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ABSTRACT There is increasing interest in supported membranes as models of biological membranes and as a physiological
matrix for studying the structure and function of membrane proteins and receptors. A common problem of protein-lipid
bilayers that are directly supported on a hydrophilic substrate is nonphysiological interactions of integral membrane proteins
with the solid support to the extent that they will not diffuse in the plane of the membrane. To alleviate some of these problems
we have developed a new tethered polymer-supported planar lipid bilayer system, which permitted us to reconstitute integral
membrane proteins in a laterally mobile form. We have supported lipid bilayers on a newly designed polyethyleneglycol
cushion, which provided a soft support and, for increased stability, covalent linkage of the membranes to the supporting
quartz or glass substrates. The formation and morphology of the bilayers were followed by total internal reflection and
epifluorescence microscopy, and the lateral diffusion of the lipids and proteins in the bilayer was monitored by fluorescence
recovery after photobleaching. Uniform bilayers with high lateral lipid diffusion coefficients (0.8–1.2 � 10�8 cm2/s) were
observed when the polymer concentration was kept slightly below the mushroom-to-brush transition. Cytochrome b5 and
annexin V were used as first test proteins in this system. When reconstituted in supported bilayers that were directly
supported on quartz, both proteins were largely immobile with mobile fractions � 25%. However, two populations of laterally
mobile proteins were observed in the polymer-supported bilayers. Approximately 25% of cytochrome b5 diffused with a
diffusion coefficient of � 1 � 10�8 cm2/s, and 50–60% diffused with a diffusion coefficient of �2 � 10�10 cm2/s. Similarly,
one-third of annexin V diffused with a diffusion coefficient of � 3 � 10�9 cm2/s, and two-thirds diffused with a diffusion
coefficient of �4 � 10�10 cm2/s. A model for the interaction of these proteins with the underlying polymer is discussed.

INTRODUCTION

Since their inception (Tamm and McConnell, 1985), sup-
ported lipid bilayers have been widely used as models for
cellular membranes (McConnell et al., 1986; Sackmann,
1996). Supported membranes, monolayers and bilayers,
have been used in fundamental and applied studies of lipid
assembly on surfaces (Kalb et al., 1992; Wenzl et al., 1994;
Hubbard et al., 1998), membrane structure (Tamm and
Shao, 1998), membrane dynamics (Tamm and Kalb, 1993;
Thompson et al., 1993), lipid-protein interactions (Tamm
and Tatulian, 1997; Silvestro and Axelsen, 1998), ligand-
receptor interactions (Thompson et al., 1997; Heyse et al.,
1998), electrochemical properties of membranes (Stelzle et
al., 1993; Fromherz et al., 1999), the development of mem-
brane-based biosensors (Cornell et al., 1997; Stora et al.
1999), and microscopic separation devices (van Oudenaar-
den and Boxer, 1999). Although supported bilayers and, to
a more limited extent, supported monolayers were used so
successfully to study properties of peripheral membrane
proteins, membrane-integrated peptides, and the binding of
fluorescent ligands to integral membrane protein receptors,

they have one serious limitation: bilayers that are directly
supported on glass or quartz are separated from the substrate
by a thin (10–20 Å), lubricating film of water (Tamm and
McConnell, 1985; Johnson et al., 1991). This film is suffi-
cient to support the lateral mobility of lipids in both leaflets
of the bilayer (Tamm, 1988), but the substrate-exposed
domains of large integral membrane proteins interact with
the hydrophilic substrate to the extent that they pin these
proteins to the substrate and thereby inhibit their lateral
mobility (Poglitsch et al., 1991; Hinterdorfer et al., 1994;
Salafsky et al., 1996).

Many reactions in membranes depend on lateral motion
and the fluid dynamic properties of all membrane compo-
nents. Therefore, an important goal for the further develop-
ment of supported membranes as surrogate cell membranes
must be to fully reproduce the lateral mobility of all mem-
brane components, including transmembrane proteins in
these systems. Several attempts to achieve this goal have
been made in recent years. The general approach of these
studies was to separate the membrane from the solid support
with a polymer cushion (see, e.g., Sackmann, 1996). How-
ever, most of these efforts have met with only limited
success. Often the bilayers that were formed on polymers
were patchy and exhibited lots of defects, and reconstitution
of integral membrane proteins and lateral diffusion mea-
surements of these proteins (i.e., the really critical test for
improvement over the existing systems) has rarely been
attempted. In an early study, Spinke et al. (1992) self-
assembled a moderately hydrophilic, methacrylic coblock
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polymer with aliphatic side chains on a gold surface. The
subsequent fusion of lipid vesicles to this surface was fol-
lowed with surface plasmon spectroscopy. The resulting
lipid bilayers were not further characterized. Kühner et al.
(1994) prepared 30–40-�m-thick polyacrylamide gels on
glass and coated these with monolayers and bilayers, using
Langmuir-Blodgett techniques. When inspected by epifluo-
rescence microscopy, these bilayers exhibited some residual
domain structure. Lipids and a lipid-linked 20-residue pep-
tide antigen diffused normally in these bilayers. In an ex-
tension of this work, the electrophoretic mobility of charged
lipids was determined in monolayers that were supported on
agarose gels (Dietrich and Tampé, 1995). Bilayers were not
formed on these substrates. In another study, bilayers were
formed on a polyvinyl substrate that had functionalized
diethylene amino groups for reaction with lipid headgroups
(Beyer et al., 1996). Although homogeneous bilayers with
high lipid diffusion coefficients were obtained under some
conditions, the hydrophilic linkers are clearly too short to
accommodate membrane proteins in this system. Unreacted
positively charged ammonium groups may also pose a prob-
lem for the functional reconstitution of membrane proteins.
The same charge problem exists for bilayers that are sup-
ported on a cushion of polyethyleneimine (Majewski et al.,
1998b; Wong et al., 1999a,b). Wong et al. (1999a) charac-
terized lipid bilayers that were supported on a polyethyl-
eneimine cushion by neutron reflectometry and found that
the thickness, surface roughness, and coverage of the poly-
mer and lipid layers depended strongly on the method of
preparation. For example, the polymer was �170 Å thick
when the bilayers were adsorbed to the quasi-dried pread-
sorbed polymer, but only 40–50 Å thick when the polymer
was added after deposition of the lipid bilayer. Elender et al.
(1996) were able to produce uniformly fluorescent bilayers
of dimyristoylphosphatidylcholine and 20 mol% cholesterol
on 600–800-nm cushions of dextran. The lateral diffusion
coefficient and mobile fraction of the lipids were high in
this system, which, however, was very unstable in the
absence of cholesterol.

