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Here we report a remarkable enhancement in the adhesion strength of transmembrane cell
receptors, human platelet integrin, in a new class of supported lipid membranes, which are

separated from the solid substrates by linear polymer spacers. The amphiphilic polymer tether

consists of linear hydrophilic poly(2-oxazoline) chains of defined length (degree of polymerization

n = 104, Mw/M, = 1.30), whose chain termini are functionalized with the tri-functional silane
surface coupling group and hydrophobic n-alkyl chains as membrane anchors (lipopolymers). As
a model of test cells, giant lipid vesicles were functionalized with synthetic ligand molecules

containing the RGD sequence, and the free energy of adhesion Ag,4 between the integrin-doped

tethered membrane and the vesicle was measured using a micro-interferometry technique. It has

been demonstrated that the adhesion function of integrin receptors in these polymer-tethered
membranes is 30 times stronger than those incorporated into membranes directly deposited onto
solid substrates (solid-supported membranes). The obtained results demonstrate that linear
lipopolymer spacers provide a fluid and non-denaturing environment for the incorporated cell

receptors and allow quantitative modelling of cell adhesion processes.

Introduction

Planar lipid membranes deposited on solid substrates (sup-
ported membranes) can serve as plasma membrane models to
study the functions of membrane proteins.'™ However, despite
remarkable progress, the direct deposition of supported
membranes onto solid substrates (solid-supported membranes)
often causes undesired denaturing of transmembrane proteins,
whose functional headgroups protrude up to tens of nm from
the membrane surfaces. This problem can be avoided by
separating the membrane from the solid substrate using soft
polymeric materials that rest on the substrate and support the
membrane. This approach significantly reduces the frictional
coupling between membrane-incorporated proteins and the
solid support, and hence the risk of protein denaturation.**’

More recently, we reported a new class of supported lipid
bilayer membranes that are separated from the substrate by
flexible poly(2-methyl-2-oxazoline) lipopolymer “tethers”.®’
In contrast to solid-supported membranes, the tethers of
defined length (degree of polymerization n = 14-104;
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polydispersity indices PDI = 1.05-1.30'%) facilitate a systema-
tic improvement in the homogeneity of the distribution and the
lateral diffusivity of incorporated transmembrane proteins,'"
which can be interpreted as the reduction of frictional coupling
between the proteins and the underlying solid substrate.

Integrin oyy,P3 receptors are transmembrane, cell adhesion
molecules expressed on human blood platelets, which play a
critical role in thrombosis and haemostasis.'> The integrin
o P3 molecule (molecular mass of about 240 kDa) has a small
intracellular domain and a large extracellular domain (8 x
12 nm?), which bears a specific binding site for Arg-Gly-Asp
(RGD) sequences of fibrinogen, fibronectin, von Willebrand’s
factor and vitronectin. In our previous account,'* we demon-
strated the presence of 5-10 nm thick films of regenerated
cellulose leads to a significant improvement in lateral homo-
geneity and diffusivity of the transmembrane cell receptors.
The quantitative measurement of the free energy of adhesion,
Ag.q, per unit area indicated a remarkable enhancement in the
adhesion function of integrin on polymer supports.

Results and discussion

In this study, we utilized the polymer-tethered membranes as
the quantitative model system to measure the free energy of
adhesion, Ag.q, between the receptor-functionalized mem-
brane and a giant lipid vesicle with specific ligands (Fig. 1).
The ligand molecule used here was a lipid coupled to a cyclic
hexapeptide containing the RGD sequence that is specifically
recognized by integrin oyppfa."

Adopting the classical Young—Dupré equation,'>!’

Agaa = /(1 — cos o) (M
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Fig. 1 A giant lipid vesicle adhering to a polymer-tethered membrane
with incorporated integrin oyp,f35. The specific binding is generated by
ligands bearing the RGD sequence, whereas the PEG lipids prevent
non-specific adhesion.

the free energy of adhesion can be determined from the
equilibrium vesicle contour close to the substrate using the
micro-interferometry technique,lg_zo where o i1s the contact
angle defined in Fig. 2(c), and y is the lateral membrane
tension. Here, the tension of the fluid vesicle membrane is
assumed to be constant.

Fig. 2(a) illustrates a reflection interference contrast micro-
scopy (RICM) image of an adherent vesicle on a polymer-
tethered membrane. The white line coincides with the contact
line, where the interferogram was analyzed (Fig. 2(b)). From
the intensity profile, the height profile of the vesicle can be
calculated (Fig. 2(c)).

