applied to (i) measure 
the thickness of the lubricating films be- 
tween solid and bilayer, (ii) measure radii of 
proteins or 2D hydrodynamic radii of poly- 
merized amphiphiles (1 3), (iii) measure co- 
efficients of friction between monolayers 
and their modification by solutes (2), and 
(iv) determine surface viscosities of ultra- 
thin polymer films (4). 

It is indeed hoped that systematic studies 
of the lateral diffusion of macromolecules 
embedded in bilayers that are deposited on 
soft polymer cushions will help clarify the 

not completely resolved problem of imped- 
ed protein diffusion in biomembranes [see 
(4, 13) for further references]. The effect of 
partial coupling of proteins to cytoskeletons 
could be mimicked by the polymer film. 

Integrated Membranes as 
Electmoptical Biosensors 

The interest in supported membranes is 
strongly stimulated by their potential appli- 
cation to the design of biosensors. The basic 
idea (Fig. 5A) is to use the bilayer simulta- 
neously (i) as a very thin electrical insulator, 
(ii) as a matrix for the incorporation of re- 
ceptors (such as lipid-coupled antigens or 
antibodies), and (iii) for the suppression of 
nonspecific ligand binding. For electrical 
monitoring of ligand binding, the supports 
can consist of gold-covered or SnOJIn0,- 
covered supports or metal-oxide-&micon- 
ductor (field-effect transistors; MOSFETs), 
and ligand binding can be recorded by ca- 
pacitance or current measurements. 

The capacitance C, of (supported) lipid- 
protein bilayers depends in a complex way 
on the dielectric constant and thickness d- 
of the layer, the surface charge of the l i p i  
bilayer and integrated proteins, and the dis- 
tance between bilayer and support. The re- 
ceptor surface may be characterized in terms 
of an effective (dielectric) thickness d& Li- 
gand binding leads to a change in dielectric 
thickness of WEff = 6C,/Cm2, indicating 
that very thin insulating layers are required 
to achieve hieh sensitivities. " 

Fortunately, the different contributions 
to the membrane im~edance can be deter- 
mined by analyzing the frequency depen- 
dence of the complex impedance 2, of the 
membrane over a large range of frequencies 
(Fig. 5A). One convenient way is to mea- 
sure the absolute value of 2, and the phase 
shift @ (Fig. 5B) and to simulate these so 
called "Bode plots" by assuming various 
equivalent circuits to decide which contri- 
butions Ci and Ri contribute and to deter- 

Fig. 4. Velocities and frictional coupling between 
opposing monolayers of membrane and between 
the inner monolayer and a rigid wall: v,, instanta- 
neous velocity of the d i s i n g  particle; v,(z), the 
z-dependent velocity induced within the bilayer by 
the diffusant [changing from v, to v, (upper to 
lower)]; and d,, thickness of the lubricating film. 
The veloclty gradient in the lubricating film be- 
tween the inner monolayer and the wall is vJd,. 
Surface and bulk viscosities of polymer films can 
be measured by comparison of the d i s i o n  of 
probes of different head-group structure (2, 4). 

mine the values of these parameters (15). 
Figure 5B shows, for example, that ignoring 
the capacitance of the defects Cd leads to 
very large discrepancies at low frequencies. 

The sensitivity of the sensor based on 
impedance spectroscopy is mainly deter- 
mined by the defect density. The total bi- 
layer capacitance is C, = O CL + (1 - 0 )  
Cd, where O is the surface coverage. Be- 
cause the capacitance of the closed bilayer 
CO, (-3 pF) is smaller than Cd (-30 p.F) 
by an order of magnitude, the membrane 
capacitance is dominated by defects unless 
O > 0.97 (13). The sensitivity achieved by 
electrical detection with such high-quality 
integrated membranes corresponds to 10" 
receptors per square centimeter or to a min- 
imum detectable mass of e/cm2. - 

The sensitivity could be improved in 
various wavs. With FET transistors as mea- 
suring devices, the active sensor area could 
be reduced. More-sensitive devices could be 
used, such as the heterogeneous Si-Ge tran- 
sistors (16), because the conductivity of 
these 2D electron conductors is extremely 
sensitive to changes in the surface charge. 
Another promising strategy is to use inter- 
digitated arrays of microelectrodes with sub- 
micrometer electrode distances (1 7). To . . 
achieve sensitivities similar to enzyme- 
linked immunosorbent assays, one would 
have to develop enzymatic amplification 

