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Summary

In this thesis, a new model of the plasma membrane was established, where a lipid
membrane is separated from a planar, solid substrate via hydrated polymer spacers
with defined length and density, which play the role of the glycocalix. This am-
phiphilic membrane tether consists of hydrophobic lipid anchors, a poly(2-methyl-
2-oxazoline) spacer, and a trimethoxysilane coupling group. The supported mem-
branes separated from the solid by polymer films possess the following advantages
compared to conventional model membranes directly deposited onto planar sub-
strates: (i) the distance between membrane and substrate can be adjusted by the
length of the polymer spacer, and (ii) the average viscosity of the polymer interlayer
can be controlled by the lateral tether density. This polymer film provides a bio-

analog environment for membrane spanning proteins.

Supported membranes were prepared by the following two steps: (i) the proximal
membrane leaflet was deposited by Langmuir-Blodgett (LB) transfer of a suitable
lipid /lipopolymer mixture onto a solid substrate, and (ii) the distal leaflet was pre-
pared by fusion of lipid vesicles onto the dry LB monolayer. Optimization of both
preparation steps resulted in the formation of stable and defect-free membranes over
large areas in cm? range.

Impacts of the spacer length and the lipopolymer fraction on the lateral diffusivity
of lipids were systematically compared by fluorescence recovery after photobleaching
(FRAP). At a ratio of 5mol% lipopolymers, the diffusion was independent from the
length of the polymer tether, exhibiting diffusion coefficients of D =1.4-1.6 um?s~!
and mobile fractions of R~ 98 %. However, the introduction of 50 mol% of lipopoly-
mers in the proximal layer resulted in the reduction of D to 0.4 ym?s—.

The distance d between membrane and underlying substrate was quantitatively
measured as a function of polymer chain length (n=14-104) using fluorescence
interference contrast microscopy (FLIC). The distance was found to be uniform for
all polymer tethers in spite of the low tether density (average distance ~ 12nm),
owing to the well-defined polymer chain length. The increase in spacer length
from n=33 to n=104 led to an increase in the distance from d=(2.3+0.7) nm
to d=(4.8+0.6) nm, which is much larger than d of solid supported membranes

(d~2nm).



The functionality and the usefulness of the membrane model was tested by reconsti-
tution of the transmembrane cell receptor integrin ay,33 into the polymer-tethered
membrane. Homogeneity of integrin distribution in the membrane was found to
be dependent on the length of the lipopolymer spacer, which seems to be plausible
from FLIC analysis of the membrane-substrate distance. Moreover, the diffusion
coefficient D and mobile fraction R of integrin were found to increase with decreas-
ing tether density and with increasing membrane-substrate distance. Applying long
lipopolymer spacers (n=104) at a low molar fraction (0.5 %), the measured values
were D =(0.134+0.06) pum?s~! and R= (24 +8) %, respectively.

Based on the obtained membrane-substrate distances d and the diffusion coefficients
D, the effect of two parameters, the length and density of polymer spacers, on the
friction coefficient by between integrins and solid substrates were discussed according
to the theory of Evans and Sackmann. Dependent on the tether length and density,
bs varied between 1.5 and 2.7 x 10® Nsm~3. Using d obtained from FLIC measure-
ments, the viscosity of the water reservoir 7, was estimated to be in the range of 0.4
to 0.7Nsm~2. This indicates the advantage of the strategy to systematically control
the hydrated polymer interlayers.

The functionality of integrin aqp, (3 in polymer-tethered membranes was evaluated
by quantitative measurements of the free energy of adhesion of giant vesicles with
synthetic ligands (cyclic hexapeptide containing the RGD sequence coupled to lipid
anchors, which is specifically recognized by integrin). The estimated free energy
of adhesion was approximately 30 times larger than the corresponding value on
solid supported membranes without tethers. Thus, the obtained results clearly
demonstrate that polymer tethers with well-defined length and density facilitate
the significant improvement in homogeneity, lateral mobility, and functionality of

transmembrane proteins by providing a lubricant layer with an adjustable viscosity.

In the last part, an interesting phenomenon observed through the optimization of
preparation methods is discussed, where stripe-like heterogeneities were observed as
a result from LB transfer of the proximal leaflet. These structures do not coincide
with any defect in the film but with the demixing of lipopolymer tethers and matrix
lipids. In preliminary experiments, integrin apn,(33 tends to be incorporated into
lipopolymer-rich domains, resulting in patterns of membrane proteins with tuneable
width. This finding suggests a large potential towards the confinement of various
transmembrane proteins in quasi two dimensional stripe micropatterns with thick-

ness in the order of nm.



Introduction

One of the most important components of living cells is the plasma membrane,
which enables the separation of their interior from the surrounding environment un-
der preservation of selective material exchange between the inner and outer cellular
space. The membrane can be understood as a quasi two-dimensional, supramolec-
ular assembly consisting of amphiphilic lipids, supported by biopolymer layers (cy-
toskeleton, glycocalix and extracellular matrix), associated with various integral and
peripheral proteins. On the cytoplasmic side of the cell, the membrane binds to the
cytoskeleton that provides mechanical stability and drives the cellular motion. On
the outer leaflet of the membrane, the extracellular matrix controls the cell-cell com-

munication and adhesion activities (Figure 1).

Figure 1: Schematic illustration of the cell plasma membrane (from [Campbell et al., 1999]).

In the fluid mosaic model [Singer & Nicolson, 1972], the cell membrane is described
as a “two dimensional oriented solution of integral proteins in the viscous phospho-
lipid bilayer solvent.” The model has been improved over years by taking into ac-
count lateral phase separation within multi-component membranes, binding of pro-
teins to cytoskeleton or extracellular matrices, confinement of proteins to domains
by the cytoskeleton and tight junctions, and the formation of large protein-lipid ag-
gregates as functional complexes [Scalettar & Abney, 1991, Jacobson et al., 1995].

In contrast to other artificial membrane models, such as spherical lipid vesicles
[Sackmann, 1995] and free standing black lipid membranes [Miiller et al., 1962,
Miiller & Rudin, 1968], model cell membranes deposited onto planar, solid supports



(called supported membranes in the following, Figure 2) posses excellent mechan-
ical and thermodynamical stability [Tamm & McConnell, 1985, Plant, 1993]. The
planar geometries further allow for the application of various surface sensitive tech-
niques to characterize the structures and functions of lipid-protein composite mem-

branes in a quantitative manner.

Figure 2: Sketch of a membrane supported by a solid substrate.

One of the crucial steps to introduce biological functions to supported membranes
is the incorporation of transmembrane proteins, e.g. cell adhesion receptors and
ion channels. A commonly used method is direct spreading of proteoliposomes
(spherical lipid vesicles with integral proteins) onto solid substrates. However,
the typical distance of 1-3nm between solid supported membrane and substrate
[Johnson et al.,; 1991, Koenig et al., 1996, Lambacher & Fromherz, 2002] does
not provide a sufficient water reservoir to prevent denaturing of proteins, whose
extracellular domains can be larger than 10nm [Sackmann & Bruinsma, 2002]. To
circumvent this problem, hydrophilic polymer interlayers can be introduced, such as
polymer cushions [Sackmann, 1996, Sackmann & Tanaka, 2000] or polymer tethers

[Knoll et al., 2000}, which can supply a more “fluid” environment for proteins.

The cushions are composed of various types of hydrated polymer films
(Figure 3): polyacrylamide [Kiihner et al., 1994, Théato & Zentel, 2000],
dextran [Elender et al., 1996, Kiihner & Sackmann, 1996], agarose
[Dietrich & Tampe, 1995], polyethyleneimine [Majewski et al., 1998,
Wong et al., 1999], and cellulose derivatives [Schaub et al., 1993, Sigl et al., 1997].
Especially, it has been demonstrated that Langmuir-Blodgett (LB) films of
regenerated cellulose (thickness: 5-10nm) can serve as a good template for the
deposition of artificial [Hillebrandt et al., 1999, Génnenwein et al., 2003] and native
cell membranes [Tanaka et al., 2001, Tanaka et al., 2004]. However, in spite of the

(a) (b)

Figure 3: (a) Sketch of a supported membrane on a hydrated polymer cushion. (b) Sketch of a
membrane supported by a Langmuir-Blodgett film of cellulose.



remarkable progress, it is still difficult to tune physical properties of the polymer

layers in a systematic manner.

An alternative strategy to decouple a lipid membrane from a solid support
without impeding the stability is the use of hydrophilic lipopolymer brushes
[Héussling et al., 1991, Heyse et al., 1995, Heibel et al., 1998, Knoll et al., 2000].
Such tethers are equipped with surface coupling groups for attachment to the solid
surface, lipid anchors for insertion into the membrane, and a connecting hydrophilic
and flexible polymer chain that keeps a certain distance between the membrane
and the substrate (Figure 4).

W U

Figure 4: Schematic illustrations of tethered membranes. (a) The membrane is tethered by a
random terpolymer. (b) The whole proximal layer of the membrane is tethered. (c)
The tether molecule consists of lipid anchors, a polymer or peptide spacer, and a surface
coupling group.(d) The lipopolymer spacer is randomly tethered to a pre-functionalized
surface.

Fabrication of homogeneous and stable membranes demands quantitative
control of length and lateral density of the polymer spacers, as well as the
clear separation between hydrophilic polymer chains and hydrophobic mem-
brane anchors. The first point is important to control the thickness and
viscosity of the water reservoir between the substrate and the membrane,
while the second, the selective hydration of the polymer spacer, is crucial
to avoid formation of local defects due to the negative spreading pressure
[Brochard-Wyart & de Gennes, 1992, Elender & Sackmann, 1994].

One of the possible macromolecular architectures is a random terpolymer of
functional monomers (Figure 4(a)) [Spinke et al., 1992, Erdelen et al., 1994,
Seitz et al., 2000, Théato & Zentel, 2000]. The polymer consists of monomers with
a surface coupling group, hydrophilic monomers as spacers, and monomers with
lipid anchors. The final morphology depends on the ratio between these three

monomers. However, it was still difficult to control the phase separation between



hydrophobic and hydrophilic layers due to the random distribution of each building

block, which often resulted in local defects.

Another possibility is the incorporation of lipopolymers with defined spacers
[Héussling et al., 1991]. This well-defined molecular architecture was real-
ized for functional polymers based on oligo(ethylene oxide) [Lang et al., 1994,
Cornell et al., 1997, Raguse et al., 1998, Schiller et al., 2003], poly(ethylene ox-
ide) [Wagner & Tamm, 2000, Wagner & Tamm, 2001], oligopeptides with thiol
groups [Bunjes et al., 1997, Schmidt et al., 1998, Naumann et al., 1999], or
poly(ethyloxazoline) spacers [Shen et al., 2001, Naumann et al., 2002].

Oligo(ethylene oxide) and oligopeptide spacers possess several drawbacks: due to
the grafting of the molecules by self-assembly, the tether density is undefined. This
can lead to a tethering of the whole proximal leaflet of the membrane (Figure 4(b))
[Schiller et al., 2003], which might impede the incorporation and unobstructed
mobility of transmembrane proteins. Even if the tether density is reduced by
introducing lateral spacers [Cornell et al., 1997, Raguse et al., 1998] (Figure 4(c)),
the length of the tethers prevents the formation of a sufficient water reservoir
between membrane and substrate. Furthermore, the rigidity of the short spacers

does not allow for a soft and flexible membrane support.

In the work of Shen et al [Shen et al., 2001] and Naumann et al.
[Naumann et al., 2002], the poly(2-ethyl-2-oxazoline) lipopolymers did not
carry a surface-reactive group at the end of the polymer chain. Instead of this, the
surface was modified by deposition of benzophenone derivatives and the polymer
was randomly grafted to these molecules by a photo-crosslinking reaction (Figure
4(d)). Hence, the distance between the surface coupling point and lipid anchors is

not defined, which results in no control in membrane-substrate spacing.

In 2000, Wagner and Tamm [Wagner & Tamm, 2000] reported the deposition of
supported membranes with silane-functionalized poly(ethylene oxide) (PEO) teth-
ers (n="77) on glass substrates. A mixed monolayer of lipids and lipopolymers was
transferred onto a substrate by Langmuir-Blodgett (LB) deposition, followed by the
fusion of vesicle suspensions to form the distal leaflet of a lipid bilayer. In comparison
to grafting of tether molecules by self-assembly, the LB deposition has the advantage
of precise adjustment of the tether density within the proximal leaflet (Figure
4(c)). Furthermore, PEO tethers increase the water reservoir thickness significantly
compared to solid supported membranes [Kiessling & Tamm, 2003]. Moreover,

this system was tested for the incorporation of several transmembrane proteins



(cytochrome b5 and annexin V [Wagner & Tamm, 2000], SyntaxinlA/SNAP25
[Wagner & Tamm, 2001, Kiessling & Tamm, 2003]). But it also bears crucial disad-
vantages: PEO is known to possess some hydrophobic character and it forms mono-
layers at the air/water interface [Kjellander & Florin, 1981, Israelachvili, 1997].
Therefore PEO is not the polymer of choice to exhibit a clear separation
between polymer headgroups and lipid anchors. This can generate defects
in polymer-tethered membranes, which were reported in previous studies
[Wagner & Tamm, 2000].  Moreover, a systematic control of the length and
density of polymer tethers is missing. Tamm and coworkers stick to one molar

fraction (3 %) and one length (n=77) of PEO lipopolymers in all of their studies.

The primary aim of this thesis was the establishment of a new artificial plasma
membrane model. As membrane tethers, poly(2-methyl-2-oxazoline) lipopolymers
were used. The lipopolymers were synthesized by living cationic ring-opening
polymerization (by the group of R. Jordan, Lehrstuhl fiir Makromolekulare Stoffe,
Technische Universitit Miinchen), which allows for a high flexibility in the used
surface coupling group, length and side functionalities of the spacers. Furthermore,
this polymerization is advantageous to realize a significantly low polydispersity
index for the polymer chains so that the spacer length can be precisely controlled
[Jordan et al., 1996]. The alkyl chains can be inserted into the proximal leaflet of a
lipid bilayer, while the other end of the lipopolymers can be used to covalently graft
the tethers onto the surface. In this study, hydrophilic poly(2-methyl-2-oxazoline)s
with defined degrees of polymerization (n=14 to 104) were used as polymer
spacers, which have a high water storage capability [Rehfeldt et al., 2002] and a
excellent resistance against nonspecific protein adsorption [Velander et al., 1992,
Woodle et al., 1994, Lasic & Needham, 1995, Lehmann & Riihe, 1999].

s - o -

Figure 5: Sketch of a membrane tethered with poly(2-methyl-2-oxazoline) lipopolymers.

The homogeneous distribution, lateral mobility, and functionality of transmem-
brane proteins in polymer-tethered membranes were tested by incorporating cell
adhesion receptors integrin ajp,33. This major transmembrane glycoprotein on
human blood platelets plays an important role in thrombosis and hemostasis

[Hynes, 1992, Gonzélez-Rodriguez et al., 1994]. It is composed of an a3 heterodimer



with a molecular weight of &~ 230 kDa. Integrin exhibits a large extracellular domain
with a size of & 8 x 12nm?, two a-helical transmembrane domains with a particular
radius of 0.45 nm, and two short cytoplasmic C-terminal tails (20-50 residues each)
[Hynes, 1992, Gonzalez-Rodriguez et al., 1994]. The extracellular domain binds to
proteins of the insoluble extracellular matrix (ECM) or to counter-receptors on other
cells [Schwartz et al., 1995, Ruoslahti, 1996]. This is accomplished by binding sites
for the tripeptide sequence Arg-Gly-Asp (RGD) present in fibronectin, vitronectin,
van Willebrandt factor, fibrinogen, and thrombospondin. Also an alternative ligand
sequence KQAGDV from fibrinogen is recognized [Hynes, 1992, Ruoslahti, 1996).
The cytoplasmic domains of integrin form links with the cytoskeletal elements
[Schwartz et al., 1995, Ruoslahti, 1996].