As one can see in Fig. 2(c), the quantitative determination
of the effective contact angle o is often found to be difficult
experimentally. To overcome this problem, another length
scale 2 was introduced to analyze the height profile of the
vesicle in the vicinity of the contact line, according to the
theory of Bruinsma:*'

h(x) = a(x — 1) + ald exp(—x/4), 2)

where x is defined as the distance from the vesicle—
surface contact (Fig. 2(c)), o is the macroscopic contact angle
between the membrane and the substrate, and /A is the capillary
length,

= (o). 3)

/. is a measure of the length over which the height profile of
the membrane is dominated by the bending elasticity of the
membrane. In other words, the vesicle shape is dominated only
by tension when x > A. The geometric parameters o and 1 can
be determined from the RICM image for each location along
the rim of the adhesion disc.?’’ The capillary length 1 is
determined by the distance between x = 0 and the intersection
of the extrapolation of the fit to the membrane contour at x > 4
and the x-axis. The zero point (x = 0) is defined as the onset of
the deflection of the membrane (Fig. 2(c)). The bending
stiffness x is assumed to be 100 kg7 for vesicles containing
50 mol% DMPC and 50 mol% cholesterol.”> According to the
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Fig. 2 (a) The reflection interference contrast microscopy (RICM)
interferogram (averaged over 20 images taken during a period of ~2 s)
of a giant vesicle containing 1 mol% RGD lipid and 1 mol% PEG lipid,
adhering to a membrane with 0.5 mol% DS-PMOx,n4-Si in the
underlayer and incorporated integrin oyypB3. The dark areas indicate
strongly adherent membrane patches. Interference fringes around the
contact area show lines of equal height of the vesicle membrane above
the substrate. (b) The intensity profile along the contact line, indicated
in the interferogram in Fig. 1(a). (c) The local height profile can be
reconstructed from the intensity profile, which enables the definition of
the contact angle o and the characteristic capillary length 4. The zero
point of the x-axis (x = 0) is determined by the onset of the upward
deflection of the vesicle membrane from the substrate.

Young equation (eqn 1), the local free energy of adhesion Ag.q
can be determined at several positions of the rim.

In order to prevent non-specific adhesion of the vesicle
onto the surface due to van der Waals attractions, the vesicle
membrane was passivated with small amounts (1 or 2 mol%) of
lipopolymers with poly(ethylene glycol) headgroups (PEG
lipids), which create a “stealth” layer.!” Here, the obtained
adhesion free energy Ag,q is smaller than the specific adhesion
energy of the receptor-ligand pairs per unit area W,gq, since the
repeller molecules are excluded from the region of tight
adhesion, which creates an osmotic pressure difference Ang =
kpTAcg between the adherent and non-adherent parts of the

vesicle membrane:'®!7-23

Agag = Wag — Amg. )

334 | Soft Matter, 2007, 3, 333-336

This journal is © The Royal Society of Chemistry 2007



-
(=]
]

1 mol% PEG
w 8- 2 mol% PEG
§
& 6-]
2
8 4-
£
=]
c 2_
oL llly
1 I 1 1 1 1 1 1 1 I
89 e 2 3 4 5 6 78 &
10 free energy of adhesion Ag,,, [J m'z] 10

Fig. 3 A histogram of the measured free energies of adhesion of
vesicles containing 1 and 2 mol% of repeller lipids (PEG lipids).

In Fig. 3, the histograms of measured values of Ag,q of
vesicles containing 1 and 2 mol% PEG lipids as steric
“repellers” are presented. From the results extracted from
more than eight individual positions of the rim, the mean
values of Ag.q can be calculated for each of the repeller
concentrations. Owing to the linear dependence of Ag,q on
the repeller concentration Acg (eqn 4), the specific binding
energy W,y can be obtained by linear extrapolation of
Agaq vs. Acg to Acg = 0, yielding the specific binding energy
W~ 14 x10%Im 2

From the ratio of integrins to phospholipids in the lipid
vesicles of 1 : 6200 (see Experimental section), the surface
density of integrin can be estimated to be 2.3 x 10" m™2.
Assuming that about 50% of the integrin receptors are facing
their extracellular domain with the RGD recognition site
towards the bulk electrolyte, the density of integrin potential
binding sites is calculated to be 1.2 x 10" m™2}. Using
the specific adhesion energy per unit area W,y ~ 1.4 x
107¢ J m ™2, one can estimate the specific interaction energy of
an integrin—-RGD pair to be U &~ 1.2 x 1072° J, corresponding
to U ~ 3 kgT. This value is about one third of the binding
energy of integrin—-RGD pairs obtained from the biochemical
assay, U ~ 10 kgT,"* and is approximately 30 times larger
than the corresponding value measured on solid-supported
membranes.> Thus, it has been concluded that the linear
polymer spacers provide a lubricating layer between the
substrate and the lipid bilayer membrane that reduces
frictional coupling between the incorporated integrin receptors
and the substrate surface§. This significantly improves not
only the homogeneity of the lateral distribution but also the
adhesion function of the incorporated cell receptors. This
demonstrates that such model biomembranes can be used as
quantitative models of the cell surface,* which allows the
expression of a defined number of functional molecules
without losing their natural functions.