A successful polymer for the support of protein-contain-
ing lipid bilayers must fulfill the following requirements: it
should be very hydrophilic and should interact neither with
membrane lipids nor with membrane proteins; for robust-
ness in practical applications, it should also be chemically
linked to the bilayer at one end and to the solid substrate
(quartz or glass) at the other end and should not engage in
extensive physical interactions with either surface. Polyeth-
yleneglycol (PEG), covalently linked to the substrate and
the bilayers, is likely to fulfill these criteria. PEG is known
to prevent the nonspecific adsorption of proteins to surfaces
(Prime and Whitsides, 1991; Jin et al., 1995; Du et al.,
1997). For this reason it has been extensively used to coat
the surfaces of biomedical devices. Moreover, PEG does not
adsorb to lipid bilayer surfaces (Arnold et al., 1990) and
shields liposomes from unwanted interactions with bioma-

terials in drug delivery systems (Woodle and Lasic, 1992).
Similarly, we expect that PEG interacts only minimally with
glass or quartz surfaces. For example, soluble PEG cannot
be transferred from the subphase under a compressed lipid
monolayer (Ariga et al., 1995). Based on these favorable
observations, we designed a new PEG-phospholipid conju-
gate that could be covalently bonded to silicate substrates.
In this paper, we describe the design and use of this mole-
cule to form tethered polymer-supported lipid bilayers. We
further describe the reconstitution and lateral diffusion ex-
periments of two proteins that represent two different struc-
tural classes of membrane proteins. Conditions are explored
that produce uniformly fluorescent tethered polymer-sup-
ported bilayers with high lateral mobilities of the constituent
lipids and proteins.

MATERIALS AND METHODS

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG), 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), and N-[poly(ethylene glycol)
2000]-1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (PEG2000-
DMPE) were purchased from Avanti Polar Lipids (Alabaster, AL). N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)-egg phosphoethanolamine (NBD-eggPE)
and fluorescein-5-isothiocyanate (FITC) were from Molecular Probes (Eu-
gene, OR), and �-octyl-glucoside (�-OG) was from Sigma (St. Louis,
MO). Quartz slides (37 mm � 25 mm � 1 mm) were purchased from
Quartz Scientific (Fairport Harbor, OH). DMPE-PEG-triethoxysilane
(DPS) was custom-synthesized by Shearwater Polymers (Huntsville, AL).
1H-NMR spectra of DPS in DMSO-d6 confirmed the correct structure of
this molecule. Rabbit cytochrome b5 was expressed in Escherichia coli and
was purified as previously described (Ladokhin et al., 1991), and was a gift
from Dr. Peter Holloway (University of Virginia, Charlottesville, VA).
Human recombinant fluorescein-labeled annexin V was purchased from
Alexis Biochemicals (San Diego, CA) and used as received.

Substrates and monolayers

Quartz and glass microscope slides were cleaned by first boiling in a 10%
solution of Contrad 70 (Fisher Scientific, Pittsburgh, PA) and sonicating
hot in detergent for 10 min, followed by extensive rinsing with double-
distilled water and high-purity methanol. The slides were then dried in an
oven at 70°C and stored in a dust-free container until use. Immediately
before use, the slides were further cleaned in an argon plasma cleaner
(Harrick Scientific Corp., New York) at high setting for 10 min.

Lipid monolayers were spread from 10 mM solutions of lipid in hexane/
ethanol (9:1) or chloroform (monolayers containing PEG lipids) at near-
zero surface pressure at the air-water interface of a Langmuir-Blodgett
trough (model 611; Nima Technologies, Coventry, England). The subphase
was 10 mM Tris-acetic acid (pH 5.0) made from double-distilled water.
Solvents were allowed to evaporate for 20 min before the monolayers were
compressed. A compression rate of 25 cm2/min was used to record surface
pressure-area isotherms. Monolayers were transferred to quartz microscope
slides at a pressure of 32 mN/m. This was accomplished by first forming
a monolayer at �0 pressure and compressing it to 32 mN/m. The plasma
cleaned slides were quickly (200 mm/min) immersed through the mono-
layer and into the trough. No lipid was transferred at this step, as the
surface pressure was virtually unchanged. The slides were withdrawn from
the subphase at a rate of 5 mm/min while a surface pressure of 32 mN/m
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was maintained with an electronic feedback circuit. A single monolayer
was formed in this step on the surface, as verified by the �1:1 transfer
ratio. When required, we tethered the DPS molecules to the surface by
drying the coated slides in a desiccator at room temperature overnight and
subsequently curing them in a 70°C oven for 40 min. The hot slides were
transferred to a desiccator, allowed to equilibrate at room temperature, and
typically used on the same day.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra of supported monolayers
and pure quartz surfaces were recorded on a PHI 560 ESCA/sam system
(Perkin-Elmer, Norwalk, CT), using Mg K�1,2 as an x-ray source. The
resolution was 1 eV in the full-range scans and 0.2 eV in the scans
examining the substructure of the C1s peak. Samples of DPS or PEG2000-
DMPE were prepared and cured as described above. The surfaces were
then thoroughly rinsed with methanol to remove all lipids that were not
covalently bound to the surface. Gaussian components of the C1s peak were
fitted using IGOR software (Wavemetrics, Portland, OR).

Large unilamellar vesicles

Lipids were mixed in appropriate proportions from stock solutions in
chloroform, dried on the bottom of glass test tubes by a stream of nitrogen,
desiccated under vacuum for 1 h, and hydrated by the addition of HEPES
buffer (5 mM HEPES, pH 7.4, containing 150 mM NaCl) to give the
desired lipid concentration. Resulting lipid suspensions were vigorously
vortexed, freeze-thawed five times, and extruded nine times through two
polycarbonate membranes of 100-nm pore size, using a syringe-type ex-
truder (Avestin, Ottawa, ON, Canada).

Supported bilayers

Dry supported monolayers (with or without polymer, cured or uncured)
were assembled in a closed home-built total internal reflection fluorescence
microscopy (TIRFM) measuring cell (Tamm, 1993). Supported bilayers
were formed by the addition of 1.1 ml of 100 �M lipid vesicles. Lipid
vesicles are known to spread on (or fuse with) supported monolayers under
these conditions (Kalb et al., 1992). The kinetics of bilayer formation were
followed in many cases by TIRFM. After 2 h of equilibration at room
temperature, excess unfused vesicles were flushed out of the measuring cell
with 5 volumes of buffer. Epifluorescence micrographs were taken on a
Zeiss Axiovert 35 microscope (Carl Zeiss, Thornwood, NY), using a 40�
water immersion objective and a EG&G 512 � 512 cooled charge-coupled
device camera (PARC, Princeton, NJ). The bilayers were stable for at least
24 h and sometimes much longer. Supported bilayers containing the
integral membrane protein cytochrome b5 were prepared identically, except
that reconstituted proteoliposomes instead of pure lipid vesicles were used.