In contrast to solid supported membranes, it was demonstrated that the homoge-
neous distribution of integrins was significantly improved by introduction of rela-
tively long (n > 33) polymer spacers. The measurements of lateral diffusion coeffi-
cients and mobile fractions postulated the clear influence of the length and density of
spacers on the viscosity of the interlayer between the membrane and the substrate.
Furthermore, the functionality of integrins in polymer-tethered membranes (evalu-
ated by the adhesion free energy to giant lipid vesicles with synthetic RGD ligands)
was remarkable enhanced with respect to that in solid supported membranes. The
obtained results strongly suggest a large potential of this plasma membrane model
both towards scientific (quantitative study of protein functions and cell adhesion)

and practical (fast screening templates for drug discovery) applications.



1. Materials and Methods

For the establishment of polymer-tethered membranes as model system, the follow-

ing materials, preparation methods, and characterization techniques were applied.

1.1 Materials

1.1.1 Poly(2-oxazoline) Lipopolymers

In this study, lipid bilayer membranes were supported by poly(2-oxazoline)
lipopolymer tethers. The synthesis was performed by Anton Fortig and
Rainer Jordan (Lehrstuhl fir Makromolekulare Stoffe, TU Miinchen, Ger-
many), details can be found in recent publications [Jordan et al., 1996,
Jordan et al., 2001a, Fortig et al., 2003, Fortig et al., 2004, Purrucker et al., 2004a,
Purrucker et al., 2004b).

The advantage of the used “living cationic ring-opening polymerization® of 2-alkyl-
2-oxazolines is the variability in the synthesis: the linear polymer chains have an
adjustable degree of polymerization, a low polydispersity, and a quantitative end-
functionalization at both ends of the polymer [Jordan et al., 2001a]. Throughout
this study, lipopolymers composed of a distearoyl lipid moiety, a hydrophilic poly(2-
methyl-2-oxazoline) polymer spacer, and a trimethoxysilane surface coupling group

were used predominantly after careful optimization of the polymer-tethered mem-

I 3
j\/L 4\’\“"/\/\& OCH,
OCH,

Figure 1.1: Chemical structure of poly(2-methyl-2-oxazoline) lipopolymer with distearoyl lipid
moiety and trimethoxysilane coupling group (DS-PMOx,,-Si).

brane system (see Figure 1.1).

The double chain lipid moiety with ether instead of ester linkages is stable against
hydrolysis - analog to lipids found in archaea [Woese & Fox, 1977]. The im-
portance of the ether linkage for preparation of stable membranes was recently
postulated by several groups [Mathai et al., 2001, Schiller et al., 2003]. In con-

trast to earlier accounts of Jordan et al., 2-methyl-2-oxazoline instead of 2-
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ethyl-2-oxazoline was used as the monomer. Both monomers resulted in hy-
drophilic polymers with similar swelling behavior [Rehfeldt et al., 2002], which sup-
press unspecific adsorption to proteins [Velander et al., 1992, Woodle et al., 1994,
Lasic & Needham, 1995, Lehmann & Riihe, 1999]. However, recent studies re-
vealed adsorption of poly(2-ethyl-2-oxazoline) to the air/water interface, which
might result in poorer separation between lipid anchors and polymer spacers
[Baekmark et al., 1997, Baekmark et al., 1998, Foreman et al., 2003]. In the syn-
thesis, also trimethoxysilane groups instead of dimethylmethoxysilane groups were
used for surface coupling. Although both are suitable coupling groups to oxide sur-
faces, tri-functional silanes guarantee more effective coupling reaction and higher
stability towards hydrolysis. Since the lipopolymers were deposited at relatively low
grafting densities, a polycondensation of the silane end groups during or after the

Langmuir-Blodgett transfer (see Section 1.2.3) is negligible.

For the characterization of the membrane model system, further lipopolymers with
different lipid moieties and end-functionalizations were used, which can be seen in

detail in Appendix A.4.

1.1.2 Lipids

In this study, the following lipids were used without further purification:

abbreviation full name fluorescence
ex. / em.
SOPC! 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine -
DPhPC! 1,2-diphytanoyl-sn-glycero-3-phosphocholine -
DMPC! 1,2-dimyristoyl-sn-glycero-3-phosphocholine -
DSPC? 1,2-distearoyl-sn-glycero-3-phosphocholine -
DMPG! 1,2-dimyristoyl- sn-glycero-3-[phospho-rac-(1-glycerol)] -
SOPG! 1-stearoyl-2-oleoyl- sn-glycero-3-[phospho-rac-(1- -
glycerol)]
NBD-PE! 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N- 460 nm / 534 nm
(7-nitro-1-1,3-benzoxadiazol-4-yl)
NBD-PC! 1-oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine 460 nm /534 nm
Texas Red-PE3  1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
triethylammonium salt 582nm /601 nm
DiI? 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 549 nm / 565 nm
perchlorate
purchased from L Avanti Polar Lipids (Alabaster, USA), 2Sigma-Aldrich (Munich, Germany)
3Molecular Probes (Leiden, Netherlands)

Details of the chemical structure can be seen in Appendix A.3.
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1.1.3 Transmembrane Cell Receptor Integrin agp,J3

Integrin a3 is the major transmembrane glycoprotein on human blood
platelets and plays an important role in thrombosis and hemostasis [Hynes, 1992,
Gonzélez-Rodriguez et al., 1994]. Tt is composed of an a3 heterodimer with a molec-
ular weight of ~ 230kDa. The extracellular domain exhibits a size of & 8 x 12nm?,
the transmembrane domain of the heterodimer is composed of two a-helices (par-
ticular radius 0.45nm), and the cytoplasmic part consists of two short C-terminal
tails (20-50 residues each) [Hynes, 1992, Gonzalez-Rodriguez et al., 1994]. The ex-
tracellular domain binds to proteins of the insoluble extracellular matrix (ECM)
or to counter-receptors on other cells [Schwartz et al., 1995, Ruoslahti, 1996]. This
is accomplished by binding sites for the tripeptide sequence Arg-Gly-Asp (RGD)
present in fibronectin, vitronectin, van Willebrandt factor, fibrinogen, and throm-
bospondin. Also an alternative ligand sequence KQAGDYV from fibrinogen is rec-
ognized [Hynes, 1992, Ruoslahti, 1996]. The cytoplasmic domains of integrin form
links with the cytoskeletal elements [Schwartz et al., 1995, Ruoslahti, 1996].

Here, the extraction and incorporation of integrin into lipid vesicles is presented in
brief:

Integrin aqp,B3 was extracted from outdated human blood platelets of the local
blood bank using Triton X-100 (Sigma-Aldrich, Munich, Germany), following the
protocol of Fitzgerald et al. [Fitzgerald et al., 1985], whose specific function was
checked by enzyme-linked immunosorbent assay (ELISA) tests. For reconstitu-
tion of integrins into lipid vesicles, Triton X-100 was removed by Bio-Beads SM2
adsorbents from Bio-Rad Laboratories (Hercules, USA), as described previously
[Erb et al., 1997, Miiller et al., 1993, Hu et al., 2000).

As matrix lipids, 1:1 mixtures (molar) of DMPC and DMPG, or SOPC and SOPG
were used. The proteoliposomes were separated from pure lipid vesicles and pure
protein aggregates by centrifugation in a sucrose gradient, and dialyzed to Tris-
buffer (see Section 1.1.5).

For fluorescence microscopy and FRAP experiments, integrins were labelled
with 5-(and-6)-carboxytetramethylrhodamine, succinimidyl ester (5(6)-TAMRA-
SE, ex. 540 nm, em. 565 nm, Molecular Probes, Leiden, Netherlands), whose labelling
efficiency was quantified to be 100 % [Hu et al., 2000]. The labelled and unlabelled

proteins were mixed to yield a final molar fraction of labelled proteins of 10 %.

The incorporation of integrin aqp,33 into polymer-tethered membranes was carried

out by spreading of proteoliposomes onto the dry, hydrophobic LB monolayers, ana-
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log to Section 1.4. The liposomes were incubated for one hour at 40°C (see Figure
1.2), and the supernatant solution was removed by intensive rinsing with Tris-buffer

or Hepes-buffer solution (see Section 1.1.5).

v
>

e et —o

Figure 1.2: Sketch of the proteoliposome fusion procedure. Liposome suspensions were directly
deposited onto the dry LB monolayers (left). This resulted in polymer-tethered lipid
bilayer membranes with incorporated transmembrane cell receptors (right).

%
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1.1.4 Substrates

As solid supports, glass cover slides (24 x 24 mm, thickness 0.17mm) from Karl
Hecht KG (Sondheim, Germany) were used. Prior to the film deposition, they were

cleaned in the following manner:
- Ultrasonication (3 min) and subsequent rinsing with acetone and methanol.

- Ultrasonication in a solution of 1:1:5 (v/v) HyO5 (30%) : NH4,OH (30 %) :

water for 5min, and

- soaking in the same solution for another 30min at 60°C
[Kern & Puotinen, 1970].

- Finally, they were rinsed intensively with water, dried at 70°C, and stored in

sealed glass boxes.
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1.1.5 Chemicals and Buffer Solutions

Where not stated otherwise, all chemicals were purchased from Sigma-Aldrich
(Munich, Germany) and used without further purification.

For all aqueous solutions, water from a Millipore purification system
(R > 18 MQcm, Millipore, Molsheim, France) was used.

The following buffer solutions were used, which were thoroughly degassed before

the experiments:

- As standard buffer, an aqueous solution of 10mM 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonicacid (Hepes) with 50 mM NaCl was used (pH 7.5).

- Tris-buffer was composed of 20mM tris-(hydroxymethyl)-aminomethane
(Tris), purchased from Roth GmbH (Karlsruhe, Germany), 150 mM NaCl,
I mM CaCly, 1mM MgCly, 1mM NaNj (pH 7.4).

- For removing of proteoliposomes, Hepes-buffer, containing 10 mM Hepes,
100 mM NaCl, 1mM CaCly, 1 mM MgCl,, 1 mM NaNj, was used (pH 7.4).
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1.2 Film Balance and Langmuir-Blodgett Tech-
nique

1.2.1 Physical Principles of the Film Balance Technique

To investigate the properties of lipid/lipopolymer monolayers at the air/water in-
terface, the film balance technique according to Wilhelmy in combination with a
Langmuir trough was used [Gaines, 1966]. In Figure 1.3, the general design of a
Langmuir film balance is illustrated. Amphiphilic molecules can be spread onto the
water subphase of the trough, and the area per molecule can be changed by moving

the barrier.

molecular film sample lift Wilhelmy
. T / system
dipping
barrier well
= \__\

Figure 1.3: Sketch of a Langmuir-Blodgett film balance. Compared to a normal film balance, it
is equipped additionally with a dipping well and a film lift, with which the monolayer
can be transferred onto a solid substrate.

The surface tension of water v, is decreased to v by these amphiphiles. This reduc-

tion is denoted as surface pressure II:

M=v-7, (1.1)

which can be measured by the Wilhelmy method. There, a thin plate connected to a
spring is dragged towards the air/water interface by the surface tension v. Knowing
the elongation of the spring, the spring constant, and the geometry of the plate, ~
can be calculated. In addition, also buoyancy and gravity are acting at the plate:

F(*y) = mg + 27(a + b) cosa — pghab (1.2)
where « is the contact angle between plate and water, a is the thickness, b the width,
and m the mass of the Wilhelmy plate, h the height of the plate covered with water,
and p the density of water. Since in general a < b and o = 0 when a thin, wettable
filter paper as Wilhelmy plate is taken, the formula can be simplified to:

—

F(y)=mg+2vb . (1.3)



1. MATERIALS AND METHODS 13

Therefore, the surface pressure II can be determined from the difference in forces
acting on the plate:

ﬁ

AF

=—Ay=—5"

(1.4)

1.2.2 Pressure-Area-Isotherms

Using the film balance technique, the surface pressure Il as a function of
area per molecule A is measured at constant temperature to character-
ize amphiphilic monolayers in terms of phase behavior, compressibility, etc.
First measurements of II-A-isotherms of phospholipid monolayers were per-
formed in the 1960s [van Deenen et al., 1962, Phillips & Chapman, 1968],
and extensive and thorough experiments were carried out by Albrecht et al.
[Albrecht et al., 1978, Albrecht et al., 1981]. Reviews of phospholipid monolayers
were written by H. Mohwald [Mohwald, 1990, Mohwald, 1995].

For TI-A-isotherms of lipid/lipopolymer monolayers, an appropriate mixture was
spread from chloroform stock solutions onto the air/water interface of a self-built
Langmuir trough (subphase area: 1008 cm?) (see Figure 1.3), and the temperature
was kept at 20°C by an external thermostat (Julabo, Seelbach, Germany). After
evaporation of the solvent, the monolayer was compressed by moving the barrier
(barrier velocity: 50 ums™!). Additionally, the lateral pressure and the barrier

position was monitored.

1.2.3 Langmuir-Blodgett Deposition

For the deposition of lipid/lipopolymer monolayers onto solid substrates, the
Langmuir-Blodgett (LB) technique was used [Blodgett, 1934, Blodgett, 1935,
Blodgett & Langmuir, 1937]. The cleaned, hydrophilic substrates were immersed
into the subphase before spreading of the monolayer onto the air/water interface.
After spreading, solvent evaporation, and compression of the monolayer to a lateral
pressure of IT = 30mNm ™, the amphiphilic film was deposited onto the substrates
at various transfer velocities (~ 50 — 500 ums™') (Figure 1.4). During the LB trans-
fer, the surface pressure was kept constant with an electronic feedback circuit. The

transfer ratio of 1:1 verified the successful transfer of the monolayer.



1. MATERIALS AND METHODS 14

Figure 1.4: Scheme of the Langmuir-Blodgett deposition. After compression of the Langmuir
monolayer, the hydrophilic substrates were withdrawn from the subphase at constant
velocity (left), which resulted in dry, supported monolayers (right).

1.2.4 Fluorescence Film Balance

To investigate the phase behavior of lipid/lipopolymer monolayers at the air/water
interface by optical methods, a Langmuir film balance (KSV Instruments, Helsinki,
Finland) coupled to an inverted microscope (Axiovert 200, Carl Zeiss, Gottingen,
Germany, see Section 1.3 for details) was used. In Figure 1.5, the setup of the flu-
orescence film balance is illustrated. The monolayer (with fluorescence dye tracers)
is illuminated from the bottom through a quartz window using a 20x long distance

objective. The fluorescence emission of the dye is monitored analog to Section 1.3.