Fwuency 0 W)  
Fig. 5. Supported membranes as biosensors. (A) 
Detection of binding of ligand H to receptor R by 
complex capacitance (C) measurements (imped- 
ance spectroscopy). The capacitance C, of the 
receptive layer is determined by its average thick- 
ness dm and its dielectric constant em, which de- 
 ends on the electric di~ole moment of rece~tor R 
i~,, electric dipole mdment of the head of 
R). An effective electric thickness mav be defined 
as &Je, = @/C, Cq = area of sensitive layer). 
(B) Evaluation of impedance spectra by equivalent 
circuits. Bode plots (data points) of frequency de- 
pendencies of absolute values of complex imped- 
ance Z* and of the phase shift +(o) (o, angular 
frequency) over a large frequency regime are sim- 
ulated by equivalent circuits (solid line). Dashed 
line shows large effect on Z(o) if defect capaci- 
tance is ignored. Re, resistance of the electrolyte. 
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mechanisms such as the activation of ~ h o s -  
pholipases (1 5) or of the complement sys- 
tems. A completely different strategy would 
be to use immobilized cells as alarm systems 
(18, 19); however, the solid devices would 
have to be passivated by the deposition of 
membranes or ultrathin polymer films (Fig. 
6) to avoid atrophy of the immobilized cells. 

Another effective way to achieve signal 
amplification is to combine impedance spec- 
troscopy with the more sensitive optical de- 
tection techniques, such as ellipsometry, sur- 
face plasmon resonance (SPR) (20), and 
surface acoustic wave techniques (21). The 
major advantage of impedance spectroscopy 
is its sensitive detection of nonspecific bind- 
ing ( 15). Such tandem devices enable simul- 
taneous multiparameter measurements in or- 
der to differentiate between different recep- 
tors or ligands. The introduction of SPR in 
the near infrared (1.3 to 1.8 pm), where 
both water and silicon exhibit absorption 
gaps, has enabled the combination of these 
techniques with silicon-based sensor devices 
(21 ). Natural combinations are SPR, imped- 
ance spectroscopy, and surface acoustic wave 
techniques, all of which require gold surfac- 
es. Sensitivities achieved with these sensor 
devices correspond to thickness changes of 
0.5 A or 50 pg/mm2. 

One particular advantage of supported 
membranes as receptor surfaces is that the 
lateral distribution of membrane-bound 
(charged) ligands may be reorganized by 2D 
electrophoresis, as demonstrated for lipids 
(22). In principle, this allows for the sepa- 
ration of loaded and free receptors. Other 
possibilities are the enrichment of receptors 
over active areas of a device and the gen- 
eration of lateral structures on nanometer 
scales. 

A prerequisite for such manipulations of 
receptors is that the membrane and sub- 
strate must be separated by fully hydrated 
and soft polymer cushions. The cushions are 
expected to provide natural environments 
for the protein domains protruding from the 
bilayers. 

Supported Membranes as 
Phantom Cells 

Specific lock-and-key forces dominate the 
self-assembly on a molecular level (23) and 
play a central role for the modulation of 
allosteric enzyme activity by effectors (24) 
or immunological recognition processes. 
The interaction on a higher level of orga- 
nization (such as between cells) is deter- 
mined by a complex interplay of specific 
lock-and-key forces between receptors and 
a manifold of universal forces (Fig. 6). Be- 
sides the classical interaction mechanisms, 
these include polymer-induced forces (25) 
and dynamic repulsion forces (26, 27) 
caused by the thermally excited dynamic 

Fig. 6. Application of supported membranes as 
"phantom cells'' to study the interplay of specific 
key-lock forces between receptors and universal 
forces. Incorporation of charged lipids, lipopoly- 
mers (or gangliosides), and receptors into sup- 
ported bilayers allow control of electrostatic, poly- 
mer-induced, and lock-and-key forces. Dynamic 
re~ulsion forces caused bv the dvnamic surface 
roughness (resulting from membrane undulations 
and vibrational motion of lipid molecules in the 
normal direction) can be studied by observing the 
interaction of flickering cells (for example, elythro- 
cytes) or vesicles with solid surfaces. The van der 

Competing 
polymer 

~ a a l s  forces can be varied by using solids of different Hamaker-constants or by separating membrane 
and solid by polymer cushions of various thicknesses. 

surface roughness of soft membranes. 
Polvmer-induced forces are re~ulsive if 

macromolecules are anchored to the inter- 
acting surfaces. If they can reversibly ex- 
change between interfaces and bulk solu- 
tions, they may be repulsive at large or at- 
tractive at short interfacial separations (25). 
Another type of polymer-induced force aris- 
es if macromolecules compete with cells for 
binding sites on the substrate (Fig. 6). 

The dvnamic membrane roughness is de- 
w 

termined by the local out-of-plane motions 
of lipids [amplitudes of 2 to 3 A (28)] and 
thermally excited membrane undulations. 
The former contribute to repulsive short- 
range forces (-3 A) together with the de- 
hydration forces (29), whereas the latter 
lead to long-range entropic forces. 