Total internal reflection fluorescence microscopy
and fluorescence recovery after photobleaching

The laser fluorescence microscope that was used for the TIRFM and
fluorescence recovery after photobleaching (FRAP) experiments has been
described in detail elsewhere (Kalb et al., 1990, 1992) and is described here
only briefly. For TIRFM, the beam of an argon ion laser (Innova 300-4 or
Innova 300-8; Coherent, Palo Alto, CA) operating at 488 nm was focused
and directed through a trapezoid quartz prism to the lower surface of a
quartz slide, which forms the top of the experimental measuring cell. The
beam was totally internally reflected at the quartz-buffer interface at an
incident angle of 72° from the normal (the critical angle is 65°). An
elliptical area, �250 �m � 65 �m, was illuminated. Fluorescence result-
ing from excitation by the evanescent wave, which penetrates �90 nm

(1/e) into the adjacent buffer phase, was collected through a 40� water
immersion objective on the Axiovert 35. The fixed prism was lubricated
and optically coupled to the slide to allow for simple translocation of the
measuring cell on the microscope stage. Fluorescence was recorded from
the central section of the ellipse with a photomultiplier tube. FRAP
experiments were carried out on the same samples on the same microscope
by bleaching a pattern of parallel stripes, formed by imaging a Ronchi
ruling into the image plane, and measuring the integrated fluorescence
recovery of an �100 �m2 area with a photomultiplier tube (Smith and
McConnell, 1978). Fluorescence recovery curves were fit to the equation

F�t� � F� � �F0 � F��exp��DLa2t� (1)

where a 	 2�/p, DL is the lateral diffusion coefficient, p is the stripe
period, and F0 and F� are the fluorescence intensities immediately after
and a very long time after the bleach pulse, respectively. In pattern
photobleaching, the mobile fraction as a percentage is defined as

mobile fraction � 
�F � F0�/�Fpre � F0�� 	 200 (2)

where Fpre is the fluorescence intensity before the bleach pulse.

Labeling and reconstitution of cytochrome b5

Cytochrome b5 was labeled with fluorescein as previously described (Kalb
and Tamm, 1992). Briefly, 50 �g of FITC was reacted with 1 mg of protein
in 50 mM carbonate buffer (pH 9.2) containing 150 mM NaCl and 100 mM
�-OG, for 2 h at room temperature. Unreacted FITC was removed by
Sephadex G-25 column chromatography with Tris-OG buffer (10 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 100 mM �-OG). The resulting fluores-
cein/protein ratio was 3:1 (mol/mol) as determined by absorbance spec-
troscopy (a molar extinction coefficient of 73,000 at 494 nm was used for
fluorescein) and the Biorad protein assay. For reconstitution into proteo-
liposomes, the desired concentration of cytochrome b5 in 0.5 ml of
Tris-OG buffer was added to 150 �mol of POPC that had been dried on the
bottom of a test tube. After thorough mixing, the solution was dialyzed
against the same buffer without detergent for 18 h with two changes of
buffer. The resulting proteoliposomes were loaded onto a 10%, 30%, 45%
discontinuous sucrose gradient and centrifuged for 90 min at 45,000 rpm in
a SW55Ti rotor. A single fluorescent band was collected at the 0/10
interface, and the lipid/protein ratio was determined, using the Bradford
protein assay and a modified Ames (1966) phosphate assay to estimate
lipid concentrations.

Binding of annexin V to supported bilayers

Asymmetrical bilayers consisting of POPC with or without DPS in the
inner layer and POPC:POPG (9:1) in the outer layer were prepared in an
EDTA-containing buffer (10 mM HEPES, 100 mM NaCl, 1 mM EDTA,
pH 7.4). To remove any excess adsorbed vesicles, the bilayers were first
washed with 10 volumes of EDTA-containing buffer followed by 3 vol-
umes of the same buffer containing 1 mM CaCl2 instead of EDTA.
Fluorescein-labeled annexin V (56 pmol) in 1 ml of the Ca2�-containing
buffer was injected into the sample cell, and the binding of annexin V was
followed by TIRFM. The cell was then washed with 10 volumes of the
Ca2�-containing buffer to remove unbound proteins.

RESULTS

A new polymer-lipid molecule to tether lipid
bilayers to hydrophilic solid substrates

Lipid bilayers that are supported on silicate substrates are
typically lubricated by a thin film of water on the order of
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�10 Å thick. To accommodate integral membrane proteins
with hydrophilic domains on both sides of the bilayer, we
designed a new polymer-lipid molecule that we expected
would increase the distance between the substrate and the
bilayer while still keeping the bilayer stably attached (teth-
ered) to the solid support (Fig. 1). This molecule consists of
dimyristoylphosphatidylethanolamine (DMPE), polyethyl-
eneglycol (PEG), and a triethoxysilane group for covalent
linkage to silanols at the surface of silicate substrates. The
PEG moiety contains, on average, 77 subunits, and accord-
ing to the manufacturer’s specifications, it is fairly mono-
disperse. We chose PEG as the polymer because of its
nearly ideal polymer behavior in water (“theta” solvent) and
its negligible interactions with proteins. We call this mole-
cule DPS.

To estimate the polymer behavior of DPS on surfaces, we
first calculated according to the de Gennes theory of grafted
neutral polymers the average distance between graft sites
and the extension length of the polymer as a function of the
mol fraction of DPS in a lipid monolayer (de Gennes, 1987).
The average distance between graft sites, D, is simply given
by the square root of the area, A, of a single lipid molecule
(70 Å2 for POPC and DMPE in the fluid state) and the mol
fraction, f, of DPS in the membrane:

D � �A/f �1/2 (3)

The Flory radius of a polymer of N subunits of length a is

RF � a � N3/5 (4)

At D 
 RF, the extension length, L, of the polymer above
the surface equals RF. The average shape of the polymer is
a sphere of radius RF. Individual mushrooms of polymer are
attached to the surface at each grafting site. In this regime,
the polymer is assumed to interact neither with the surface
nor with its nearest neighbors. However, when D � RF, the
polymers will interact laterally and will extend farther from
the surface. A dense polymer “brush” is formed on the
surface under these conditions. Following de Gennes’ scal-
ing laws, the extension length of the polymer brush in this
regime is given by

L � a � N�a/D�2/3 (5)

For our polymer of 77 units of 3.5 Å, we calculate RF 	
47.5 Å. The theoretically expected behavior of D and L as
a function of the mol fraction of DPS in a monolayer is
plotted in Fig. 2. According to these (idealized) calculations
the mushroom-to-brush transition is predicted to occur at
3.1 mol% DPS (Fig. 2). Near this transition the polymer
layer on the surface is expected to be �48 Å thick. The
cartoon of the polymer-supported bilayer in Fig. 1 A is
drawn approximately to scale.