Wilhelmy

system barrier

P

barrier
~ molecular film

objective

quartz window

mercury

filter set Iamp

CCD

Computer e camera

Figure 1.5: Sketch of a fluorescence film balance.
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1.3 Fluorescence Microscopy

For fluorescence studies, an inverted microscope was used (Axiovert 200, Carl Zeiss,

Gottingen, Germany), equipped with the following objectives:
- 63x long distance objective (Achroplan, N.A. 0.75), and
- 10x long distance objective (Achroplan, N.A. 0.25) for fluorescence images of
supported lipid/lipopolymer monolayers and bilayers,
- 20x long distance objective (Achroplan, N.A. 0.40) for fluorescence images of
lipid/lipopolymer monolayers at the air/water interface,
all purchased from Carl Zeiss. As a light source, a high pressure mercury lamp
(HBO 100, Osram, Munich, Germany) was installed. Fluorescence filter sets were

adapted to the fluorescence dye tracers incorporated in the membrane:

- For NBD, a combination of exciter (440/21nm), dichroic (455nm), and
emitter (510/23 nm) was used (Omega Filters, , USA),

- for Texas Red, a combination of exciter (560/40nm), dichroic (585nm), and
emitter (630/75nm) was used (Carl Zeiss), and

- for Dil, TRITC, and TAMRA, a combination of exciter (525/45nm), dichroic
(560nm), and emitter (595/60nm) was used (Omega Filters).

Images and movies were taken by a cooled CCD camera (Orca ER, Hamamatsu Pho-
tonics, Herrsching, Germany), digitized by a frame-grabber card (Stemmer Imaging,
Puchheim, Germany), and processed by a home-made imaging software “Open Box*
[Keller et al., 2001, Schilling, 2004].
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1.4 Lipid Vesicle Preparation and Vesicle Fusion

For the preparation of polymer-tethered membranes, lipid vesicle suspen-
sions were directly deposited onto the dry, hydrophobic LB monolayers
[Kalb et al., 1992, Plant, 1993].  These suspensions in buffer solution were

prepared in the following manner:

- Appropriate amounts of lipids from chloroform stock solutions were put into

a glass flask.

- The solvent was evaporated by nitrogen flow with subsequent storing in a

vacuum chamber over night.

- Buffer solution was added to obtain a total lipid concentration of about

ImgmL~1t

- The lipid suspension was sonicated with a tip sonifier (Bachhofer GmbH,
Reutlingen, Germany) for 10 min to create small unilamellar vesicles (SUVs),
which were centrifuged at 2500 min~! for 5min to remove titanium debits

from the sonicator tip.

- The vesicle suspension was deposited onto the LB monolayer, and incubated
for one hour at 40°C. After that, the remaining vesicles were removed by

intensive rinsing with buffer solution.

\
gy — SRS

Figure 1.6: Sketch of the vesicle fusion procedure. Lipid vesicle suspensions were directly de-
posited onto the dry LB monolayers (left). This resulted in polymer-tethered lipid
bilayer membranes (right).
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1.5 Diffusion Measurements

In nature, the lipid bilayer of the cell membrane provides a fluid environment for
transmembrane proteins [Singer & Nicolson, 1972, Jacobson et al., 1995], where
the lateral mobility of lipids and proteins play an important role for the function of
membrane components. Since this work deals with the establishment of an artificial
membrane model on planar supports, measurements of diffusivity and mobility
of lipids and proteins were carried out to prove the functionality of the system.
Here, two measurement techniques are introduced, namely the so-called continuous
bleaching technique and the fluorescence recovery after photobleaching (FRAP)

technique. Further details of diffusion in membranes are presented in Section 2.6.

To estimate the diffusion coefficient and mobility of lipids in the polymer-tethered
membrane, the proximal leaflet (underlayer) and the distal leaflet (toplayer) of
the membrane were selectively labelled with fluorescent dyes. The underlayer
was labelled by doping with 1 mol% NBD-PC in the LB monolayer, followed
by spreading of unlabelled SOPC vesicles, whereas SOPC vesicles with 1 mol%
NBD-PC were spread on the unlabelled monolayers to label the toplayer (see
Section 1.1.2).

For investigation of mobility and diffusivity of transmembrane cell receptors, the
proteins itself were stained with fluorescence dyes (see Section 1.1.3), whereby no

fluorescence lipid tracers were included in the membrane.

1.5.1 Continuous Bleaching

Continuous bleaching introduced by Dietrich et al. [Dietrich & Tampe, 1995,
Dietrich et al., 1997] is a convenient technique to evaluate diffusion coefficients us-
ing a standard fluorescence microscope setup, as introduced in Section 1.3. There,
an area of the fluorescently labelled lipid membrane defined by the aperture of the
microscope (diameter ~ 200 gm) was continuously illuminated by the high pressure
mercury lamp of the microscope (Figure 1.7(a)). This resulted in photobleaching
of the dye molecules and a continuous decrease in brightness, where diffusion of
unbleached dye molecules into the illuminated area led to a spatial concentration

profile at the edges of the illuminated area (Figure 1.7(b)).

In this type of experiments, the diffusion equation has to be extended by an addi-
tional term which describes photobleaching;:

de(z,y)

1 =D- VQC(J:, y) — B(x,y) - c(z,y) . (1.5)
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(a) (b)

20 ym

Figure 1.7: (a) Fluorescence image of a polymer tethered lipid membrane at ¢ =0s. (b) Fluores-
cence image of the same area after prolonged illumination. The red boxes illustrate
the area of the taken line profiles. The blue boxes denote the center area, from which
the average brightness was extracted.

¢ denotes the concentration of tracers, D is the diffusion constant, and B(x,y) is
the rate of photobleaching, which is dependent on the light intensity, the chemical
nature of the dye, and its environment. In the case of the experiments performed in
this study, photobleaching can be treated as a stochastical decomposition process

with a constant decomposition rate Bj.

Assuming an illuminated half-plane and a constant By, the concentration c(x,t) of

dyes within the illuminated area after long times can be written as

clz,t) = A(t) - e x 4 e Pt (1.6)

A= \/520 (1.7)

is the characteristic decay length. Here, only the form of the profile is stationary

Where

(mono-exponential with the decay length \), whereas the prefactor A(t) never ap-
proaches a stationary value. Knowing the bleaching rate By, the diffusion constant
D can be calculated from the decay length A.

The bleaching rate By was taken from the decrease in average brightness at the cen-
ter of the aperture (area ~ 1000 um?, blue boxes in Figure 1.7, fit in Figure 1.8(b)).
The decay length A was extracted from the exponential decrease of fluorescence
intensity at the rim (red boxes in Figure 1.7, line profiles in Figures 1.8(a)). The
average brightness and the line profiles were extracted with the imaging software

“Open Box“.
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3500
S 3000
E 2500
£ 2000
§ 1500
£ 1000
z 500
0 50 100 150 200 0 100 200 300 400
X [Jm] time [s]

Figure 1.8: (a) Line profiles across the illuminated area which illustrate the decrease in fluo-
rescence with time. From the exponential decay at the rim, A was extracted. (b)
Obtained average brightness (fluorescence intensity) of the center of the illuminate
area. The bleaching rate By was evaluated from the exponential fit.

1.5.2 Fluorescence Recovery after Photobleaching (FRAP)

Lateral diffusion coefficients and mobile fractions of lipids and transmembrane cell

receptors in polymer-tethered membranes were evaluated by FRAP, introduced by
Axelrod et al. [Axelrod et al., 1976].

The setup for FRAP measurements can be seen in Figure 1.9. There, the beam of
an argon ion laser (power ~ 700 mW, Innova 70, Coherent, Santa Clara, CA, USA)
was divided into a bleaching beam and an observation beam (1000x attenuated),
and focussed onto the sample (spot diameter 9.3 ym, see Figure 1.10) through a
microscope oil immersion objective (Fluar 100x, N.A. 1.3, Carl Zeiss, Gottingen,
Germany). The dye molecules were bleached by a short laser pulse (typically 200 -

400ms), and recovery of the fluorescence intensity according to the diffusion of

sample
photomultiplier D objective
or
camera —L pinhole

observation beam (1:1000)
I N
I

polarizer
l
N 4 Ar laser
beam I beam

splitter  shutter  splitter
bleaching beam

Figure 1.9: Sketch of the FRAP setup.
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unbleached dyes was monitored by a RCA 31034-04 photomultiplier. To eliminate
effects of drift of the optical path, the quality of the focus (in lateral and hori-
zontal plane) was checked after each measurement with a SIT-camera (Hamamatsu
Photonics, Munich, Germany) (see also [Merkel et al., 1989, Kiihner et al., 1994] for
details of the setup).

Figure 1.10: Image of a fluorescently labelled lipid membrane, illuminated by an Ar laser via the
pinhole.

The lateral diffusion coefficient D and the mobile fraction R were calculated from
the measured fluorescence recovery curves (see Figure 1.11), following the method
reported by Soumpasis [Soumpasis, 1983], which holds for a rectangular intensity
profile of the bleaching light.

From the experimental recovery curves, the characteristic time constant 7 can be

evaluated by fitting the following analytical expression to the intensity:

F(t) = F(oo) — (Fy — F(0)) - {1~ exp (—Q—T) [IO<2—T) _ 11(2—7)} Loy

t t t

with the initial fluorescence intensity Fp, integrated over the bleaching area. F'(0)
denotes the intensity measured directly after the bleaching pulse, and F'(oc) the
intensity recovered at the end of the experiment (see Figure 1.11). Iy and [; are
spherical Bessel functions of first and second order, respectively.

The lateral diffusion coefficient D can then be obtained by:

7,2

p="
A7

(1.9)

where r is the radius of the bleaching spot.

In addition, the FRAP experiments yield the relative fluorescence recovery R cor-

responding to the fraction of mobile fluorescence dyes within the membrane. This
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parameter is defined as
_ F(c0) — F(0)

= F0) (1.10)

bleaching pulse

intensity [counts]

0 50 100 150 200 250 300
time [s]

Figure 1.11: Typical fluorescence intensity recovery curve, the line illustrates the fit of the data.
The arrow denotes the moment of the bleaching pulse at t =0s, where the dashed
lines indicate the fluorescence intensities before (Fj) the laser pulse, directly after
the pulse (F(0)), and after recovery of the fluorescence (F(c0)).
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1.6 Fluorescence Interference Contrast Micro-
scopy (FLIC)

The distance between the polymer-tethered lipid membrane and the substrate
was estimated by FLIC [Lambacher & Fromherz, 1996, Braun & Fromherz, 1997,
Lambacher & Fromherz, 2002].

There, the polymer-tethered membrane, doped with the fluorescent cyanine dye Dil
(see Appendix A.3) in both membrane leaflets, was deposited by the LB technique
(see Section 1.2.3) and subsequent vesicle fusion (see Section 1.4) onto regularly
structured Si/SiOy chips. The silicon dioxide thickness varies in 16 steps, ranging

from ~ 30 to 320 nm with a size of 2.5 x 2.5 um (see Figure 1.12).

Figure 1.12: (a) Bright field image of the stepped FLIC substrate with 16 different oxide thick-
nesses. (b) Sketch of the 16 steps with consecutively numbered step heights. (c)
Fluorescence image of the same FLIC substrate, covered with a polymer tethered
membrane. The white frame denotes the 16 related steps.

Assuming a constant distance d between fluorescently labelled lipid membrane and
SiOq, the position of the dyes above the reflecting Si/SiO, interface varies with the
oxide thickness. Since the excitation light forms standing waves above the Si, the
excitation probability of the dye changes strongly with the position. The same holds

for the fluorescence emission of the dyes (Figure 1.13(a)).

Therefore, the detected fluorescence depends on the excitation wavelength, the emis-
sion spectrum of the dye, the chosen fluorescence filter set and the aperture of the
objective (Figure 1.12(c)). For a quantitative analysis of the fluorescence intensity,
also the direction and polarization of the excitation and emission light, the orienta-
tion of the chromophore with respect to the membrane normal, its quantum yield,
and the fluorescence life time have to be taken into account. Furthermore, the opti-
cal parameters of the layer system have to be known, namely the refractive indices

of Si, SiO,, water, and the lipid membrane.

To match the theoretical fluorescence intensity Fjj,(d) with the experimentally ob-
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tained intensity F.,(d) three parameters have to be adjusted: the distance d be-
tween membrane and substrate, the background fluorescence b, and the scaling factor

Q.

Flop(d) = a- Fu(d) +0 . (1.11)

The experiments were carried out in the lab of Prof. P. Fromherz (Membran- und
Neurophysik, MPI fiir Biochemie, Martinsried, Germany). An upright microscope
(Axioskop) equipped with a 100x water immersion objective (Achroplan, N.A. 1.0)
was used (Carl Zeiss, Gottingen, Germany). Images were taken with a CCD camera
(SIS1-s285, Theta-System, Grobenzell, Germany) and tansferred by a frame-grabber
card (ITEX AFG, Stemmer-Imaging, Puchheim, Germany) to a computer.

For the measurements with Dil, a combination of excitation filter (bandpass
546/10nm, Andover, Salem, N.H.), dichroic mirror (565 nm, AHF Analysentechnik,
Tiibingen, Germany), and emission filter (bandpass 610/70 nm, AHF Analysentech-
nik) was used. The oxide thickness of the 16 steps was evaluated at large reference

steps by ellipsometry (Plasmos, Munich, Germany) .

The measured fluorescence intensity was related to the oxide thickness by taking
a reference image in bright field light (see Figure 1.12(a)). In FLIC theory, the
distance d was estimated by the obtained intensity maxima, where the standard

deviations of intensities and oxide thicknesses gives the error of the distance.

(a) 1500 -

theory
:  experiment

a. u.]

5 1000 A
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intensity [

sio,
Si

oxide thickness [nm]

Figure 1.13: (a) Sketch of a FLIC substrate with deposited lipid membrane (dark red line). The
standing waves of fluorescence excitation (green) and emission (red) are illustrated.
(b) Typical curve of obtained fluorescence intensity vs. oxide thickness. The line
denotes the fitted FLIC theory to fluorescence intensity.
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1.7 X-Ray Scattering

Conventional static X-ray diffraction methods have been used to study the struc-
ture of lipid/water systems of relevance to biological membranes [Luzzati, 1968,
Shipley, 1973, Blaurock, 1982]. Both the small angle X-ray scattering (SAXS) from
the three-dimensional molecular packing array and the wide angle X-ray scattering
(WAXS) of the two-dimensional packing subcell of the alkyl chains can be moni-
tored.

Lipid/Water diffraction patterns

Regarding the diffraction of X-rays, the lipid/water dispersions investigated here
are equivalent to powder samples that are composed of many randomly oriented
microcrystals. Thus, Bragg’s condition is automatically fulfilled, and all possible
diffraction peaks are simultaneously recorded. While the positions of the diffraction
peaks are related to periodic distances within the lyotropic lipid mesophase, their
sharpness or width reflects the extent of this periodicity over large distances. The
measured reciprocal spacings are given by

2
s = Xsin@ , (1.12)

where 26 is the scattering angle, and A the wavelength of radiation. If a lipid /water
phase is lacking any periodic structure, diffuse small-angle scattering is observed

only.

The most common mesophases that are observed in lipids are the lamellar, the
hexagonal, and the cubic phase. The lamellar phase (denoted as L or P) consists of
alternating layers of lipid and water molecules. This quasi-one-dimensional periodic
structure exhibits diffraction patterns in the small-angle regime that are described
by the equation .

. 1.13
s nd ( )

where n=1,2,3,... and d is the lamellar repeat unit, which consists of the sum of

the water and lipid layer thickness.