Supported membranes (and polymer 
films) open new possibilities for systematic 
studies of the interplay between specific and 
universal forces (for example, in cell adhe- 
sion). They enable the design of ~hantom 
cells with well-defined areal densities of 
(mobile and immobilized) receDtors to con- 
trol key-lock forces and allow subtle controls 
of universal forces (Fig. 6). Supported mem- 
branes have already been applied with great 
success to study the role of cell adhesion in 
immunological responses. It was shown that 
supported bilayers containing major histo- 
compatibility complexes can replace anti- 
gen-presenting cells in order to study the 
interaction with T helper cells (1 I). Sup- 
ported bilayers containing antigens coupled 
to lipids were applied to quantify the adhe- 
sion of T lymphocytes to membranes (30). 

As an example, consider the measure- 
ment of undulation forces between vesicles 
and a solid wall. The energy (per unit area) 
associated with bendine undulations is Dro- 

u 

portional to the square of the local curvature 
H = (a2u/ax2 + a2u/ay2) generated by local 
deflections u(x,y): gh, = '/2KcH2 (Fig. 7). 
The bending modulus Y (exhibiting the 
dimensions of energy) is -20kBT for natural 
lipids and may be even smaller (55k,T) in 
the presence of small amphiphiles (31). 
Thermal fluctuations can thus excite pro- 
nounced bendine undulations with am~li- " 
tudes of a few tenths of a micrometer. As a 

membrane approaches a hard wall, the un- 
dulations must be suppressed more and more 
because the mean amplitudes (u) of the un- 
dulations must be smaller than the average 
interfacial distance (h). Thus, a dynamic 
repulsive force or disjoining pressure results 
for entropic reasons (26, 32, 33). 

Undulation forces can also play an im- 
portant role in the control of cell adhesion. 
The best known example is the erythrocyte, 
which exhibits pronounced shape fluctua- 
tions called flickering (34), and there is 
evidence that the associated undulation 
forces prevent the sticking of cells to sur- 
faces (such as that of the tissue), which may 
cause alterations of the cell surface and 
could accelerate the aging of cells. In most 
other cells, large-scale fluctuations of the 
lipid-protein bilayer of the plasma mem- 
brane are suppressed by coupling to the 
actin cortex of the cvtoskeleton. However. 
on a local scale, the membrane is often 
decoupled from the cytoskeleton, resulting 
in small-scale undulations with wave- 
lengths of the order of 0.5 pm and ampli- 
tudes of about 10 nm. 

Detailed theoretical studies have shown 
(33) that the disjoining pressure Pdis de- 
pends critically on the lateral tension o of 
the membrane. For o = 0, it has the same 
dependence on (h) as the van der Waals 
potential between flat surfaces 

where the constant c' is. of the order of 
unity, whereas at o # 0, an exponential law 
holds 

Detailed Fourier analysis of the undulations 
in the contact zone between the soft shell 
and the solid observed by RICM (27) allows 
the measurement for a single vesicle (or 
cell) of all of the essential parameters de- 
termining the undulation forces (Fig. 7). 
The van der Waals attraction mav indeed 
be overcompensated by undulation forces at 
small tensions, resulting in a2econd mini- 
mum at a distance of -100 A (27). Thus, 
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Fig. 7. Analysis of undulation forces between lipid vesicle and rigid wall. (A) Schematic view of a 
dynamically rough piece of membrane of dimensions L by L at distance h above the solid surface with 
lateral tension u. The excitations may be decomposed into plane-wave Fourier modes. The effect of the 
wall is represented by an interfacial potential V(h). (B) Representation of parameters characterizing weakly 
adhering vesicles simultaneously measurable by RICM. These include (i) mean distance (h) (-400 a), (ii) 
mean square amplitude (h2) (-20 nm2), (iii) lateral tension (u - 0.001 mN/m), (iv) force constant of potential 
d2V/aZ *, (v) contract curvature R,, and (MI spatial correlation function of undulation amplitude u(4 (27). (C) 
RICM visualization of a dimyristoyl phosphatidylcholine (DMPC) vesicle containing 1 mol % biotin-labeled 
lipid as the receptor interacting with a surface covered by streptavidin. The formation of adhesion plaques 
is caused by interplay of the strong attraction between receptors and the repulsive undulation forces. 

by increasing the tension, a transition from 
a weakly to a strongly bound state may 
occur and one may therefore speak of ten- 
sion-induced adhesion (33). Transitions be- 
tween free and bound states may arise if 
swelling is induced in vesicles or cells, lead- 
ing to an increase of the lateral tension. 