1 This assumption is based on the random protein orientation as a
result of membrane disruption by surfactants during the protein
incorporation, observed by cryo-electron microscopy experiments.'* In
this paper, we also corrected the adhesion function of integrin
calculated in ref. 13 for comparison.

§ The substrate-membrane distance in the presence of the lipopolymer-
tether (n = 104) was recently measured in the absence and presence of
integrin using fluorescence interference contrast microscopy to be
about 5 nm (Purrucker et al., unpublished results).

Experimental

The synthesis and characterization of the poly(2-methyl-2-
oxazoline) lipopolymers were reported previously.>** They
consist of a distearoyl lipid moiety, a trimethoxysilane surface
anchoring group and a flexible, hydrophilic poly(2-methyl-2-
oxazoline) polymer chain with a degree of polymerization of
n = 104 (DS-PMOxo4-Si) and a polydispersity index PDI =
1.30 as measured by gel permeation chromatography. As
matrix lipids, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPCQ), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DMPG), were used (Avanti Polar Lipids,
Alabaster, USA). Freshly distilled and deionized water
(Millipore, Molsheim, France, R >18 MQ cm) was used as
the subphase of the Langmuir-Blodgett (LB) trough. Buffer
solutions were prepared with tris(hydroxymethyl)amino-
methane (Tris), purchased from Roth GmbH (Karlsruhe,
Germany). All other chemicals were purchased from Sigma-
Aldrich (Munich, Germany) and used without further
purification. Glass cover slides (24 x 24 mm) from Karl
Hecht KG (Sondheim, Germany) were used as solid supports.
The polymer-tethered lipid membranes with reconstituted
transmembrane cell receptors, integrin oyp,f3, were prepared
in two steps.®?* The proximal leaflet of the lipid membrane
was deposited by Langmuir-Blodgett transfer of a lipid
(99.5 mol% SOPC)/lipopolymer (0.5 mol% DS-PMOXx4-Si)
monolayer onto a cover slide. The distal leaflet was prepared
by fusion of proteoliposomes containing integrin oyp,f33 and
DMPC/DMPG matrix lipids (1 : 1 molar). The preparation of
proteoliposomes was reported elsewhere.®!'%2*

The ratio of integrins to phospholipids in proteoliposome
suspensions was quantified by separate determination of the
protein concentration by UV spectroscopy measurements,
following the procedure reported by Bradford,?® and the lipid
concentration measured by phosphate analysis according to
Fiske and Subbarow®® and Bartlett.”” The integrin concentra-
tion was found to be ~41 nM, whereas the lipid concentration
was ~250 uM, yielding a molar ratio of [integrin] : [lipids] =~
1 : 6200. Since proteoliposomes were spread onto LB mono-
layers of lipids and small fractions of lipopolymers, the
amount of lipid per incorporated integrin roughly doubles.
Therefore, the ratio of reconstituted proteins to lipids per
surface area is X; &~ 1 : 6200. Assuming an average area of
Ay ~ 0.7 nm? per phospholipid in the fluid state,”® the average
distance between two incorporated integrins is d; = (4,/X;)".

To avoid non-specific binding of RGD ligands, the integrin-
containing membranes were incubated with a 3 wt% solution
of bovine serum albumin (BSA) in 20 mM Tris, 150 mM NaCl,
I mM CaCl,, | mM MgCl,, and 1 mM NaNj; (pH 7.4) for 1 h.
Finally, the sample was rinsed with the same buffer to remove
non-adsorbed BSA.

Giant vesicles consist of an equimolar mixture of DMPC
and cholesterol, 1 or 2 mol% of 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-n-[methoxy(polyethylene glycol)-2000]
(PEG lipid, purchased from Avanti Polar Lipids, Alabaster,
USA) and 1 mol% of the cyclic RGD lipopeptide c[Arg-
Gly-Asp-D-Phe-Lys-([dimyristoyl-3-thioglyceryl-succinimido-
propanoyl]Ahx-Gly-Gly)-Gly] (RGD lipid'*). Giant lipid
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vesicles (diameter: 10-20 pm) were prepared by the electro-
swelling technique in the presence of a 170 mM sucrose
solution under an AC field of 10 Hz and 1 A for 2 h.?%* 200 ul
of the obtained giant vesicle suspension was injected into the
measuring chamber, filled with 10 mM 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (Hepes), 100 mM NaCl, | mM
CaCl,, 1 mM MgCl,, and 1 mM NaNj3 (pH 7.4, 205 mOsm).
The vesicles settled on the bottom of the measuring chamber
due to the higher density of the intravesicular sucrose solution
with respect to the outer buffer (Ap = 49.5 kg m ), and due to
an osmotic pressure difference of 30 to 40 mOsm between the
inside and the outside of the membrane, the vesicles were
deflated. Here, the excess surface area generated by deflation
enables the vesicles to adhere on planar surfaces.
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