The common hexagonal phase among non-lamellar phases found in lipids of biologi-
cal relevance is the inverse hexagonal lipid /water mesophase (denoted as Hyy), where
cylindrical water rods are surrounded by lipid monolayers. The rods are packed in

a two-dimensional hexagonal lattice with Bragg peaks positioned at

2
o= —VIEL R Rk 114
hk \/ga ( )
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where a is the distance between the centers of two neighboring rods (lattice constant)
and h, k are the Miller indices. In small-angle diffraction patterns hexagonal lipid
phases are easily distinguished from lamellar phases by their ratio of Bragg peak
positions, which is 1:/3:2:....

In a diffraction experiment, Bragg peaks of cubic structures may be observed at
1
Shkl = —\/h2+k2+l2 > (115)
a
where a is the cubic lattice constant. The Miller indices h, k, and [ depend on the
lattice type (primitive, body-centered, face-centered) and the symmetry elements of

the cubic structure.

The pattern of X-ray scattering in the WAXS region can provide information on the
state of order and packing of the hydrocarbon substituents of the mesophase, and the
different packing arrangements characterize different lipid phases, like the lamellar
crystal phase L, the lamellar gel phase Lg, the ripple phase Py, and the lamellar
fluid phase L, [Cunningham et al., 1994, Seddon & Templer, 1995, Winter, 2002].

Experimental Setup

Figure 1.14 shows a sketch of the used setup at the beamline A2 (HASY-Lab) at
DESY (Deutsches Elektronen Synchrotron, Hamburg, Germany). The beam of the
X-ray source hits the sample, which is scattered at an angle of 20 with respect to
the direct beam, according to Bragg’s law. SAXS and WAXS were simultaneously
recorded with two different linear detectors, which were calibrated with scatters from
RTT and Tripalmitin samples, respectively. The resolution of the SAXS corresponds
to ~ 4to 10 nm which therefore resolves the lattice spacing, and WAXS is suited for
the investigation of in-plane correlation in the range of a few nm down to 1A.
As samples, lipid/lipopolymer dispersions in water (concentration ~ 20 wt% water)

were used, which were filled into quartz capillaries (Hilgenberg, Malsfeld, Germany).

SAXS - detector

Figure 1.14: Schematic drawing of the used setup at DESY (Hamburg, Germany).
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2. Polymer-Tethered Lipid
Bilayer Membranes

2.1 Introduction

For the establishment of polymer-tethered lipid membranes, different prepara-
tion methods were applied, all consisting of a two-step procedure: After deposi-
tion of the proximal lipid monolayer adjacent to the substrate, the distal layer
was prepared by vesicle fusion. In the beginning, the “grafting from“ method
[Jordan & Ulman, 1998, Jordan et al., 2001b], and the “grafting onto“ method
[Rehfeldt et al., 2002] were applied.

In the “grafting from“ process (Figure 2.1(a)), the polymer layer is established step-
wise from the surface, on which initiator groups for the polymerization were coupled
in advance. Suited monomers are transformed to the corresponding polymers by the
initiator. As termination agent of the reaction, a lipid moiety is used. The resulted

lipopolymer monolayer is pre-organized, and high grafting densities can be achieved.

The “grafting onto“ method (Figure 2.1(b)) consists of a synthesis of the whole
lipopolymer in solution, including lipid moiety and surface coupling group, and
the subsequent coupling to the surface in a second step. Compared to the “grafting
from® procedure, the lipopolymer layer exhibits a lower surface density and a poorer

separation into hydrophilic polymer and hydrophobic lipid layers.

Both procedures resulted in brush-like polymer monolayers with high grafting den-
sities. Immediately after the grafting reaction, the polymer layer was found to be
homogenous and unstructured. A single submersion in water and consecutive expo-
sure towards air at room temperature causes a self-organization of the lipopolymer
layer into a hydrated polymer interlayer and an upper hydrophobic alkyl layer. In
all cases, no crystallization of alkyl chains were observed in the polymer supported

alkyl monolayer.

For construction of the supported bilayer, dry polymer monolayers prepared by the
“grafting from* or “grafting onto“ method were immersed to a solution of lipid vesi-
cles in water. However, a formation of lipid bilayers could not be observed. Also

numerous modifications of the procedure using different lipids and lipopolymers



2. POLYMER-TETHERED LIPID BILAYER MEMBRANES 28
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Figure 2.1: Schematic drawing of the different grafting methods of lipopolymers applied through-
out this study. The methods (a) “grafting from“, and (b) “grafting onto“ did not
lead to polymer-tethered lipid bilayer membranes. Only method (c), the two-step
preparation of Langmuir-Blodgett transfer with subsequent vesicle fusion succeeded
in homogeneous, functional polymer-tethered lipid membranes.

failed. Presumably, the exposure to water reorganizes the amphiphilic lipopolymer

monolayer and vesicle fusion did not occur.

Encouraged by the work of Wagner et al. [Wagner & Tamm, 2000], the
lipid/lipopolymer monolayer was pre-organized at the air/water interface of a
Langmuir-Blodgett trough and transferred onto solid substrates, which allowed a
defined grafting densities of the lipopolymer tether. However, instead of a ho-
mogeneous distribution of the fluorescence dye tracer within the lipid/lipopolymer
monolayer, stripe-like micropatterns aligned parallel to the transfer direction were
observed (Figure 2.2(a)). These dissipated structures could be circumvented by
changing the transfer velocity to values > 400 ums™* (Figure 2.2(b)). The under-

lying mechanisms of this pattern formation will be discussed in Chapter 3.

After the optimization of the preparation procedure of the first membrane leaflet,
homogenous and uniform layers for different lipopolymer/lipid compositions were
obtained (presented in Sections 2.2 and 2.3). The consecutive deposition of the upper
lipid leaflet by fusion of vesicles was also improved till optimal results were exhibited
(see Section 2.4). Therefore, the preparation of polymer-tethered membranes were

carried out by the combination of LB and subsequent vesicle fusion (Figure 2.1(c)).

Since we started with lipopolymers composed of a single chain lipophilic moiety and
a short polymer spacer (Ph-PMOx;9-Si), the hydrophilic/lipophilic balance (HLB)
was shifted to an hydrophilic overweight when the length of the polymer spacer was
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(b)

Figure 2.2: Fluorescence images of a transferred LB monolayer composed of 10mol% Ph-
PMOx15-Si, 89.8 mol% DPhPC, and 0.2 mol% Texas Red-PE. The monolayers were
deposited at II= 30mNm ™!, a temperature of 20°C, and with a transfer velocity of
(a) ~ 80 ums1, and (b) ~ 400 ums=!.

increased (Ph-PMOxs;-Si). This led to unstable lipid/lipopolymer monolayers at
the air/water interface, which made a successful LB transfer impossible (see Section
2.10).

Therefore, the establishment of the polymer-tethered membrane system was carried
out with lipopolymers equipped with a double chain lipid moiety, DS-PMOx,,-Si (see
Section 1.1.1).

The incorporation of transmembrane cell receptors is presented in Section 2.5, where

the influence of the length of the polymer spacer is evaluated.

At this system, the diffusion coefficients and mobile fractions of lipids and proteins
were estimated (Section 2.6), as well as the frictional coupling of the proteins to the
substrate (Section 2.7). The membrane-substrate distance was obtained by FLIC
(Section 2.8), and the functionality of incorporated transmembrane receptors was

also evaluated (Section 2.9).



2. POLYMER-TETHERED LIPID BILAYER MEMBRANES 30

2.2 Langmuir Isotherms of Lipid/Lipopolymer
Monolayers

As the first step, Langmuir isotherms of various lipid/lipopolymer (DS-PMOx;4-Si)
mixtures were measured to determine the optimal mixing ratios (Figure 2.3). With
increasing molar fractions of lipopolymer, we observed an increase in average area
per molecule, corresponding to the larger hydrophilic moiety of the lipopolymers
in comparison to matrix lipids. At lipopolymer concentrations above 20 mol%, a
shoulder-like region appeared, caused by polymer-polymer interactions at surface

pressures of IT~ 20mNm™!.

Although there is a distinct hydrophobic mismatch
between lipid anchors of matrix lipid (stearoyl-oleoyl chains) and those of lipopoly-
mer (distearoyl chains), no phase separation could be observed by fluorescence mi-

croscopy at the air/water interface (see Section 3.2).
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Figure 2.3: Langmuir isotherms of various lipid/lipopolymer (DS-PMOx;4-Si) mixtures recorded
at 20°C. Molar fractions of the lipopolymer ranged between 0 and 100 mol%, indi-
cating that polymer-polymer interaction is negligible when the lipopolymer fraction
is <20mol%.

To investigate the influence of the polymer chain length on the lateral cooperativ-
ity within the monolayer, Langmuir isotherms of SOPC monolayers with 5mol%
lipopolymers were measured for DS-PMOx;s-Si and DS-PMOx33-Si (Figure 2.4).
At this low molar fraction of lipopolymer, the stretching of polymer chains only
appeared near the onset of the increase in surface pressure (inset, Figure 2.4).

When the film was compressed to higher surface pressures, the isotherms overlapped
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with each other up to II~ 40 mNm~!. The obtained results indicate that polymer-
polymer interaction is also negligible for DS-PMOx5-Si and DS-PMOx33-Si, if the
molar fraction of the lipopolymer was kept at 5mol%. Since no phase separation
could be observed neither from isotherms nor by fluorescence microscopy, one can

assume a random distribution of the lipopolymers in the polymer/lipid monolayer.

Therefore, the average distance between the lipopolymers can be approximated from
the average molecular area measured at IT= 30mNm~! (A~ 55A2), and from the
molar fraction of lipopolymers (f = 0.05 — 0.20) to be d = /A/f. Since the ra-
dius of gyration R, scales with VN, one can approximate R, from previous light
scattering study of Chen et al. [Chen et al., 1990] to R;~ 1.7nm for DS-PMOx4-
Si, 1.9nm for DS-PMOx;5-Si, and 2.5 nm for DS-PMOx33-Si, respectively. Although
the mean distance d~ 1.7nm at a lipopolymer fraction of 20mol% matches with
Ry~ 1.7nm for DS-PMOx14-Si, no polymer-polymer interaction was observed in the
isotherms at this molar ratio (Figure 2.3), since these values are approximations.
Furthermore, as suggested from the isotherms (Figure 2.4), interactions between
the longer polymer chains (DS-PMOx;s-Si and DS-PMOx33-Si) are also negligible
at a lipopolymer fraction of 5 mol% because the expected distance between polymer
chains (d~ 3.3nm) is larger than R,. This also excludes a polycondensation via

the trimethoxysilane end groups of the lipopolymers prior to the deposition.
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Figure 2.4: Langmuir isotherms of SOPC monolayers with 5mol% lipopolymer (DS-PMOx4-
Si, DS-PMOx15-Si, and DS-PMOx33-Si), recorded at 20 °C. Little deviation among
different polymer lengths could be seen at low surface pressures, presented in the
inset.
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2.3 Langmuir-Blodgett Deposition of Lipid/Lipo-
polymer Monolayers

After the compression, the monolayer was transferred from the air/water interface
onto a solid substrate at constant velocity. The transfer ratio, i.e. ratio between the
decrease in the subphase area and the area of the substrate, was found to be 1:1 for
all samples. However, when the monolayer was transferred at a low transfer velocity
(e.g. 50 ums™!), stripe-like patterns were observed (see Figure 2.5(a)). These stripes
were always aligned parallel to the transfer direction, as indicated by an arrow in the
figure. It should be noted that such patterns are not formed due to a phase separa-
tion under thermodynamic equilibrium, because the fluorescence image of the same
monolayer at air/water interface appeared homogeneous before the transfer (see
Section 3.2). Furthermore, fluorescence labelling of lipopolymers confirmed that
such stripe-like heterogeneities are formed by demixing of lipids and lipopolymers,
but not by the segregation of fluorescence lipids (see Section 3.5). These findings
strongly suggest that hydrodynamic conditions in the vicinity of the wetting front
play a dominant role. When the transfer velocity was increased, these microscopic
stripes became thinner and disappeared at a very high velocity (> 400 yms™!) (see
Section 3.4.1). As shown in Figure 2.5(b), the fluorescence image of the monolayer
with 5mol% of DS-PMOx14-Si was homogeneous over the entire substrate, but the
transfer ratio still remained 1:1. Fluorescence images of the monolayers transferred
at this condition were found to be homogeneous at various lipopolymer fractions
between 0 and 50 mol%.

Furthermore, the homogeneous distribution of lipopolymers within the monolayer
was verified by experiments using analog lipid/lipopolymer mixtures with fluores-
cence labelled lipopolymers (see Figure 2.6). Although the morphology of these
stripe-like domains differed slightly, an increase in the transfer velocity led to a
“thinning* of the stripe patterns. Indeed, for all the lipid/lipopolymer mixtures, we

could prepare homogeneous monolayers without any loss of materials.

Heterogeneous “stripes® and “holes® either due to phase separation or to local de-
fects have been reported in some of the previous studies [Wagner & Tamm, 2000,
Naumann et al., 2002]. For example, Wagner and Tamm observed holes and stripe-
like defects in the first lipid/lipopolymer layer with poly(ethylene oxide) lipopoly-
mers, which could only be healed to some extent by spreading of the top layer. Nau-
mann et al. used poly(2-ethyl-2-oxazoline) lipopolymers that were randomly grafted

onto the surface by cross-linking to benzophenone groups. They also found macro-
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Figure 2.5: Fluorescence images of SOPC monolayers with 5mol% DS-PMOx;4-Si. The mono-
layers were transferred at velocities of (a) 50 ums™! and (b) 400 ums~!. The arrow
denotes the direction of film transfer. Schematic illustration of the film is given at
the bottom, representing fluorescence probes in black.

scopic defects and phase separations at a lipopolymer concentration of 20 mol%. In
contrast to these approaches, it was demonstrated that systematic control of the
hydrodynamic conditions during the transfer (i.e. transfer velocity) enables one to
deposit homogeneous lipid/lipopolymer monolayers for various spacer lengths and

concentrations.

Figure 2.6: Fluorescence images of a LB monolayer composed of 0.2 mol% DS-PMOx;3-TRITC,
4.8 mol% DS-PMOx;g-Si, 94 mol% SOPC, and 1 mol% NBD-PE, observed with a

TRITC fluorescence filter. The monolayer was transferred at a velocity of 500 yms™—!.
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2.4 Spreading of Top Layers by Vesicle Fusion

To verify the “self-healing” of heterogeneities in the underlayer as reported by Wag-
ner and Tamm [Wagner & Tamm, 2000], we spread unlabelled SOPC vesicles on
the labelled monolayer with stripe-like heterogeneities (Figure 2.7(a)). For the di-
rect comparison, the monolayer was prepared under the same conditions as that
presented in Figure 2.5(a). As apparent from the figure, the spreading of the top
layer as well as the swelling of polymer spacers seemed to induce the diffusion and
mixing of lipids and lipopolymers, but a distinct heterogeneity in the underlayer
still remains. Since the lipopolymers are most likely covalently attached to the sur-
face and enriched in one of the domains, it is understandable that lateral diffusion
of lipids cannot perfectly heal the “imprinted” heterogeneity. On the other hand,
homogeneity of the monolayer prepared under the same conditions as that in Figure
2.5(b) was not disturbed by spreading of unlabelled SOPC vesicles (Figure 2.7(b)).