The remarkable strength of undulation 
forces is demonstrated in Fig. 7C. Vesicles 
containing - 1 mol % biotinylated lipid (as 
model "receptors") adhere to substrates 
covered with streptavidin to form tight 
binding sites. Although the specific attrac- 
tion is very strong, only adhesive plaques 
form (dark patches), separated by strongly 
undulating regimes (bright patches). The 
latter are -100 nm from the surface. This 
condensation of junctions can be under- 
stood on the basis of a recent theory by 
Bruinsma et d. (35). It arises if membranes . ,  
are locally strongly coupled to another sur- 
face through specific short-range forces 
(such as those mediated by receptors) but 
exhibit simultaneously a repulsive long- 
range disjoining pressure (such as that 
caused by electrostatic repulsion or undula- 
tion forces). This effect may play a role in 
the formation of gap junctions between 
cells or the formation of focal adhesion 
plaques during, for example, the strong ad- 
hesion of fibroblasts to surfaces. 

Polymer-Lipid Composite Films: 
A Perspective 

Composite polymer-lipid films open new 
perspectives for (i) the reconstitution of 
membrane-spanning proteins and the reor- 
ganization or local enrichment of receptors 

by 2D electrophoresis (isoelectric focusing), 
(ii) fundamental studies of the mobility of 
membrane proteins coupled to macromo- 
lecular networks, and (iii) the deposition of 
self-healing (defect free) membranes to in- 
crease the electric resistivity and suppress 
nonspecific binding (Fig. 5). Composite 
monolaver-~olvmer films are also versatile , . ,  
model systems for studies of fluid-fluid wet- 
ting by viscous fingering or solitary waves 
(14) as well as dewetting processes. To 
mimick the physical properties of cytoskel- 
etons beneath cell plasma membranes (such 
as the spectrin-actin network of erythro- 
cytes), the polymer cushions must be soft 
and fully hydrated, which excludes highly 
charged polyelctrolytes (such as polylysine) 
or strongly cross-linked gels as supporting 
cushions. 

The key problem is that the stability of 
these soft asymmetric films is determined by 
two stability criteria. First, the spreading 
coefficient S = y,, - y,, - y,, must be 
positive, where y,,, y,,, and y,, are the 
free energies per unit area of the polymer- 
water, polymer-membrane, and membrane- 
water interfaces, respectively. For soft poly- 
mers, for which water is a very good solvent, 
this condition is in general difficult to fulfill 
( 14). Second, the membrane-substrate in- 
teraction must be repulsive or only weakly 
attractive in order to prevent dewetting. 
This condition is difficult to fulfill for 
monolayers on polymer cushions ( 14). 

One successful strategy is to make the 
inner monolayer of lipopolymers grafted to 
the head groups, which serve ?s pillars to 
keep the bilayer 30 to 100 A from the 
support (Fig. 8A). The distance can be 

u U 
0- d Hairy rods 

i V i V  ' - Silane 
monlayer 

Fig. 8. (A) Separation of a bilayer from substrate 
by stealths formed by (clusters of) polymer brush- 
es (or mushrooms) of hydrophilic polymers (for 
example, polyethyleneoxide grafted to long-chain 
lipids). Also shown is the formation of artificial gly- 
cocalix on the outer monolayer by the mixing of 
phospholipids, lipid-coupled receptors, and li- 
popolymers. (B) Membrane deposition on ultra- 
thin layers of hairy rods prepared by the LB tech- 
nique from hydrophobic hairy rods (cellulose-de- 
rivatives), which are hydrophilized by shaving of 
hydrophobic hairs in HCI vapor. 

varied by means of the lateral pressure be- 
cause the ~olvmer can be switched between 
the stretched (brush-like) and more ex- 
panded (mushroom-like) conformations 
(36). Lipopolymers in the outer monolayer 
allow one to synthesize artificial glycocal- 
ices to study the influence of steric repul- 
sion on cell-substrate interactions or the 
accessibility of ligands to receptors and to 
minimize nonspecific binding effects (37). 
Supported membranes that are separated 
from the surface of gold-covered substrates 
by hydrophilic spacers have been prepared 
by the deposition of polymerized amphi- 
philes with thiol groups coupled to the 
polymer backbone or by transfer of bilayers 
of lipids carrying thiol head groups (38). 

A second successful strategv is to form 
c7, 

polymer cushions from multilayers of hairy 
rods prepared by the LB technique (Fig. 8B) 
(39). In fact, ultrathin meshworks can be 
formed by partial cross-linking of the rods 
exhibiting voids for integral protein pene- 
tration. Dextran films anchored to glass 
substrates by the technique of Fig. 3 also 
fulfill most of the requirements mentioned 
above (40). 
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