Pressure-area isotherms of DPS in POPC

To experimentally examine polymer interactions on mem-
brane surfaces, the DPS molecule was included in mono-
layers of POPC at different mole fractions on a Langmuir

FIGURE 1 Design of a tethered polymer-supported
lipid bilayer. (A) Polymer-supported lipid bilayers are
designed to space the lipid bilayer from the supporting
solid substrate to allow for the reconstitution of integral
membrane proteins by minimizing interactions of the
proteins with the substrate and the polymer. To make
the system physically robust, the linear polymer is
covalently attached at its two ends to the substrate and
membrane lipids, respectively. Approximately drawn to
scale. (B) Chemical structure of the linker between the
silane and DMPE in DPS. (C) Structure of a lipid
polymer, DPS, with a silane group for covalent tether-
ing to silicates. PEG, polyethyleneglycol of 77
subunits.
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trough, and pressure-area isotherms were recorded (Fig. 3).
As the mol fraction of DPS in the monolayer was increased,
a large expansion of the monolayer appeared at surface
pressures below 12 mN/m, indicating an increased area per
molecule. Fig. 3 also shows that a transition between a
liquid-expanded and a liquid-condensed phase occurs at
�12 mN/m. This transition can be observed at DPS con-

centrations as low as 0.5 mol %. Therefore, the DPS mol-
ecules are interacting down to much lower graft site densi-
ties at low surface pressures than predicted by the de
Gennes theory. Compared to the bilayers discussed below,
the lipid density is low in monolayers at low surface pres-
sure, which allows the PEG chains to spread at the air–water
interface. Little difference between the isotherms of differ-
ent DPS concentrations was observed at surface pressures
above 20 mN/m. The lack of interactions at these higher
surface pressures indicates that the repulsive pressure be-
tween adjacent grafted polymers is small compared to hard-
core repulsion between the condensed aliphatic chains of
the lipids in the monolayer. Repeated compression and
expansion cycles reproduced the same isotherms, demon-
strating reversibility and equilibrium of these monolayers
(data not shown).

Polymer-supported planar lipid bilayers

To construct polymer-supported planar lipid bilayers, lipid
monolayers composed of POPC and DPS were first depos-
ited onto quartz by vertical immersion of quartz microscope
slides through monolayers that were compressed to 32
mN/m on a Langmuir trough. The mole fractions of DPS
were varied between 1% and 10%. Lipid transfer ratios
(area removed from the air-water interface/surface area of
the substrate) were routinely determined and found to be
close to 100%, at all DPS concentrations. Polymer-sup-
ported planar bilayers were then completed by fusing unila-
mellar POPC vesicles to the supported monolayer (Kalb et
al., 1992). Fig. 4 shows fluorescence micrographs of poly-
mer-supported lipid bilayers taken at different times during
the formation of bilayers with different concentrations of
DPS. In these experiments, the inner DPS-containing mono-
layer was labeled with 2 mol% NBD-eggPE. Several inter-
esting structural details that are unique to these polymer-
supported bilayers were observed in the course of these
experiments. At early times, when the bilayers were still
incomplete, holes as well as two types of stripe defects were
frequently observed. These defects “healed” within about
30 min as the lipid spread and the fluorescence became
uniform across the entire field of view. The vertical striped
patterns are due to the rheology and wetting behavior of the
polymer because they were never observed in supported
bilayers without the polymer and because they were always
oriented parallel to the direction of coating of the monolayer
on the Langmuir trough. As the concentration of DPS in-
creased to 5 mol%, the vertical stripes became narrower and
less prominent, until they were no longer laterally resolved
by conventional epifluorescence microscopy. At very high
concentrations of DPS, e.g., 10 mol% DPS as shown in Fig.
5 A, complex patterns appeared that persisted for very long
times (days). These patterns, which were only observed well
above the mushroom-to-brush transition of the polymer,

FIGURE 2 Theoretical predictions for the structural parameters of DPS
on surfaces. The average distances between graft sites and extension
lengths of the polymer are calculated as a function of the graft site density
according to the de Gennes theory of uncharged grafted polymers on
surfaces. See text for details. RF, Flory radius. A transition from the
mushroom to the brush regime is predicted to occur at 3.1 mol% DPS.

FIGURE 3 Pressure-area isotherms at 21°C of increasing mole fractions
of DPS in monolayers of POPC on a Langmuir trough. Isotherms were
recorded (from left to right) with 0, 0.5, 1.0, 2.0, 5.0, and 10.0 mol% DPS.
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reveal domain structures in bilayers on densely packed
PEG. Our interpretation that these textures represent lipid
domains with different partitioning capacities of NBD-
eggPE is supported by photobleaching experiments as pre-
sented in Fig. 5 B. In these experiments, a stripe pattern was
imaged onto the bilayer, and unprotected fluorophores were
photolyzed by a brief pulse of laser light. The stripe patterns
persisted for up to 1 h after removal of the bleaching mask
and revealed better contrast between the darker and brighter
lipid domains. Obviously, NBD-eggPE moved freely by
lateral diffusion through the connected brighter domains but
did not partition into the darker photobleached domains.
When the outer monolayers were labeled with 2 mol%
NBD-eggPE, uniform and almost defect-free fluorescence
was observed at DPS concentrations up to 10 mol % (Fig. 5
C). The fluorescence in the photobleached areas recovered
completely at 3 mol% and almost completely at 10 mol% 1
min after photobleaching.

To demonstrate lateral continuity and to probe the fluid-
dynamic structure of the polymer-supported lipid bilayers,
we measured lateral diffusion coefficients and mobile frac-
tions of the lipids by FRAP. Fig. 6 shows these two param-
eters plotted as a function of the DPS concentration. The
inner DPS-containing monolayer was labeled with 2 mol%
NBD-eggPE in these experiments. In the low and high DPS
concentration regimes, the lateral diffusion coefficients
were high (1–1.5 � 10�8 cm2/s), i.e., comparable to those
previously measured in bilayers that were directly supported
on silicate substrates (Tamm, 1988; Kalb et al., 1992). The
mobile fractions were also high (70–80%) up to �4 mol%
DPS, but decreased to �50% in a relatively sharp transition
above 4 mol% DPS. Within and close to this transition
region the lipid lateral diffusion coefficients were slightly
decreased to �0.7 � 10�8 cm2/s. Because all FRAP recov-
ery curves were fit to single exponentials (corresponding to
a single diffusing species), it is possible that the measured

FIGURE 4 Epifluorescence micro-
graphs of polymer-supported lipid bi-
layers during bilayer formation. The
inner monolayer facing the solid sub-
strate was labeled with 2 mol%
NBD-eggPE. The concentrations of
DPS in the inner monolayer are 1.0
mol% (A), 2.5 mol% (B), and 5.0
mol% (C). Different types of defects
are seen to “heal” in the polymer-
supported bilayers (see text for more
detail). Fluorescence intensity pro-
files along the marked lines are
shown in A. Illumination of the field
is not uniform because of the Gauss-
ian beam profile and interference pat-
terns caused by out-of-focus objects
in the path of the coherent laser light.
The diameters of the circular ob-
served areas are 150 �m.
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lower diffusion coefficients in the transition region actually
represent two unresolved diffusion processes that might be
expected in a two-component system. The slower compo-
nent becomes completely immobilized on the time scale of
these particular FRAP experiments only above 6 mol%
DPS. At this same threshold, we begin to see the domains
that were presented in Fig. 5. The loss of mobile fraction
correlates quite well with the mushroom-to-brush transition
of the supporting polymer as predicted by the de Gennes
scaling theory (Fig. 2). However, the lipid diffusion coef-
ficients report on a broader transition than predicted by the
idealized two-state transition, perhaps because they are
more sensitive to subtle changes in the underlying polymer.
Lateral diffusion of lipids in the outer monolayer was only
measured at 3 and 10 mol% DPS, i.e., the conditions of the
images shown in Fig. 5 C. The lateral diffusion coefficients

were close to 1 � 10�8 cm2/s at both DPS concentrations,
but the mobile fraction decreased from 68.0 � 1.1 to 52.8 �
4.7 when the DPS concentration was increased from 3 to 10
mol%. Table 1 compares the diffusion properties of the
lipids in the outer monolayer with those of the inner mono-
layer on different supports. The lateral diffusion coefficients
and mobile fractions of the outer monolayers closely
matched those of the inner monolayer for each polymer
condition that was examined in this regard. The results of
Figs. 4, 5, and 6 and Table 1 show that a polymer concen-
tration just below the mushroom-to-brush transition holds
the most promise for the reconstitution of integral mem-
brane proteins into polymer-supported lipid bilayers. There-
fore, we chose 3 mol% DPS for further experiments to
examine the effect of covalent tethering of the polymer to
the substrate and the reconstitution of membrane proteins