WWE@WW@W@
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Figure 2.7: Fluorescence images of SOPC monolayers with 5mol% DS-PMOx14-Si. The un-
derlayer was labelled with 0.2mol% Texas Red-PE, and unlabelled SOPC vesicles
were spread onto the dry monolayers. Transfer velocities: (a) 50 ums—!, and (b)
400 pms~!. Schematic illustration of the bilayer is given at the bottom, representing
fluorescence probes in black.
As the next step, labelled SOPC vesicles were spread onto the unlabelled underlayers.
When the labelled vesicles were fused on a heterogeneous surface as described before,
stripe-like domains could clearly be observed (Figure 2.8(a)). This strongly denotes
that underlying heterogeneities in the underlayer disturb the homogeneous spreading
of the toplayer. To explain such a significant impact of the underlayer, there are two
possible scenarios: (i) demixing of lipids and lipopolymers causes the mismatch in
the lateral density of alkyl chains in lipid-enriched and lipopolymer-enriched domains

that might even cause local defects, or (ii) lateral diffusion of the lipids is disturbed
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by the high local concentration of grafted lipopolymer tethers. However, when the
labelled vesicles were spread on a uniformly mixed lipid /lipopolymer monolayer, the

toplayer coated the entire surface homogeneously (Figure 2.8(b)).

)&

o

Figure 2.8: Fluorescence image of polymer-tethered membranes with 5mol% DS-PMOxq4-Si.
The underlayer was unlabelled, and SOPC vesicles labelled with 0.2 mol% Texas Red-
PE were spread onto the dry monolayers. Transfer velocities: (a) 50 ums~!, and (b)
400 pms~!. Schematic illustration of the bilayer is given at the bottom, representing
fluorescence probes in black.

To achieve a good homogeneity of polymer-tethered membranes, further preparation
conditions have to be optimized, like the incubation time of vesicle suspensions, the
method of spreading the suspension onto the dry LB monolayers, and the rinsing

method for removing vesicle suspension.

The incubation time of the vesicle suspension can be quite short. Even after just
5 min of incubation, homogeneous bilayer membranes were observed (Figure 2.9(a)).
Nevertheless, the coverage is not complete, there were still some small, uncovered
regions. Increasing the incubation time up to one hour, 100 % of the underlying
LB monolayer has received its second leaflet. After an incubation time 2> 12h, large
vesicle clusters adhered on the membrane surface, which could hardly be removed by
intensive rinsing with buffer solution (Figure 2.9(b)). Furthermore, after prolonged
incubation also strand-like constructs can evolve (length ~ 10 — 20 um), swaying by

the convection of aqueous bulk above (Figure 2.9(c)).

Additionally, the spreading process itself influences the homogeneity of bilayer mem-
branes. The propagating front of the vesicle suspension on the LB monolayer can
generate circle like defects within the membrane (Figure 2.10(a), (b)), which also

can arise by spreading of proteoliposomes (Figure 2.10(c)). The release of the sus-
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(a)

Figure 2.9: Fluorescence image of polymer-tethered membranes. (a) A LB monolayer (5mol%
DS-PMOx33-Si, 95mol% SOPC) was incubated for 5 min with a vesicle suspension
(99.8 mol%SOPC and 0.2 mol% Texas Red-PE). (b) After prolonged incubation with a
vesicle suspension (99 mol% SOPC and 1 mol%NBD-PC), vesicle cluster were not able
to be removed by intensive rinsing (LB monolayer: 10 mol% DS-PMOx14-Si, 90 mol%
SOPC). (c) After prolonged incubation, also floating strands (length ~ 10 — 20 pym)
evolved, swaying by convection of bulk water (underlayer: 20 mol% DS-PMOx14-Si,
78.5mol% SOPC, 1.5mol% NBD-PC; toplayer: 100 mol% SOPC).

pension from the syringe or pipette should be performed in close proximity to the

dry monolayer.

(b) (c)

Figure 2.10: Fluorescence images of polymer-tethered membranes. All defects arose from the
propagating spreading wave of the dropped vesicle suspension. (a) 10x LD objective
image of labelled vesicles (99.8 mol%SOPC and 0.2mol% Texas Red-PE) spread
onto LB monolayer with micropatterns (10 mol% DS-PMOx33-Si, 90 mol% SOPC).
(b) A LB monolayer (5mol% DS-PMOx33-Si, 95mol% SOPC) was incubated for
5min with a vesicle suspension (99.8 mol%SOPC and 0.2 mol% Texas Red-PE). (¢)
Proteoliposomes with TAMRA-labelled integrins were spread onto a LB monolayer
(0.5mol% DS-PMOx33-Si, 99.5 mol% SOPC).
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2.5 Incorporation of Integrin as,33 into Polymer-
Tethered Membranes

To test the feasibility and potential of the polymer-tethered membrane construct,
experiments to incorporate transmembrane proteins within the bilayer were per-
formed. Proteoliposomes with integrin agp,(33 were spread onto underlayers with
5mol% of DS-PMOx4-Si, DS-PMOx;5-Si, or DS-PMOx33-Si. For evaluation of the
layer quality, the integrins were labelled with 5(6)-TAMRA-SE prior to the prepa-

ration of proteoliposomes.

Again, as a control experiment, proteoliposomes were firstly spread on a glass sub-
strate, resulting in fragmented domains of proteins (Figure 2.11(a)). Prolonged
incubation time could not increase the homogeneity of the protein distribution, in-
dicating that the local defects cannot be healed by the fusion of single patches

[Gonnenwein et al., 2003].

When proteoliposomes were incubated on an underlayer with 5mol% DS-PMOx4-
Si, one could clearly see fluorescent “circles” on the surface, whose diameter are
approx. 10um (Figure 2.11(b)). At present, it is unclear whether these “circles”
correspond to fused proteoliposomes adherent to the surface or to the clusters of

integrins.

Spreading of proteoliposomes onto underlayers with 5mol% of DS-PMOx;g-Si or
DS-PMOx33-Si resulted in a very different picture (Figure 2.11(c+d)). A homo-
geneous distribution of integrins on the surface was visible. Although one could
still observe small clusters that might correspond to locally aggregating integrins,
the entire surface is uniformly coated with polymer-tethered membranes containing
integrins. The macroscopically homogeneous distribution of integrins in the mem-
branes with longer polymer spacers (DS-PMOx;5-Si and DS-PMOx33-Si) suggests
that the substrate-membrane distance is one of the key parameters for successful
incorporation of transmembrane receptors. Nevertheless, the results obtained here
strongly suggest the potential of tethered membranes with well-defined length and
distribution of soft polymer spacers for stress-free incorporation of transmembrane

receptors with large extracellular domains.

Even a decrease in lipopolymer concentration to 0.5 mol%, which corresponds to an
average tether distance of d=\/A/f ~11nm, did not lead to an decrease in homo-
geneity of the distribution of integrin aq,33. In Figures 2.11(e) and (f), homogeneous
fluorescence images of TAMRA-labelled integrin incorporated into membranes with
0.5mol% DS-PMOx33-Si and accordingly 0.5mol% DS-PMOx;4-Si in the under-
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layer are presented.

Figure 2.11: Fluorescence image of TAMRA-labelled integrin app,/33 incorporated into lipid mem-
branes. In (a) the proteoliposomes were spread directly onto a bare glass surface,
where in (b) to (f), proteoliposomes were spread onto dry LB monolayers con-
taining certain amounts of lipopolymers and SOPC matrix lipids: (b) 5 mol% DS-
PMOx14-Si, (¢) 5mol% DS-PMOx;5-Si, (d) 5mol% DS-PMOx33-Si, (e) 0.5mol%
DS—PMOng—Si, and (f) 0.5 mol% DS—PMOX104—Si.



2.6 Diffusion Measurements in Polymer-Tethered
Membranes

2.6.1 Theory of Diffusion

In the fluid mosaic model [Singer & Nicolson, 1972, Jacobson et al., 1995], the cell
membrane is described as a “two dimensional oriented solution of integral proteins
in the viscous phospholipid bilayer solvent.“ The mobility of proteins is influenced
by the protein size and concentration, the lipid composition of the membrane, the
binding to cytoskeletal or extracellular matrices, and the confinement to domains
by the cytoskeleton and tight junctions [Scalettar & Abney, 1991]. Theoretical
models can help to understand the complexity of lipid and protein diffusion in

membranes.

In the last decades, two theories of diffusion in homogeneous bilayers prevailed,
the continuum hydrodynamic model for diffusion of particles with a size larger
than that of the solvent (= phospholipid), and the free-volume model, which takes
into account the discreteness of the lipid bilayer. Therefore, the former is best
applicable to diffusion of integral membrane proteins in lipid bilayers, where the
latter is best suited to describe lipid diffusion. These two models have been
used most often and with best results in the interpretation of experimental data.
For review of diffusion in membranes, one should consult the work of Vaz et al.
[Vaz et al., 1984, Vaz et al., 1985], Scalettar & Abney [Scalettar & Abney, 1991],
and Almeida & Vaz [Almeida & Vaz, 1995].

Definition of a Diffusion Coefficient in Two Dimensions

Considering a tracer performing a random walk on a two dimensional lattice. The
probability density c(r,t) of the tracer at a certain time ¢ with a displacement r is

a Gaussian distribution:

(r0) = — - 2.)
=5t P\ Tapr ) '
which is the solution of the diffusion equation,
0
C(;’ Y _ pvr(ni) | (2.2)

where D is the diffusion coefficient, and V? the Laplacian operator. Hence, the

mean square displacement of the tracer is

(r*) = /000 ric(r,t)2nrdr = 4Dt . (2.3)
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Protein Diffusion: The Continuum Hydrodynamic Model

In this model proposed by Saffman and Delbriick [Saffman & Delbriick, 1975,
Saffman, 1976], the lipid bilayer is represented as a two dimensional continuum.
The concreteness of the lipid molecular structure is ignored. Motion of proteins
is driven by random, fluctuating forces provided by unbalanced collisions with the
solvent molecules (=lipids) and is resisted by the frictional forces inherent in a vis-
cous solvent (=lipid bilayer). The diffusing molecule (= protein) is represented as a
cylinder of height h and radius R. Its diffusion coefficient D is given by the Einstein

relation
B kT

f

where kg is the Boltzmann constant, T the temperature, and f is the friction coef-

D , (2.4)

ficient!.

In the continuum treatment of Saffman and Delbriick, the lipid bilayer membrane
has a very small thickness h,, and a viscosity 7,,, bound on both sides by three-
dimensional fluids of much smaller viscosities n; and 7y, which are treated as equal,

m = 1m2 = 1. The resulted friction coefficient, f, is

-1
N Fom
— 4, b, (1 — , 2.5
[ =4m (nmR 7) (2.5)

where v = 0.5772 is Euler’s constant, and the particle has the same height as
the membrane h = h,,. The system can be characterized by the dimensionless

parameter, ¢ [Hughes et al., 1981]:

R771+772
€= —
h nm

(2.6)

The solution given by Saffman and Delbruck is valid only for ¢ < 0.1. This is
appropriate for model membranes bound by water or dilute salt solutions but may
not be valid for biological systems, where the bounding solutions (cytoplasm on one
side and extracellular glycocalix on the other) are often highly viscous, or membrane
model systems, where the bilayers experience weak dynamic coupling to an adjacent
solid support (see Figure 2.12).

Considering this effect, Evans and Sackmann [Evans & Sackmann, 1988] obtained

1 'Ky (e
N o

In case of a spherical particle of radius R in a medium of viscosity 7, the friction coefficient is
f =6mR
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where K and K, are modified Bessel functions of the second kind, orders zero and

one, and &’ is a dimensionless parameter defined by

bs

"= R 2.8
€ ﬁmhm Y ( )
b, is the friction coefficient between membrane and the support:
m
bs = — 2.9
: (2.9

where d is the distance between membrane and substrate, and 7; is the viscosity of

the liquid in between. For € > 1, on obtains for the diffusion coefficient

D~ kgTd
i R?

(2.10)

d

Figure 2.12: Hydrodynamic model, proposed by Evans and Sackmann, of the membrane in close
proximity of a substrate, separated by a thin lubricant layer of thickness d and
viscosity n;. Proteins are treated as cylinders with height h and radius R moving
in the membrane (viscosity 7,,) by Brownian motion.

The Free-Volume Model

On the basis of the free-volume theory of Cohen and Turnbull
[Cohen & Turnbull, 1959] for diffusion in fluid, glass-forming materials, Galla
et al. [Galla et al., 1979] developed a free-volume model for diffusion in two-
dimensional membrane systems.

According to free-volume theory, diffusion of a particle with the size of the molecules
that constitute the fluid takes place only when a free volume greater than a certain
critical size exists next to the particle. Free volumes smaller than this critical size

do not contribute to diffusion, and the problem is reduced to determination of the
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distribution of free volume in the system.

In such a system, the diffusion coefficient is defined as

*

D = D(a*) exp (—W ) , (2.11)

ar

where a* is the critical free area (areas below a* are useless for diffusion), a; is the

average free-area in the system (ay = a; — a*, where a; is the total average area per
molecule; note that a* is a constant, but a, and therefore a; are in general functions
of temperature). The parameter v is a geometric factor that corrects for overlap of
free-areas; it varies between 0.5 and 1. The pre-exponential factor D(a*) is related
to the gas kinetic velocity.

Macedo and Litovitz [Macedo & Litovitz, 1965] proposed a hybrid equation, which
is more general because it includes an energy factor in the diffusion coefficient, and
contains the result of Cohen and Turnbull [Cohen & Turnbull, 1959] as a limiting
case. That equation, has the general form

* Ea
D = D exp (—Z - kBT) : (2.12)

where F, is the activation energy associated with diffusion. The pre-exponential

factor D’ is the “unhindered” diffusion coefficient, which is identical to D(a*).

2.6.2 Diffusion of Lipids

Since the fluidity of the lipid membrane strongly influences the function of mem-
brane proteins, lateral diffusion coefficients of lipids in top- and underlayers were
measured by FRAP and continuous bleaching (CBL) technique. Since the half
time of the flip-flop exchange in fluid lipid bilayers is about 7h to 10 days
[Kornberg & McConnell, 1971, Rothman & Dawidowicz, 1975], the exchange of the
lipids between inside and outside of the membrane is almost negligible in the exper-

imental time scale.

In the beginning, continuous bleaching experiments were carried out, since they
can be performed with an standard fluorescence microscope in addition to the op-
tical characterization. Furthermore, measurements with substrates of non-standard
thickness (# 0.17mm) can be done (see e.g. [Steinhoff et al., 2003], where sapphire
wafers with GaN surfaces were used), since one is not restricted to oil immersion

objectives which have only the correction to standard glass cover slides.

As one can see in Figure 1.8(a) (Section 1.5.1), the illumination of the homogeneous
membrane and therefore the excitation of fluorescence dye tracers is not homoge-

neous over the entire aperture. Even careful readjustment of the HBO position could



2. POLYMER-TETHERED LIPID BILAYER MEMBRANES 43

not avoid this problem. Therefore, the deviation of the bleaching rate By in the cen-
ter and at the edge of the illuminated area was estimated, yielding a difference of
~ 20%. Since the diffusion coefficient D is linearly dependent on By, all results

from CBL experiments were scaled down by this factor.

Table 2.1 summarizes the diffusion coefficients of lipids obtained by CBL experi-
ments. In all cases, the diffusion of lipid in the upper membrane leaflet was slightly

higher than in the proximal membrane leaflet.

lipopolymer fraction diffusion coefficient
underlayer [um?2s~!] toplayer [um2s~!]
5mol% DS-PMOx4-Si 2.34+0.7 2.6+0.8
10mol% DS-PMOx4-Si 1.6+0.5 2.7+0.8
20mol% DS-PMOx14-Si 1.44+0.4 1.6+£0.5

Table 2.1: Diffusion coefficients of lipids measured by the CBL technique. The membranes were
composed of various fractions of DS-PMOx4-Si (5-20 mol%) and SOPC matrix lipids,
where either the proximal or distal membrane leaflet was doped with 1 mol% NBD-PC.

Due to the uncertainties in obtaining diffusion coefficients by CBL reported above,
and furthermore, the problems of measuring diffusion coefficients in the range of
D < 0.2 um?s™!, where membrane protein diffusion in supported membranes is re-
ported [Wagner & Tamm, 2000], this technique was stopped to be applied. All
further diffusion coefficients were determined by the fluorescence recovery after pho-
tobleaching (FRAP) method. To study the influence of lipopolymer spacer length
and concentration, diffusion and mobility of lipid dye tracers in the underlayer were
studied in detail.

As a control system, pure SOPC membrane prepared by the same methods (LB
and subsequent vesicle fusion) were spread directly onto the bare substrate. The
obtained diffusion coefficient (D =1.4 yum?s™!) is in reasonable agreement with pre-
viously reported results [Merkel et al., 1989, Wagner & Tamm, 2000].

As summarized in Table 2.2 (upper panel), the increase in the molar fraction of
lipopolymers (DS-PMOxy4-Si) does not seem to influence the diffusion coefficients
(D=0.9 — 1.6 um?s™!) or the mobile fractions (> 85%) within the lipopolymer
fraction between 0 and 20 mol%. This range coincides well to that suggested from
the Langmuir isotherms (Figure 2.3 in Section 2.2), where the polymer-polymer in-
teractions are negligible. In fact, when the lipopolymer fraction was increased to

Land

50 mol%, the diffusion constant and mobile fraction decreased to D = 0.4 ym?s~
10 %, respectively. This can be attributed either to the increase in viscosity within

interacting polymer chains in the water reservoir, or to the increase in the fraction
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of grafted lipopolymer tethers acting as obstacles.

lipopolymer fraction diffusion constant mobile fraction
[pm?s™1] %]
O0mol% - 1.440.2 98+3
5mol% DS-PMOx14-Si 1.6+0.3 98 +4
10mol% DS-PMOx14-Si 0.9+04 86+ 12
20mol% DS-PMOx14-Si 1.3+04 96 +2
50mol% DS-PMOx4-Si 0.440.3 10+1
5mol% DS-PMOx;g-Si 1.44+0.1 98 +2
5mol% DS-PMOx33-Si 1.44+0.1 97+3

Table 2.2: Diffusion constants of lipids in the underlayers. Diffusion coefficients of lipids with
various fractions of DS-PMOx14-Si (upper panel). Influence of the spacer length was
studied for the membranes with 5 mol% of DS-PMOx;5-Si and DS-PMOx33-Si (lower
panel).

As the next step, the impact of the spacer length was studied by measuring the diffu-

sion coefficients of the membranes with 5 mol% of DS-PMOx;5-Si and DS-PMOx33-Si

(Table 2.2, lower panel). By choosing the same transfer velocity (400 zms™'), ho-

mogeneous monolayers and bilayers were deposited. Here, the increase in the spacer

length caused no distinct decrease in the diffusion coefficients or in mobile frac-
tions, suggesting that the higher steric demands of the intermediate polymer chains

did not increase the viscosity of the water reservoir. This agrees with Langmuir

isotherms, where the spacer length showed almost no influence in the global shape

of the isotherms of lipid/lipopolymer monolayers (Figure 2.4 in Section 2.2).

The diffusion coefficients of lipids in the toplayers were found to be almost constant

! independent from the underlying

within the experimental errors, D=1 — 2 um?s~
monolayers. Since the alkyl chains incorporated in the underlayer were in all cases
fluid and homogeneous, it is plausible that the friction between top- and underlayers

is almost identical [Evans & Sackmann, 1988].

From long term studies with repeated measurements of the diffusion coefficient of
the polymer-tethered membranes, it was found that all supported membranes were
thermodynamically and mechanically stable for more than two weeks, showing no
decrease in the membrane quality (homogeneity and fluidity) within the experimen-

tal error.

In some experiments, the diffusion coefficients of the underlayer were unexpect-
edly low, in the range of D =0.006 — 0.2 um?s~!. This low diffusion changed after
~ 30 min to the “normal” diffusion reported above, obtained from the same sample.

This finding denotes an uncomplete hydration of the previously dry proximal leaflet
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of the membrane in the beginning of the experiments, which changed with time.

In Figure 2.13, the results obtained by the FRAP technique and continuous bleach-
ing (CBL) method are compared. The values from CBL method are always higher
than that from FRAP, exhibiting =~ 10 to 80% higher diffusion coefficients. There-
fore, if one is aware of this fact and the required corrections of the bleaching rate By,
one can apply the continuous bleaching technique as a fast, non-laborious method

to preliminary estimate diffusion coefficients of two dimensional membrane systems.
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Figure 2.13: Comparison of diffusion coefficients obtained by the FRAP technique and continuous
bleaching (CBL) method.

Tamm and co-workers [Wagner & Tamm, 2000] calculated the diffusion coefficient
of the underlayer with longer (n="77) poly(ethylene oxide) spacers from bleached
patterns (pattern width ~ 10pum). The diffusion coefficient was found to be
D=0.4 — 1.8 um?s ! for lipopolymer fractions of < 5mol%, whereas it decreased
to D=0.1 — 0.3 um?s~! for the membranes with 5-10mol% of lipopolymers. The
mobile fractions they reported seem to be slightly smaller (80-90%) than those
we found in this study. The difference in diffusion coefficients and mobile fractions
of the underlayer can be related to an increase in the viscosity within the water

reservoir.

Naumann et al. [Naumann et al., 2002] bleached a quite large area (diameter:
150 pm) using a conventional fluorescence microscopy setup. For the underlayer
with 5mol% of lipopolymer (n=285), they found the mobile fraction of 80 % that
agrees well with those reported by Tamm et al. However, the diffusion constant
they measured (D=17.4 um?s™!, at 40°C) seems to be unreasonably large. Such a
large discrepancy might be due to a very slow bleaching rate (bleaching time: 105s)
as well as to the very large bleached area (diameter: 150 pm), which are 50 times

longer and 15 times larger than our experimental systems, respectively.
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2.6.3 Diffusion of Transmembrane Cell Receptors

After successful incorporation of transmembrane cell receptors integrin aqp,33 into
polymer-tethered membranes (as demonstrated in Section 2.5), their mobility, which

is important for protein function, was checked by FRAP.

Two types of integrin containing proteoliposomes were used, one with
DMPC/DMPG matrix lipids, the others with SOPC/SOPG matrix lipids (called
D-liposomes and accordingly S-liposomes in the following). Since all measurements
were performed at temperatures of around 25 — 28°C, all lipids were in the fluid
state and therefore did not influence the protein diffusion by gel phase?. 10% of

integrins were labelled with TAMRA in advance to the proteoliposome preparation.

The ratios of proteins to lipids in proteoliposome suspensions were determined to
be 1:6200 (D-liposomes), and 1:2600 (S-liposomes), respectively. The average dis-
tances between two incorporated integrins were dp~ 66 nm (incorporated integrin
from D-liposomes), and dg= 43nm (incorporated integrin from S-liposomes), re-
spectively, assuming an average area of A;~ 0.7nm? per phospholipid in the fluid
state [Marsh, 1990]. Details can be found in the Appendix A.1.

Figure 2.14 illustrates a typical fluorescence intensity recovery curve of a FRAP ex-
periment for the determination of integrin diffusivity and mobility. The line denotes

the fit of the data according to the theory of Soumpasis [Soumpasis, 1983].
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Figure 2.14: Fluorescence intensity recovery curve, the line illustrates the fit of the data.
D-liposomes were spread onto a dry LB monolayer composed of 0.5mol% DS-
PMOx104-Si and 99.5mol% SOPC. The evaluation of this experiment yielded
D= (0.26 £ 0.01) um?s~! and R= (38 £+ 1) %.

2Phase transition temperatures: T}, = 23 °C for DMPC and DMPG , T,, = 6 °C for SOPC and
SOPG [Silvius, 1982]
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Since polymer-tethered membranes with longer lipopolymer spacers exhibited higher
homogeneity in fluorescence and hence in integrin distribution (see Section 2.5),
experiments of protein diffusion were carried out with DS-PMOx33-Si and DS-

PMOx04-Si lipopolymer tethers.

In Table 2.3, the results of FRAP experiments are summarized. When spreading
D-liposomes with integrins onto polymer-tethered membranes, the diffusivity and
mobility of incorporated proteins exhibited a dependence on lipopolymer length
and density. Comparing the results on membranes with 5mol% (X, = 0.05 molar
fraction) and 0.5mol% (X, = 0.005 molar fraction) DS-PMOx33-Si in the under-
layer, one could see an increase in the diffusion coefficient D and in the mobile
fraction R of integrin, changing from D = (0.08 0.05) um?s~! and R=(1646) %
to D=(0.11£0.04) pm?s~! and R=(21410) %.

Increasing the length of the polymer tether, i.e. the degree of polymerization, from
n =33 (DS-PMOx33-Si) to n =104 (DS-PMOx;04-Si), higher values of D and R were
obtained: D= (0.1340.06) um?s~! and R= (24+8) %.

When spreading S-liposomes onto LB monolayers composed of 0.5mol% DS-
PMOx33-Si or DS-PMOx;p4-Si and 99.5mol% SOPC, the diffusion coefficients,
D, and mobile fractions, R, were D= (0.51+0.14) um?s™', R=(17+1)%, and
D=(0.12+0.03) um?s~, R= (10 =% 3) %, respectively.

lipopolymer fraction diffusion coefficient mobile fraction
[pan?s 1] %)

D-liposomes, dp ~ 66 nm

5mol% DS-PMOxj33-Si 0.08 £0.05 16+6
0.5mol% DS-PMOx33-Si 0.11+0.04 21+10
0.5mol% DS-PMOxq¢4-Si 0.13+0.06 24+ 8
S-liposomes, dg ~ 43 nm
0.5mol% DS-PMOx33-Si 0.51+0.14 17+1
0.5mol% DS-PMOxqg4-Si 0.124+0.03 10+3

Table 2.3: Diffusion coefficients of integrin ap1y, 33 incorporated into polymer-tethered membranes
with various concentrations of DS-PMOx,-Si lipopolymers and SOPC matrix lipids in
the underlayer.

To understand the origin of the low recovery, two subsequent bleaching experiments
at the same spot of the sample were performed. All proteins are irreversibly
bleached during the first laser pulse. Only mobile fluorescent proteins can diffuse
into the bleached spot and contribute to the fluorescence signal in the second

experiment.
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Choosing the samples with 0.5mol% DS-PMOx;ps-Si in the underlayer and
integrins incorporated from D-liposomes and S-liposomes, much higher recovery
rates of R=(87+13)% (D-liposomes) and R=(73+6)% (S-liposomes) were
exhibited, while the diffusion coefficients were similar to the value obtained before,
D =(0.1040.06) um?s~* (D-liposomes), or slightly lower D = (0.0540.02) pm?s*

(S-liposomes).

The immobile fraction of integrin can be attributed to the following facts:

- Integrins in proteoliposomes are randomly oriented, facing their large ex-
tracellular domain to both sides. When spreading these liposomes onto LB
monolayers, the orientation stays preserved. Assuming an equal distribution,
approximately 50 % of integrins are pointing their large headgroup (~ 10 nm in

diameter) to the substrate and are therefore immobilized and likely denatured.

- The remaining ~50% are facing their small intracellular domain to the
substrate, from which the membrane is separated by a thin lubricant film
of water, where the membrane-substrate distance is determined by the

lipopolymers. These integrins should be mobile.

- But integrins tend to cluster [Schwartz et al., 1995|, which can also lead to a

decrease in mobile fraction.

- Furthermore, also nonspecific attraction of integrins to lipopolymers or defects

within the membrane is possible.

The lower mobile fraction of incorporated integrins from spread S-liposomes could
be attributed to a higher density of integrins within the membrane, with an average
distance of dg~ 43nm. This generates more obstacles for the diffusion of integrins
due to more immobilized proteins within the membrane, which was also exhibited
in the lower mobile fraction in second bleaching experiments (R=(73+10)%).

Also an increased tendency of integrin clustering might play a role.

The increase in diffusivity and mobile fraction with decreasing density of lipopoly-
mer tethers can be explained by a lower amount of obstacles and a lower frictional
coupling due to a lower viscosity of the water layer between membrane and substrate,
since D o< 1, ! (see Equation 2.10). Taking the value of A;~ 0.7nm?, the average
distance between grafting sites of lipopolymers were d,= \/m ~ 3.8nm
(X, = 0.05), and d,~ 11.8nm (X, = 0.005). Therefore, the larger molar fraction
of lipopolymers occupied a larger volume within the water reservoir, which led to

an increase in the entire viscosity.
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The increase in diffusivity and mobile fraction with increasing length lipopolymer
spacers (see Section 2.8) can be dedicated to the enlargement of water reservoir

thickness between membrane and substrate, since D o d (see Equation 2.10).

The large diffusion coefficient D for integrins moving in 0.5mol% DS-PMOx33-Si
tethered membrane cannot be understood so far. It seems not to keep in line with
the other experiments on different lipopolymer length and concentrations, but is

presented here for the sake of completeness.

The estimated mobile fraction R of integrins in membranes with 0.5mol% DS-
PMOx;p4-Si of R=24+8% coincides with the value reported by Goénnenwein et
al. [Gonnenwein et al., 2003]. There, a cellulose cushion was used as polymer
support instead of lipopolymer tethers. But the reported diffusion coefficient
of D=(0.6+0.2) yum?s~! is approximately 4 times larger than the value of
D =(0.1340.06) um?s~! estimated in this study. The frictional coupling seems to

be lower in cellulose supported membranes, which increases the diffusivity.

The only reports on diffusion measurements of proteins incorporated
into tethered membranes are from the group of Tamm and coworkers
[Wagner & Tamm, 2000, Wagner & Tamm, 2001]. The diffusion coefficients
of cytocrome b5, annexin V [Wagner & Tamm, 2000], and target SNARE
[Wagner & Tamm, 2001] are in the range of 0.3-1.3um?s™!, but in com-
parison to integrin these proteins exhibit only one single transmembrane
part. Integrin aqp,f3 is provided with two a-helical transmembrane domains
[Gonzdlez-Rodriguez et al., 1994], which certainly lower the diffusivity in mem-
branes. Therefore, the diffusion of integrin cannot be compared directly to protein

diffusion reported by Wagner and Tamm.
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2.7 Determination of Frictional Coupling

To estimate the frictional coupling of integrin to the substrate, the theory of Evans
and Sackmann [Evans & Sackmann, 1988] was applied. Figure 2.15 illustrates a
plot of the dimensionless mobility m (47n,h,y,/ f) versus the dimensionless particle
radius ¢, calculated from Equation 2.7. The friction coefficient f can be calculated
from the obtained diffusion coefficients D with Equation 2.4 (f =kgT /D). For the

membrane viscosity, a value of 1,, =0.032 Nsm~2 was chosen [Kiihner et al., 1994]3%.
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Figure 2.15: Dimensionless particle mobility m ((47n,,hmD)/(kgT)) vs. the dimensionless par-
ticle radius €. The horizontal lines denote the dimensionless particle mobilities
evaluated from the diffusion coefficients of integrins, moving in membranes tethered
with 5m01% DS—PMOX33—Si, 0.5 mol% DS—PMOng,—Si, or 0.5 mol% DS—PMOX104—
Si. The vertical line illustrates the corresponding €. The dashed line visualizes the
approximation of the diffusion theory for e > 1 (Equation 2.10).