FIGURE 5 Epifluorescence micro-
graphs of polymer-supported lipid bi-
layers containing 10 or 3 mol% DPS.
(A) The inner monolayer facing the
solid substrate was labeled with 2 mol%
NBD-eggPE. A distinct pattern of fluo-
rescence distribution persists at this
concentration of DPS. (B) A sequence
of images of a different area of the same
bilayer as in A, before and 2, 5, and 60
min after a stripe pattern was photo-
bleached into the membrane. This ex-
periment enhances the contrast between
membrane domains of fast and slow
diffusing NBD-eggPE in lipid bilayers
that are supported by a dense polymer
brush. (C) The outer monolayer facing
the large aqueous compartment was la-
beled with 2 mol% NBD-eggPE. The
fluorescence distributions are uniform
in these samples (see legend to Fig. 4
for effects caused by laser illumina-
tion). The fluorescence has equilibrated
completely (3 mol%) or almost com-
pletely (10 mol%) 1 min after a stripe
pattern was photobleached into these
membranes (second and forth micro-
graphs in this series). The diameters of
the circular observed areas are 150 �m.
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into cured (tethered) and uncured (partially tethered) poly-
mer-supported lipid bilayers.

Tethered polymer-supported planar lipid bilayers

Covalent tethering of the DPS molecule by curing the silane
moiety to the free silanols of the quartz slide was examined
via XPS. A pure DPS monolayer was transferred onto
quartz as described above, cured at 70°C for 40 min, and
analyzed by XPS (Fig. 7). Spectra of a clean quartz surface,
a monolayer of PEG2000-DMPE (PEG lipid without the
silane linker), and an uncured DPS monolayer are also
shown for comparison. In these experiments any nonco-
valently linked molecules were removed by thoroughly
rinsing the surface with methanol before XPS spectra were
recorded. The spectra show the energies of electrons that are
released from several shells (as assigned) of the different
elements that are present on the surface of each sample. The
pure quartz and PEG2000-DMPE samples show strong ox-
ygen peaks, whereas carbon peaks dominate the spectrum of
the DPS sample. Because photoelectron spectra are domi-
nated by the elements that are present at the very surface of
the sample, we conclude that in contrast to cured DPS,
PEG2000-DMPE did not bind to quartz. The uncured DPS
sample exhibits an intermediate carbon/oxygen ratio, indi-
cating that even without curing DPS partially reacts with the
surface. The C1s peak that arises from the carbon valence
electrons can be further energy-analyzed for different cova-
lent bonds that carbon forms in the sample (Fig. 7, inset).
This peak displays a major component with a binding en-

ergy of 286.0 eV, i.e., very similar to the carbon value
previously reported for PEG (Thomas and O’Malley, 1979).
The other major component at 287.8 eV is characteristic for
carbon ester groups in DMPE. A ratio of 2.3:1 was deter-
mined from the areas under the PEG peaks of C1s and O1s

(286.5 and 533.3 eV), respectively, after calibration with
appropriate sensitivity factors. This ratio is very close to the
2:1 ratio previously reported for the surface of solid PEG
(Thomas and O’Malley, 1979).

Tethered polymer-supported lipid bilayers composed of
POPC and 3 mol% DPS in the inner leaflet and 2 mol%
NBD-eggPE in the outer leaflet were prepared as described
in Materials and Methods. They appeared uniform by epi-
fluorescence microscopy, as shown in Fig. 5 C for corre-
sponding uncured polymer-supported bilayers. Lateral dif-
fusion experiments resulted in a lateral diffusion coefficient
of (0.89 � 0.08) � 10�8 cm2/s and a mobile fraction of
66.5 � 1.4%, i.e., not much different from the values
measured in the corresponding uncured DPS-supported bi-
layers (Table 1).

Reconstitution and lateral diffusion of
cytochrome b5

Cytochrome b5 is a two-domain protein with a small glob-
ular domain (Mr � 11,000) and a hydrophobic peptide
(Mr � 4200) that penetrates deep into the lipid bilayer. We
chose this protein as our first test integral membrane protein
for its relatively simple architecture and ready availability.
Fluorescein-labeled cytochrome b5 was reconstituted into
supported bilayers at a lipid/protein ratio of 40:1 by fusion
of proteoliposomes (L/P 	 20:1) to the supported monolay-
ers (see Materials and Methods). Uniformly fluorescent
bilayers were obtained on quartz, on DPS cushions, and on
tethered DPS cushions (Fig. 8 A, first image from left). We
measured the lateral mobilities of cytochrome b5 by FRAP
in all three systems and inspected epifluorescence micro-
graphs with photobleached stripe patterns for extended pe-
riods of time to detect more slowly diffusing components.
An example of a FRAP curve of cytochrome b5 in a tethered
polymer-supported bilayer is shown in Fig. 8 B. Twenty-
seven percent of the reconstituted cytochrome b5 diffused
with a lateral diffusion coefficient of 1.4 � 10�8 cm2/s.
Fifty to sixty percent of the fluorescence recovered over a
time scale of �10 min, as is evident from the slow disap-
pearance of the bleached stripes shown in Fig. 8 A. The
lateral diffusion coefficient of this slower component is
estimated from these micrographs to be �2 � 10�10 cm2/s.
The remaining 10–20% of cytochrome b5 was immobile,
even on this time scale. This minor fraction could be due to
aggregated protein or some protein that is immobilized in
small invisible defects in the bilayer. In contrast to cyto-
chrome b5 in the polymer-supported bilayers, cytochrome
b5 in bilayers that were directly supported on quartz showed
a smaller mobile fraction (20%) of the faster component

FIGURE 6 Lateral diffusion of the lipid probe NBD-eggPE in DPS-
supported POPC bilayers as a function of DPS concentration. The lateral
diffusion coefficients and mobile fractions undergo transitions near the
predicted mushroom-to-brush transition. The inner monolayer facing the
solid substrate was labeled with 2 mol% NBD-eggPE. Each data point
represents the average of 15–20 measurements from three different
bilayers.
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(Fig. 8 B, dashed line), and the remaining 80% of cyto-
chrome b5 was laterally immobile on the 10–30-min time
scale. Lateral diffusion coefficients and mobile fractions
averaged from more experiments of cytochrome b5 in the
three different types of supported bilayers are listed in Table
2. Similar data were also obtained at protein concentrations
that were two or five times smaller. The lateral diffusion
coefficients and mobile fractions of 2 mol% NBD-eggPE
that were included in the outer monolayer were unaffected
or only slightly reduced by the presence of unlabeled cyto-

chrome b5 that was reconstituted at a lipid/protein ratio of
83:1 (Table 1).