The evaluated dimensionless particle mobilities are m=0.039 (D =0.08 ym?s™*,
5mol% DS-PMOx33-Si in the underlayer), m=0.053 (D =0.11 um?s~!, 0.5mol%
DS-PMOx33-Si), and m=0.063 (D =0.13 um?s~!, 0.5mol% DS-PMOx;(4-Si), re-

spectively.

3Two dimensional viscosity of a DMPC membrane at T=26°C,
N2 = Nmhwm = 1.6 x 10719 Nsm ™!, with h,, =5nm.

4Tt should be noted that two dimensional membrane viscosities 7op measured by macroscopic
techniques [Waugh, 1982a, Waugh, 1982b, Dimova et al., 1999, Dimova et al., 2000] are by a fac-
tor of ~ 10 larger than that resulted from measurements based on diffusion of molecular probes
[Vaz et al., 1984, Merkel et al., 1989, Kiihner et al., 1994]. But 7n>p values determined by the latter
method appear to be more reliable.
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From this, the dimensionless particle radii can be obtained, yielding ¢=28.3
(5mol% DS-PMOx33-Si), € =6.8 (0.5 mol% DS-PMOx33-5i), and accordingly ¢ =6.1
(05 II]OI% DS—PMOX104—Si).

Since the values of ¢ are all € > 1, the classical Saffman-Delbriick theory does not
hold. The approximation for e > 1 (Equation 2.10) was also not applied, since the
deviation to the exact theory is quite large for € < 10 (see Figure 2.15, dashed line).

The friction coefficient b; can be evaluated according to Equation 2.8

b,

by = — 55 (2.13)

The radius of integrin «qpfP3 can be estimated to R=0.64nm
[Gonzélez-Rodriguez et al., 1994]°.  Since the distance d between membrane
and substrate is known from FLIC measurements (d =2.3nm for DS-PMOx33-Si
tethered membranes and d=4.8nm for DS-PMOx;p4-Si tethered membranes, see
Section 2.8), the average viscosity 1, of this water reservoir can be calculated
(n,=bsd). The next table summarizes the results (Table 2.4).

lipopolymer fraction friction coefficient liquid viscosity
bs [Nsm ™3] m [Nsm~—2]
5mol% DS-PMOx33-Si 2.7 %108 0.63
0.5mol% DS-PMOx33-Si 1.8 x 108 0.42
0.5mol% DS-PMOxqg4-Si 1.5 x 108 0.71

Table 2.4: Friction coefficient by of integrin ag,/f3 and liquid viscosity 7; of the water reservoir
of membranes tethered with DS-PMOx,-Si lipopolymers.

The obtained values of frictional coupling b, of integrin to the substrate are by a
factor of &~ 10 larger than values for DMPC lipids on polymer supports reported
by Kiihner et al. [Kiihner et al., 1994], and about 100 times larger than that
of glass supported DMPC bilayers [Merkel et al., 1989]. The friction coefficient
by =1.8 x 10 Nsm ™2 of cytochrome bs (a-helical membrane part with R=0.6 nm)
reported by Wagner and Tamm [Wagner & Tamm, 2000] coincides with the findings

of this thesis, whereas b, of annexin V was by a factor of ~ 50 smaller.

The tendencies of b, can be regarded to the less friction noticed by integrin due to

SIntegrin o33 is provided with two a-helical transmembrane parts, each with a radius of
0.45nm. The total area occupied in the membrane is 2 x 7 (0.45nm)? = 1.3nm?. From that, an
“overall” radius of 0.64 nm can be calculated.
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(i) the decrease in tether density (from 5mol% to 0.5mol%) and (ii) the further
decoupling of the membrane from the substrate (from d=2.3nm to 4.8nm) by

introduction of longer polymer spacers.

The viscosity n; of the water reservoir between membrane and substrate was about
500 times larger than the viscosity of bulk water (0.001 Nsm~2). The increase in
n of about 50 % when increasing the tether density from 0.5mol% to 5mol% can
be attributed to the larger volume occupied by hydrated poly(oxazoline) relative
to the “free” water volume without polymers, since the average distance between

tethers decreases from 11.8nm to 3.8 nm.

Keeping a constant tether density (0.5mol%), the increase in viscosity 7, from
DS-PMOx33-Si to DS-PMOx04-Si supported membranes can be understood by the

increased volume fraction of polymer within the membrane-substrate cleft.

To summarize, the values for the friction coefficient b, of integrin aqy,33 to the
substrate demonstrate the potential of the established membrane model, since
bs can be tuned by choosing a certain tether density and length. With this, the
extracellular matrix of cell plasma membranes can be mimicked by providing a

distinct viscosity to incorporated cell receptors.



2. POLYMER-TETHERED LIPID BILAYER MEMBRANES 53

2.8 Measurement of Membrane-Substrate Dis-
tance by FLIC

To investigate the increase in water reservoir thickness between membrane and
substrate by introducing polymer tethers, the method of fluorescence inter-
ference contrast microscopy (FLIC) was applied [Lambacher & Fromherz, 1996,
Braun & Fromherz, 1997, Lambacher & Fromherz, 2002].

The membrane was deposited by LB transfer and subsequent vesicle fusion onto
stepped Si/SiOy chips. Figure 2.16 illustrates a fluorescence image of a covered
substrate. Over large areas, the coverage with polymer-tethered membranes was
homogeneous and defect free within the optical resolution. Even the step difference

of ~300nm between lowest and highest oxide did not obstruct the deposition.

Figure 2.16: Fluorescence image of a FLIC substrate, covered with a polymer-tethered mem-
brane (underlayer: 0.5 mol% DS-PMOx;04-Si, 99.0 mol% SOPC, and 0.5 mol% Dil;
toplayer: 99.5mol% SOPC and 0.5 mol% Dil).
The fluorescence intensity of related 16 steps can be evaluated from the image. This
can be plotted versus the matching oxide thickness of the step (Figure 2.17). Fit-
ting the FLIC theory to the fluorescence intensity, one obtains the distance between
membrane and substrate. For all fits, the inclination angle of the transition dipole
of the cyanine dye Dil was assumed to be § =62 ° with respect to the membrane nor-
mal. The fluorescence quantum yield was presumed to be ® 5 =0.38. Additionally,

lifetime and background corrections were applied [Lambacher & Fromherz, 2002].

Table 2.5 summarizes the obtained water reservoir thicknesses in dependence on the
spacer length. The fit of the data yielded a distance of d=(2.9+0.5)nm for the
shortest spacer DS-PMOxy4-Si, d=(2.34+0.7) nm for the membrane tethered with
DS-PMOx33-Si, and d=(4.8+£0.6) nm for the longest spacer DS-PMOx;04-Si. The

incorporation of integrin aqp, 3 led to no increase in distance, but exhibited a larger
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Figure 2.17: The graph illustrates the obtained fluorescence intensity of a deposited mem-
brane (underlayer: 0.5 mol% DS-PMOx1¢4-Si, 99.0mol% SOPC, and 0.5 mol% Dil;
toplayer: 99.5mol% SOPC and 0.5mol% Dil) versus the matching oxide thickness.
The line denotes the fitted FLIC theory to fluorescence intensity. In this experiment,
the determined membrane-substrate distance was d = (4.8 £2.2) nm.

error, d=(4.8+1.1) nm.

lipopolymer fraction membrane-substrate distance
d [nm]
0.5mol% DS-PMOx14-Si 2.9+0.5
0.5mol% DS-PMOx33-Si 2.3£0.7
0.5mol% DS-PMOxqg4-Si 4.8+0.6
with incorporated integrins
0.5mol% DS-PMOxqg4-Si 48+1.1

Table 2.5: Measurement of membrane-substrate distance of polymer-tethered membranes (un-
derlayers: DS-PMOx,,-Si lipopolymers and SOPC matrix lipids) by FLIC. Both mem-
brane leaflets were doped with 0.5 mol% Dil.

The results demonstrate the successful increase in water reservoir thickness by
introduction of poly(2-methyl-2-oxazoline) lipopolymer spacers. The distance
of (4.8+£0.6)nm of a DS-PMOx04-Si tethered membrane is the highest value
for tethered membranes reported so far. It is much larger than the distance of
(3.9£0.9) nm reported by Kiessling and Tamm [Kiessling & Tamm, 2003], where
they used poly(ethylene oxide) lipopolymer spacers.

Furthermore, the applied low tether density of 0.5mol% (yielding an average
distance of 11.8nm) is sufficient to increase the membrane-substrate distance and
therefore overcome the forces that act on the membrane and bring it close to the

substrate.



2. POLYMER-TETHERED LIPID BILAYER MEMBRANES 55

Assuming the lipopolymers as one-side grafted random coil, the size of the polymer
follows simple polymer theories. Here, the Flory radius of a polymer with n,
monomers of size a,, is [de Gennes, 1980, de Gennes, 1987, Marsh et al., 2003]

Rr = auni® . (2.14)

6 one obtains Rp =2.4nm for DS-

Taking a value of 0.3nm for the monomer size
PMOx33-Si and Rrp =4.9nm for DS-PMOx;4-Si, respectively. These values coincide
very well with that from FLIC measurements. Nevertheless, one should be aware
of the fact that the used lipopolymers are double tethered with one end to the sub-
strate and the other end to the membrane. Therefore, the situation is different from

the assumed case.

The membrane with the shortest lipopolymer spacers (n, =14, DS-PMOx;4-Si) ex-
hibited a higher membrane-substrate distance (d=(2.9£0.5)nm) than the mem-
brane with longer spacers (DS-PMOx33-Si, n, =33). This result allows for the fact
that this lipopolymer shows oligomeric behavior since with a monomer number of
n, =14 it is too short to be assumed as a random coil. It exhibits a more stretched

conformation and it disobeys polymer scaling laws.

Due to the fact that no change in membrane-substrate spacing was obtained by incor-
poration of integrin agp,3, one can conclude that the lipopolymer spacers stabilize
the overall distance of the membrane to the substrate. Incorporation of integrins
facing their large extracellular matrix to the substrate act as local disturbances in
the spacing. This is reflected in the increase in the measuring error. In Figure
2.18, a sketch of the system is drawn to scale. There, the average distance between
lipopolymer tethers of d,~ 11.8nm (see Section 2.6.3) and integrins dp ~ 66 nm

(see Appendix A.1) was adopted.
I I —

N~ .. &

Figure 2.18: Sketch of a polymer-tethered membrane with incorporated integrin. The image
is drawn to scale. The average distance between integrins (66 nm) and tethers
(11.8nm) is illustrated.

SFrom molecular mechanics calculations (energy minimization) and re-optimization of the re-
sults with molecular dynamics calculations (200 ps), one obtains an equilibrium end-to-end distance
of ~3.0nm for poly(2-ethyl-2-oxazoline) with 10 monomers, which exhibits a zigzag conformation
[Jordan, R., personal communication].
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2.9 Function of Integrin in Polymer-Tethered
Membranes

To verify the functionality of incorporated integrin agp, 33, the free energy of adhesion
Agaq (also called spreading pressure) to giant vesicles with synthetic ligands was
measured quantitatively. The ligand molecule used here was a lipid coupled to a
cyclic hexapeptide containing the RGD sequence that is specifically recognized by
integrin aqp,/33 [Hu et al., 2000] (Figure 2.19).

i RGD-lipid
é PEG-lipid

giant vesicle

Figure 2.19: Model system of a giant lipid vesicle adhering to a polymer-tethered membrane
with integrin aqy,33. The specific binding is generated by ligands bearing the RGD
sequence, whereas the PEG lipids prevent non-specific adhesion.

Using the micro-interferometric technique reflection interference contrast microscopy
(RICM) [Albersdorfer et al., 1997], the free energy of adhesion could be determined
from the vesicle contour close to the substrate. To avoid non-specific adhesion,
lipopolymers with poly(ethylene glycol) headgroups were additionally incorporated

into the giant vesicles as steric “repellers” (see Figure 2.19).

Figure 2.20(a) illustrates a RICM image of an adhered vesicle on a polymer-tethered
membrane. The white line coincides with the contact line, where the interferogram
was analyzed (Figure 2.20(b)). From the intensity profile, the height profile of the
vesicle can be calculated (Figure 2.20(c)).

The free energy of adhesion Ag,; can be determined from the mechanical equilib-
rium between the adhered vesicle and the substrate [Bruinsma, 1995]. This can be
described by the classical Young-Dupré law [Bell et al., 1984, Bruinsma et al., 2000,

Sackmann & Bruinsma, 2002]:

Agaq = (1 — cos a) (2.15)
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Figure 2.20: (a) Reflection interference contrast microscopy (RICM) image (averaged over 20
images corresponding to ~2s) of a giant vesicle containing 1% RGD lipid and 1%
PEG lipid adhering to a membrane with 0.5 mol% DS-PMOx;04-Si in the underlayer
and incorporated integrin agy,(33. The dark areas indicate strongly adhered patches.
Newton fringes around the contact area show lines of equal height of the membrane
above the surface. (b) The intensity profile along the straight line indicated in the
interferogram. (c) The local height profile can be reconstructed from the intensity
profile. The contact angle, «, and the characteristic capillary length, A\, are defined
in the height profile. The zero point of the x-axis (x =0) is determined by the onset
of the upward deflection of the membrane from the substrate.

where « is the contact angle defined in Figure 2.20(c), and + is the lateral membrane
tension. Here, the tension of the fluid membrane is assumed to be constant.

However, the quantitative determination of the effective contact angle « is often
found to be difficult experimentally (Figure 2.20(c)). To overcome this problem,
another length scale A was introduced to analyze the height profile of the vesicle in

the vicinity of the contact line [Bruinsma, 1995]:

h(z) = a(x — \) + alexp —§ (2.16)

where z is defined in Figure 2.20(c), « is the macroscopic contact angle between the

membrane and the substrate, and A is the capillary length

A= \/g . (2.17)

A is a measure for the length over which the height profile of the membrane is dom-
inated by the bending elasticity of the membrane. Namely, the vesicle shape is
dominated only by tension when x > A. The geometric parameters o and A can be
determined from the RICM image for each location along the rim of the adhesion
disc [Albersdorfer et al., 1997].
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The capillary length A is determined by the distance between x = 0 and the in-
tersection of the straight line fitted to the contour of the vesicle for x > X and
the x-axis. The zero point of the axis (xr = 0) is determined by the onset of the
deflection of the membrane (Figure 2.20(c)). The bending stiffness x is assumed
to be 100kgT for the vesicles containing 50 mol% DMPC and 50mol% cholesterol
[Gennis, 1989].

According to the Young equation (Equation 2.15), the local adhesion energy Ag.q
could be determined at every position of the rim. However, the values of A can
not be easily estimated for regions of tight adhesion, thus more accurate results
are obtained by measuring the tension = at sites of weak adhesion, which ex-
hibit many Newton rings. Repeller molecules were incorporated into the vesicle
to decrease the free energy of adhesion Ag,; due to the osmotic pressure differ-
ence Amg between the adhering and non-adhering parts of the vesicle membrane by
[Bruinsma et al., 2000, Guttenberg et al., 2000]

AGag = Wea — ATy (2.18)

where W, is the specific adhesion energy per unit area of the receptor-ligand pairs,
and Amr = kgT Acg is the osmotic pressure difference including the difference in

repeller concentration Acg following the van’t Hoft’s law.