Binding and lateral diffusion of annexin V

As an example of a multihelical protein that binds to and
likely penetrates lipid bilayers to some degree in a Ca2�-
dependent fashion, we investigated the bilayer morphology
and diffusion behavior of annexin V in negatively charged

TABLE 1 Lateral mobility of NBD-eggPE in solid, polymer-supported, and tethered polymer-supported lipid bilayers*

Type of support NBD-PE labeled n†
Diffusion coefficient

(�10�8 cm2/s)
Mobile fraction

(%)

Glass Inner leaflet 13 1.39 � 0.15 77.4 � 4.1
Outer leaflet 5 1.32 � 0.07 84.5 � 0.1

3% DPS cushion Inner leaflet 18 0.88 � 0.08 75.4 � 1.8
Outer leaflet 5 1.04 � 0.04 68.0 � 1.1

10% DPS cushion Inner leaflet 15 1.13 � 0.08 50.5 � 2.9
Outer leaflet 5 0.89 � 0.05 52.8 � 4.7

3% DPS tether Inner leaflet — ND‡ ND
Outer leaflet 5 0.89 � 0.08 66.5 � 1.4

3% DPS tether Inner leaflet — ND ND
(1:83 mol/mol Cyt b5) Outer leaflet 5 0.50 � 0.08 70.1 � 4.4

*Bilayers were composed of POPC with 2 mol% NBD-eggPE in one leaflet and the appropriate mole fraction of DPS in the inner leaflet as indicated.
†No. of experiments.
‡Not determined.

FIGURE 7 X-ray photoelectron spec-
tra demonstrating the covalent tethering
of the DPS molecule to the quartz sur-
face. The spectra from front to back
were obtained with a cured sample of
DPS, an uncured sample of DPS, a sam-
ple of PEG2000-DMPE, and a pure
quartz surface, respectively. The sam-
ples with the monolayers were washed
with methanol to remove noncovalently
bound polymer lipids. Peaks from the
KLL and valence electron shells of the
different elements are assigned as
marked. The inset shows an analysis of
the C1s peak with a fit to three Gaussian
components (
2 	 1.3 � 10�4). The
main component at 286.0 eV is as-
signed to PEG, and the second largest
component at 287.8 eV is assigned to
the carbon ester groups of the lipid.
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bilayers on different supports. Fluorescein-labeled annexin
V was bound from solution to preformed asymmetrical
POPC/POPC:POPG (9:1) bilayers on pure quartz, DPS/
quartz, and tethered DPS/quartz in the presence of 1 mM
Ca2�. A saturating concentration of 56 nM annexin V was
used in all three cases. The fluorescence distribution was
homogeneous for annexin V bound to all three types of
supported bilayers (Fig. 9 A). As observed with cytochrome
b5, FRAP experiments showed two components of mem-

brane-bound annexin V with different lateral mobilities. A
faster component was observed (Fig. 9 B and Table 2),
which corresponded to 21%, 45%, and 33% of the bound
annexin V on the quartz-supported, the DPS-supported, and
the tethered DPS-supported bilayers, respectively. The lat-
eral diffusion coefficients of these components ranged from
1.6 � 10�9 to 3.0 � 10�9 cm2/s, i.e., they were about three
to six times slower than the faster components of cyto-
chrome b5 (Table 2). As with cytochrome b5, a more slowly
diffusing component was observed with annexin V (Fig. 9
A). The fluorescence recovered completely after 5–10 min,
resulting in a diffusion coefficient of �4 � 10�10 cm2/s,
i.e., about twice as fast as the slow component of cyto-
chrome b5 (Table 2). No immobile components were ob-
served for annexin V on the tethered polymer-supported
bilayers, while 70–80% of annexin V was immobile on
quartz-supported bilayers.

DISCUSSION

We have produced a new tethered polymer-supported lipid
bilayer system that increases the mobile fraction of some
membrane proteins when integrated or bound to supported
lipid bilayers. A PEG cushion with the ends of the linear
polymer covalently linked to the hydrophilic solid support
and the membrane, respectively, proved successful. Uni-
formly fluorescent bilayers exhibiting nearly unrestricted
lipid diffusion in both leaflets of the bilayer were obtained
on cushions of moderate polymer density. Two test proteins,
cytochrome b5 and annexin V, retained almost full lateral
mobility when bound to or inserted into the polymer-sup-
ported bilayers. Both proteins exhibited two-component lat-
eral diffusion on the soft supports with an unrestricted and
a partially restricted component. When directly supported
on quartz or glass, the slower diffusion components of both
proteins were completely immobilized, demonstrating the
ability of the PEG cushion to detach the proteins from the
solid support.

Cytochrome b5 and annexin V are thought to insert into
lipid bilayers by different modes of interaction. Cytochrome
b5 has a single hydrophobic helical peptide that penetrates
deep into the lipid bilayer (Holloway and Buchheit, 1990;
Ladokhin and Holloway, 1991, 1995). Whether it actually
spans the entire thickness of the lipid bilayer is still a matter
of debate, although the most recent data support a transbi-
layer orientation (Vergères et al., 1995). In any case, we
observe �25% of cytochrome b5 diffusing with a lateral
diffusion coefficient of �1.3 � 10�8 cm2/s on the tethered
polymer cushions (Table 2). This is as fast as the lipids
themselves in the same system (Fig. 6 and Table 1) and is
typical of unrestricted protein diffusion in a lipid bilayer.
Fifty to sixty percent of cytochrome b5 diffuses with a
lateral diffusion coefficient of �2 � 10�10 cm2/s on the
polymer. The most straightforward explanation for the 60–
70-fold lower lateral diffusion coefficient of this population

FIGURE 8 Lateral diffusion of cytochrome b5 in a tethered DPS-sup-
ported lipid bilayer. (A) Epifluorescence micrographs (diameter 150 �m)
showing the distribution of fluorescein-labeled cytochrome b5 reconsti-
tuted in a tethered DPS-supported POPC bilayer before and 30 s, 5 min,
and 10 min after a periodic stripe pattern was bleached into the membrane.
This experiment reveals a slowly (�2 � 10�10 cm2/s) diffusing component
of cytochrome b5. The DPS concentration in the inner, substrate-exposed
monolayer was 3 mol%, and the lipid/protein ratio was 40:1. (B) FRAP
experiment of the same bilayer as in A, showing a fast (1.4 � 10�8 cm2/s)
diffusing component of cytochrome b5. The solid line is a single exponen-
tial fit to the experimental data. The dashed line is shown for comparison
and shows a single exponential fit of a FRAP experiment performed on
cytochrome b5 that was reconstituted into a quartz-supported lipid bilayer
without a polymer cushion. The more slowly diffusing component is not
observed (immobile) under these conditions.
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of restricted lateral mobility is that the molecules of this
pool interact weakly with the underlying polymer network.
Bulk diffusion measurements as used in this study cannot
provide detail on the interactions of individual molecules
with the polymer. It is possible that molecules in this more
slowly diffusing population transiently attach and detach
from the polymer. The net result of a FRAP experiment in
such a scenario could well be a diffusion coefficient on the
order of 10�10 cm2/s, as observed. Single-molecule exper-
iments would be needed to detect inhomogeneous motions
in supported bilayers (Schütz et al., 1997). Interestingly,
many integral membrane proteins in cell membranes diffuse
with a similar slow rate, and their lateral mobilities are
thought to be restricted by interactions with the underlying
polymerized network of the cytoskeleton (Edidin et al.,
1994; Saxton and Jacobson, 1997). Evans and Sackmann
(1988) extended the Saffmann-Delbrück equations for the
lateral diffusion of membrane proteins to the situation
where friction between the protein and the bathing medium
(polymer in our case) is not negligible compared to the
viscous drag within the lipid bilayer. Under such conditions
they find

DL
�1 �

4��m

kT ��2

4
� �

K1���

K0���� (6)

� � R��w/��mdw�

where DL is the lateral diffusion coefficient, �m and �w are
the microviscosities of the membrane and bathing solutions,
respectively, R is the radius of the diffusing particle (ap-
proximated as a cylinder), dw is the thickness of the lubri-
cating aqueous film, and K0,1 are Bessel functions of the
second kind. The first term in brackets in Eq. 6 describes the
coupling between the diffusing particle and the bathing
solution, and the second term corresponds to the classical
Saffman-Delbrück logarithmic law. When the coupling be-

comes the dominant factor (� 

 1) determining diffusion,
we can estimate the viscous drag that is exerted by the
polymeric film on the protein from the approximation

DL �
kTdw

��wR2 (7)

Using a radius of 6 Å for the helix of cytochrome b5, we
calculate a frictional coefficient �w/dw of 1.80 � 107 dyn
s/cm3 for the interaction of the protein with the polymer
film. Assuming further that the polymer film is 50 Å thick
(� or 
 Flory radius), we obtain a microviscosity of 9 Poise
in the polymer film. This is about nine times larger than the
microviscosity that the protein experiences in the lipid bi-
layer itself (Vaz et al., 1984). The “microviscosity” deter-
mined using a protein as a probe in a relatively dense
polymer is likely to scale with the size of the probe (pro-
tein), the thickness of the film, and the density of the
polymer. It should therefore not be considered a universal
“material constant” for this system.

Annexin V is a disk-shaped molecule consisting of four
domains of five helices each that are arranged around a
pseudofourfold symmetry axis (Huber et al., 1990). The
protein binds to negatively charged bilayers in a Ca2�-
dependent fashion with its disk oriented parallel to the
membrane surface. It also has the ability to crystallize in
two-dimensional lattices on membrane surfaces (Voges et
al., 1994; Reviakine et al., 1998). Among the proposed
functions of annexin V and other members of the annexin
family are their involvement in membrane fusion in Ca2�-
triggered exocytosis, vesicular trafficking, and ion channel
formation (Seaton, 1996). These functions suggest that the
interaction of annexins with lipid bilayers may be more
intimate than purely electrostatic. For example, annexin V
induces Ca2�-selective channels in lipid bilayers (Berendes
et al., 1993) and significantly reduces the lateral diffusion of

TABLE 2 Lateral mobility of cytochrome b5 and annexin V in quartz-supported, polymer-supported, and tethered
polymer-supported lipid bilayers

Type of
support Protein n*

Faster component (FRAP) Slower component (image analysis)

Diffusion coefficient
(�10�8 cm2/s)

Mobile fraction
(%)

Diffusion
coefficient Mobile fraction

Quartz Cytochrome b5
† 11 1.13 � 0.47 22.7 � 5.7 —§ 0

Annexin V‡ 10 0.18 � 0.10 21.0 � 8.0 —§ 0
DPS cushion Cytochrome b5

† 9 0.44 � 0.06 28.2 � 3.3 ND¶ ND
Annexin V‡ 15 0.16 � 0.08 45.2 � 3.6 ND ND

DPS tether Cytochrome b5
† 10 1.32 � 0.65 26.4 � 2.4 �2 � 10�10 cm2/s 50–60%

Annexin V‡ 21 0.30 � 0.10 33.3 � 6.5 �4 � 10�10 cm2/s 60–70%

*No. of experiments from at least three different samples in each situation.
†In POPC bilayers with lipid/protein ratios of 20:1 in outer leaflet or 40:1 overall.
‡The outer monolayers were composed of POPC:POPG (9:1), and 56 nM fluorescein-labeled annexin V was allowed to bind in the presence of 1 mM Ca2�

before unbound annexin V was removed by washing the cell with a 1 mM Ca2�-containing buffer. Ca2� did not affect diffusion of the lipids (data not
shown, but see Gilmanshin et al., 1994).
§Components equal to or faster than 5 � 10�12 cm2/s would have been easily detected in these experiments.
¶Not determined.
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lipids in artificial lipid bilayers (Gilmanshin et al., 1994;
Cézanne et al., 1999). Recent evidence from site-directed
spin-labeling, photoaffinity labeling, and Triton X-114 par-
titioning shows that under mildly acidic conditions annexins
V and XII penetrate lipid bilayers completely in a binding
reaction that involves a fully reversible conformational
change (Langen et al., 1998; Isas et al., 2000). As for
cytochrome b5, we found two-component diffusion of an-
nexin V in tethered polymer-supported bilayers. However,

the faster component (�33%) is slower (�3 � 10�9 cm2/s,
Table 2) than that of cytochrome b5. This diffusion coeffi-
cient is similar to that of the lipids themselves in a 10 mol%
POPG bilayer with bound annexin IV (Gilmanshin et al.,
1994) and reflects a general change in the dynamic proper-
ties of the lipid bilayer in the presence of annexins. The
slower component (60–70%) is similar to that of cyto-
chrome b5 (�4 � 10�10 cm2/s) and is induced by the
polymer. This component is immobile in the absence of the
polymer. The restricted mobility of annexin V may simply
be caused by its tendency to self-associate laterally on
membrane surfaces. Crystallization on hard-supported bi-
layers may be more complete than that on soft-supported
bilayers. Alternatively, annexin may partially penetrate the
bilayer in a reversible Ca2�-dependent fashion. Using the
same approach as above for cytochrome b5, we calculate a
frictional coefficient of 5.6 � 105 dyn s/cm3 and a micro-
viscosity of 0.28 Poise. These values are much lower than
the corresponding values of cytochrome b5, which is con-
sistent with the notion that annexin V interacts weakly with
the polymer layer but does not significantly penetrate it.

The structure of PEG grafted onto lipid monolayers has
been studied previously at the air-water interface of a Lang-
muir trough or in supported monolayers by x-ray and neu-
tron reflectometry, as well as by thermodynamic and mi-
crofluorescence techniques (Baekmark et al., 1995; Kuhl et
al. 1994, 1998; Majewski et al., 1997, 1998a; Rex et al.,
1998). The geometry and goals of these previous studies
were fundamentally different from those of the present
work. The major focus of these previous studies was on the
behavior of the grafted PEG chains that were facing the
aqueous solution away from the substrate. In contrast, in the
present work we have studied polymers that are sandwiched
between the solid support and a fluid membrane. Several
important results emerged from the previous studies on the
grafted polymers that may also be relevant for sandwiched
tethered polymers. Transitions between the “mushroom”
and “brush” states of the polymer were clearly revealed in
the monolayer systems. For example, the extension lengths
of the polymer above the surface increased upon going from
4.5% (mushroom) to 9% (brush) PEG2000-DSPE from 40
to 70 Å when measured with the surface force apparatus
(Kuhl et al., 1994) or from 45 to 60 Å when measured by
neutron reflectometry (Kuhl et al., 1998). PEG2000-DSPE
has 45 monomer units and consequently a smaller Flory
radius (35 Å) than our DPS molecule. Therefore, even
below the mushroom-to-brush transition these polymers ap-
pear to be slightly more extended than anticipated from the
simplistic de Gennes–Flory prediction. This result agrees
with the finding that the PEG chains begin to interact with
one another already at relatively low surface densities,
which can be seen in the Langmuir pressure-area isotherms
that were previously published for PEG2000-DSPE by sev-
eral authors (Baekmark et al., 1995; Majewski et al., 1997,
1998a) and are reproduced here for DSP (Fig. 3). In this

FIGURE 9 Lateral diffusion of annexin V in a tethered DPS-supported
lipid bilayer. (A) Epifluorescence micrographs (diameter 150 �m) showing
the distribution of fluorescein-labeled annexin V bound from a 56 nM
solution in the presence of 1 mM Ca2� to an asymmetrical tethered
DPS-supported POPC/POPC:POPG (9:1) bilayer before and 30 s, 1 min,
and 5 min after a periodic stripe pattern was bleached into the membrane.
This experiment reveals a slowly diffusing (�4 � 10�10 cm2/s) component
of annexin V. The DPS concentration in the inner, substrate-exposed
monolayer was 3 mol%. (B) FRAP experiment of the same bilayer as in A,
showing a relatively fast (4 � 10�9 cm2/s) diffusing component of annexin
V. The solid line is a single exponential fit to the experimental data. The
dashed line is shown for comparison and shows a single exponential fit of
a FRAP experiment performed on annexin V that was bound to a quartz-
supported lipid bilayer without a polymer cushion. The more slowly
diffusing component is not observed (immobile) under these conditions.

Polymer-Supported Bilayers 1411

Biophysical Journal 79(3) 1400–1414



context, it is interesting to note that we observed a transition
of lateral lipid diffusion around 4–5 mol% DPS (Fig. 6).
Although detected indirectly by the fluid dynamic behavior
of the grafted lipid bilayer, this may be the first experimen-
tal evidence for a mushroom-to-brush transition in a thin,
sandwiched polymer film.

An interesting and, for practical applications, useful prop-
erty of the DSP-supported bilayers is that they appear to
“heal” small defects more readily than lipid bilayers that are
directly supported on quartz or glass (Fig. 4). Circular
defects like those seen in Fig. 4 A (first micrographs from
the left) are sometimes observed in silicate-supported bilay-
ers (see, e.g., Tamm and McConnell, 1985). However, they
seem to be more permanent on the hard hydrophilic sup-
ports, where they usually do not disappear once they are
formed. The smaller vertical line defects of Fig. 4, A and B,
are not observed in silicate-supported bilayers, but they
appear to heal quite well in the PEG-supported bilayers
under neutral pH conditions. A low pH-induced healing of
supported bilayers over mechanically induced scratches on
glass surfaces has been described in quite some detail (Cre-
mer and Boxer, 1999; Cremer et al., 1999). We do not fully
understand the mechanism(s) of the healing process(es) in
our polymer-supported bilayer system. It is possible that the
polymers mask imperfections on the solid substrate and
thereby provide for a smoother and more dynamic surface
for vesicle spreading. The line defects and their slow dis-
appearance may also be caused by draining and partial
drying of the polymer during the Langmuir-Blodgett depo-
sition of the inner monolayer and the subsequent (slow?)
rehydration of the polymer during vesicle spreading. What-
ever the mechanism, the healing capacity of all observed
defects seems greatest just below the mushroom-to-brush
transition, which is the main reason why we chose 3 mol%
DPS as our optimal polymer concentration. When supported
on PEG in the brush region (10 mol% DPS), the bilayer
segregates laterally into microscopic but connected lipid
domains (Fig. 5, A and B). It is likely that these domains
reflect underlying lateral heterogeneities of the polymer
brush. The domains are striped, with the stripes orientated
perpendicular to the Langmuir-Blodgett coating direction.
Although the mobile fractions (and diffusion coefficients)
are almost the same when the inner or outer monolayers on
10 mol% DPS are labeled (Table 1), the fluorescence dis-
tribution in the outer monolayer is more uniform than in the
inner monolayer (Fig. 5, A and C). This could indicate a
mismatch between lipid domains of the inner and outer
monolayers. Alternatively, vesicle spreading may fill pre-
existing holes or defects in the inner monolayer. Even if the
structures seen in Fig. 5, A and B, persist for more than an
hour, they could still be kinetically trapped, rather than
equilibrium structures. More work is needed to sort out
these various possibilities. However, because the focus of
the present study was to find the best and most uniform
bilayer conditions for membrane protein reconstitution, we

did not attempt to further characterize bilayers on polymer
brushes.

In conclusion, we have shown that PEG-lipids that are
covalently tethered to the surface of silicate substrates at
appropriate concentrations form viable cushions for sup-
ported lipid bilayers with long-range order and long-term
stability. Most importantly, these cushions support full lat-
eral diffusion of two membrane proteins that are not free to
diffuse when bound to or incorporated into glass- or quartz-
supported bilayers. However, a significant fraction of these
membrane proteins exhibit restricted lateral diffusion, pre-
sumably because of their viscous coupling to the polymer
support. The restricted diffusion coefficients are on the
order of 10�10 cm2/s and resemble those measured for many
integral membrane proteins in cells. The viscous coupling
of proteins to the PEG polymer may thus resemble the
viscous coupling of membrane proteins to the underlying
cytoskeleton in cells. We do not know yet whether our
design of polymer-supported bilayers can be generalized to
the functional reconstitution of other membrane proteins
and receptors with larger hydrophilic domains. Further re-
finements of methods may be required to achieve this gen-
eral goal. The structure of the polymer-supported bilayers
also needs to be investigated at higher resolution by appro-
priate techniques. This will be an effort well worth under-
taking and complementary to the morphological and fluid
dynamic characterization of the bilayers with and without
proteins that we have presented in this work. We believe
that our new approach to membrane protein reconstitution
into polymer-supported bilayers constitutes a further step
toward faithfully mimicking cell surfaces under controlled
conditions on artificial supports.

We thank Dr. Peter Holloway for the kind gift of cytochrome b5, Catherine
Dukes for help with the XPS experiments, and members of the Tamm
laboratory for numerous helpful discussions.
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