In Figure 2.21, histograms of measured values of Ag,, of vesicles containing 1 and
2mol% of repeller lipids (PEG lipids) are presented. By extrapolating the measured
Agqq to zero repeller concentration, the specific binding energy W,, could be deter-
mined to be Wy~ 1.4 - 107 Jm™? (Figure 2.22).

From the ratio of integrin : phospholipid in D-liposomes of 1:6200 (see Appendix
A.1), one can estimate the surface density of integrin to be 2.3 x 101 m=2. By
assuming that about 50% of integrin are facing their extracellular domain to
the bulk electrolyte, this density decreases to 1.65 x 101 m=2. From the specific
adhesion energy per unit area calculated in Figure 2.22, Wy~ 1.4 - 107 Jm2,
one can estimate the specific interaction energy of a integrin-RGD pair to be
Waa~ 1.22 x 10720J = 3kgT. This value shows a reasonable agreement with the
value reported previously for the supported membrane on ultrathin films of cellulose

[Génnenwein et al., 2003]".

This free energy of adhesion is approximately 30 times larger than the correspond-

TCareful recalculation of the integrin density denoted 2.04 x 10'*m~2. From free en-

ergy of adhesion per unit area of Wy~ 2.5 x 107%Jm~2, one derives a binding energy of
Waq~ 1.23 x 10720 = 3kpT.
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Figure 2.21: Histograms of measured free energies of adhesion of vesicles containing 1 and 2 mol%
of repeller lipids (PEG lipids). The largest values correspond to regions of tight
adhesion, whereas the lowest values correspond to the spreading pressures of regions
of weak adhesion.
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Figure 2.22: Free energy of adhesion as a function of repeller concentration. The specific ad-
hesion energy can be estimated from an extrapolation of the data to the repeller
concentration of zero.

ing value on solid supported membranes. In fact, the binding energy on polymer
cushions/tethers is in the same order of magnitude as the binding energy of integrin-
RGD pairs, ~10kgT, estimated from the dissociation constant kp~ 1.1 x 107°M
[Hu et al., 2000].

Thus, the obtained results clearly demonstrate that the soft polymer spacers signif-
icantly improve the homogeneity, the lateral mobility (by reduction in the frictional
coupling between proteins and the surface), and the biological functionality of trans-

membrane cell receptors.



2.10 Limitations of the Membrane Model

Throughout this study, it turned out that the hydrophilic/lipophilic balance
(HLB) between polymer headgroup and lipid moiety of lipopolymers plays an
important role for the stability of lipid/lipopolymer monolayers at the air/water
interface. Since the compression of these Langmuir films was carried out very
slowly (50 ums™!), one would loose a large amount of lipopolymers to the subphase
if the HLB gets an hydrophilic overweight. This would wreck the advantage of
the Langmuir-Blodgett technique of precise control of molar composition of the

monolayer.

This finding was obtained in the beginning of the study when lipopolymers with
single chain lipid moieties (Ph-PMOx,-Si) were applied. There, the problems
arose when in monomer units were increased from n=12 to n=21. Therefore,
lipopolymers with double chain lipid moiety were synthesized, which exhibited an
excellent stability at the air/water interface even without phospholipids in the

monolayer.

The used DS-PMOx;¢4-Si lipopolymer with n =104 monomer units also seems to be
a limiting case. By applying a pressure constant mode at the LB film balance, the
total surface area was decreasing slightly for very long experiment times indicating
a loss in material, namely lipopolymers, to the water subphase. Within the period
of time necessary for compression of the film and deposition to a solid substrate,

this finding can be neglected.

One should be aware of the fact that one cannot simply extend the monomer unit
number to larger values. Assuming a lipopolymer with n =200, the membrane-
substrate distance would be increased to d ~ 7 nm since this distance seems to follow
polymer scaling laws. But this lipopolymer would not form a stable monolayer at the
air /water interface, which would impede the successful LB transfer. Furthermore,
the applied “living cationic ring-opening polymerization” of 2-alkyl-2-oxazolines
is very time consuming. The synthesis of the longest lipopolymer used (n=104)
required 15 days. Therefore, also from the polymer chemistry side a limit seems to

be reached.



2.11 Conclusion

The established membrane model with poly(2-methyl-2-oxazoline) lipopolymers as
membrane tethers exhibits a large potential towards functional immobilization of

various transmembrane proteins on solid surfaces.

Supported membranes were prepared in two steps. First, the proximal leaflet
of the membrane was deposited by Langmuir-Blodgett transfer of a suitable
lipid/lipopolymer mixture onto solid substrates. The distal leaflet was prepared by
vesicle fusion onto the dry LB monolayer. Careful optimization of both preparation
steps resulted in the formation of stable and defect-free membranes over large areas

in cm? range.

Impacts of the spacer length and the lipopolymer fraction upon the lateral
diffusivity of lipids were systematically compared by fluorescence recovery after
photobleaching (FRAP). At 5mol% of lipopolymers of various length, the lipids in

1

the underlayer exhibited a diffusion coefficient of D =1.4-1.6 um?s~! and a mobile

fraction of R~ 98 %. These values coincide with results on other polymer-supported
membranes. The diffusion and mobile fraction was reduced to D =0.4 ym?s~!
and R=10%, respectively, by introducing of 50mol% of DS-PMOx4-Si in the
underlayer. This denotes the strong influence of tether concentration on the

mobility of membrane components.

With the method of fluorescence interference contrast microscopy (FLIC), it was
proven that the membrane-substrate distance d was increased to d = (4.8 £0.6) nm
by introducing of the longest lipopolymer tethers used (DS-PMOx;4-Si). Hence,
the water reservoir thickness between membrane and substrate was significantly
enlarged compared to solid supported membranes. Furthermore, this is the largest
membrane-substrate distance of polymer-tethered membranes reported so far.
The shorter lipopolymer DS-PMOx33-Si exhibited a membrane separation of
d=(2.3£0.7) nm, which coincides with the Flory radius of polymer scaling laws.
Therefore, the distance between membrane and substrate can be adjusted by the

length of the polymer spacer.

The functionality and the feasibility of the membrane model was tested with the
transmembrane cell receptor integrin ajp33. It could be demonstrated that the
successful incorporation of integrin is dependent on the length of the lipopolymer
spacer. Measuring the diffusivity and mobile fraction of integrins by FRAP, the
obtained results by fluorescence microscopy were supported. The diffusion coeffi-

cients D and mobile fraction R of integrins increase with decreasing tether density
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and with increasing membrane-substrate distance. Decreasing the DS-PMOx33-Si
tether concentration from 5mol% to 0.5mol%, D increased from (0.08 £0.05) to
(0.1140.04) um?s™!, where R increased from (16+6) to (21410)%. Taken the
same molar fraction but increasing the distance between membrane and substrate
by using DS-PMOx;04-Si lipopolymers, the diffusion coefficient and mobile fraction
increase to D =(0.13+£0.06) um?s™! and R=(24+8)%. This demonstrates
that the diffusion of integrins can be tuned by changing the lipopolymer tether

concentration and length.

The frictional coupling b, of integrins to the substrate was estimated to be by =1.5-
2.7 x 108 Nsm~2 dependent on the tether length and concentration, whereby the
viscosity of the water reservoir between membrane and substrate was in the range
of ~400-700Nsm~2. Therefore, the viscous environment of incorporated proteins

can be tuned, mimicking the extracellular matrix of cell plasma membranes.

The functionality of incorporated cell receptors was evaluated by quantitative
measurements of the free energy of adhesion of giant vesicles with synthetic ligands.
Hereby, a lipid coupled cyclic hexapeptide containing the RGD sequence was
used as ligand which is specifically recognized by integrin aqp,33. The free energy
of adhesion was approximately 30 times larger than the corresponding value on
solid supported membranes without tethers and coincides with the value reported
on integrin incorporated into membranes supported by a cellulose cushion. The
estimated specific binding energy of integrin-RGD pairs was w,q =~ 3k,T. This
clearly denotes the functional incorporation of integrin into polymer-tethered

membranes.

The obtained results demonstrate that the soft polymer spacers significantly
improve the homogeneity, the lateral mobility, and the biological functionality of
incorporated integrin. Therefore, the strategy of tethering membranes with soft
poly(2-methyl-2-oxazoline) lipopolymers exhibits a large potential in functional
confinement of transmembrane proteins into planar geometries for biotechnological

applications.



2.12 Outlook

The next approaches to enlarge the feasibilities of polymer-tethered membranes will
be the further increase of membrane-substrate distance by longer poly(2-methyl-2-
oxazoline) lipopolymer spacers. The necessary stability at the air/water interface
can probably be achieved by introducing membrane spanning lipid moieties known
from archaea [Mathai et al., 2001] instead of distearoyl alkyl chains (Figure 2.23).

This will be a hard challenge for both the polymer chemist and the experimentalist.
But the experiments performed in this work proofed the principle of the underlying

ideas and makes a further proceeding worthwhile to follow.
OH
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Figure 2.23: Chemical structure of caldarchaeol, the predominant lipid of archaea.

To increase the mobile fraction of aqp, (3 integrins, the incorporation into proteoli-
posomes need further control. Since integrins are randomly oriented in liposomes,
a fraction of ~ 50 % faces their extracellular domains to the substrate and dena-
ture. Therefore, using a different preparation technique, integrins might be incor-
porated side-selectively into proteoliposomes and hence into the polymer-tethered

membrane, facing their cytoplasmic domain to the substrate (Figure 2.24).
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Figure 2.24: Spreading of proteoliposomes onto dry LB monolayers.

With the achievement of this thesis, a new membrane model system was estab-
lished. This can now serve as a general platform for protein immobilization without
denaturing and loss of their native function into planar geometries. This bears a
large potential for the pharmaceutical industry, enabling separation, purification,

and diagnostic tests against drugs.
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3. Dissipative Striped Structures
in Lipid/Lipopolymer
Langmuir-Blodgett Monolayers

3.1 Introduction

During the preparation of lipid/lipopolymer LB monolayers, stripe micropatterns
were obtained, which were aligned parallel to the transfer direction, and whose width
and spacing were tunable by the velocity of the film transfer onto a solid substrate.
All individual stripes, with a spatial distance in the ym range, were found to be
continuous up to cm length scale, and covered the entire substrate without notable
defects (Figure 3.1). In this chapter, the origins of pattern formation are tackled to
get some insight into its mechanisms, since theoretical predictions are still missing

so far .

Figure 3.1: Fluorescence image of LB monolayers composed of 94.8 mol% SOPC, 0.2 mol% Texas
Red-PE and 5mol% DS-PMOx14-Si (a), or DS-PMOx33-Si (b). The films were de-
posited at T=20°C, II=30mNm~', and at a velocity of v~ 50 yums~*.

Since dissipative molecular aggregates in organic materials are drawing increasing
attentions as mesoscopic (or nanoscopic) compartments for the confinement of
chemical functionalities [Gleiche et al., 2000, Shimomura & Sawadaishi, 2001,
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Lenhert et al., 2004], these findings are of relevance for the future.

Along this line, many studies have demonstrated the formation of dissipative struc-
tures (e.g. dewetting, fingering instability, etc.) in free-standing and solid-supported
polymer thin films [Reiter, 1992, Koneripalli et al., 1996, Herminghaus et al., 1998],
as well as in surfactant films [Spratte et al., 1994, Solletti et al., 1996,
Yaminski et al., 1997, Gleiche et al., 2000, Moraille & Badia, 2002,
Pignataro et al., 2002, Kovalchuk et al., 2003, Lenhert et al., 2004]. So far,
micropatterns formed by self-assembly are used predominantly for lithographic
processes as masks to micro-/nanostructure surfaces, or to deposit molecules or
particles [Shimomura & Sawadaishi, 2001, Lu et al., 2002, Lenhert et al., 2004],
but biological applications are still missing. Most of the other known systems
for bringing biological function in confinements onto surfaces deal with structur-
ing methods using microcontact printing [Groves & Boxer, 2002] or lithography

[Tanaka et al., 2004]. Here, a new method based on self-assembly is presented.
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3.2 Lipid/Lipopolymer Monolayers at the Air/
Water Interface

To verify that the micropattern formation is not induced by demixing of lipids and
lipopolymers at the air/water interface before the LB transfer, experiments with a
fluorescence film balance were performed to visualize possible domains and defects.
Hereby, the monolayer was doped simultaneously with NBD lipid labels and TRITC
polymer labels and observed with suitable filter sets for each dye (Figure 3.2).

1=0.03 mNm™’ =40 mNm™

DS-PMOx,5-TRITC

Figure 3.2: Fluorescence images of lipid/lipopolymer monolayers at the air/water interface of a
fluorescence film balance. The film was composed of 0.2 mol% DS-PMOx;3-TRITC,
4.8 mol% DS-PMOx5-Si, 94mol% SOPC, and 1mol% NBD-PE. The film was visu-
alized by using suitable filter sets for each dye. The upper row denotes images of the
NBD lipid label, where in the lower row the labelled lipopolymer was visible. The
images were taken at T'=20°C and various surface pressures: gas phase (II~0),

left), IT=0.03mNm ™! (middle), and II=40mNm~! (right). To compress the film,

the barrier was moved with a velocity of 50 yms™!.

In the upper row, the lipid labels within the monolayer are illustrated, where the
lower row denotes the polymer label within the film. In the gas phase (IT~0, left
images), lipids and lipopolymers are accumulated in random netlike structures. Also
bubble-like and other patterns were visible (data not shown), which is quite usual
for monolayers in the gas phase [Gaines, 1966]. At surface pressures II > 0, the

monolayer appeared homogeneous, independent on the kind of dye, up to high pres-

sures (IT=40mNm™!, right images).
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Therefore, lipid/lipopolymer monolayers exhibited no phase separation at the
air/water interface. At the conditions of film transfer (7'=20°C, II=30mNm™!),

the monolayer appeared to be in a fluid state.

Thus, the lipid/lipopolymer monolayer is not demixed at the air/water interface
[Spratte & Riegler, 1994], and the origin of pattern formation has to be addressed
to the Langmuir-Blodgett transfer.
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3.3 Influence of Monolayer Constituents on Pat-
tern Formation

3.3.1 Influence of Hydrophobic Mismatch

Since most of the previous works claimed that packing fluctuation and phase sepa-
ration of alkyl chains are responsible for the pattern formation [Spratte et al., 1994,
Solletti et al., 1996, Moraille & Badia, 2002], a monolayer consisting of phospho-
lipids and lipopolymers with diphytanoyl alkyl chains (DPhPC and DPh-PMOxy;-
Si, see Appendix A.4). As phytanoyl chains are known to have no chain melting
transition between 7'=-120°C and + 80 °C [Lindsey et al., 1979], the possibility for
local crystallization of alkyl chains can be excluded. As shown in Figure 3.3, the
monolayer transferred at “standard” conditions (i.e., a transfer velocity of 50 yums™!,
a transfer pressure of 30mNm ™!, and a temperature of 20 °C) forms almost an iden-
tical stripe micropattern as those presented in Figure 3.9 of Section 3.4.1. There,
a mixture of the same molar ratio of lipopolymers with distearoyl alkyl chains and

SOPC phospholipid was used.

6 9
N ‘\\/
S
%H |
Me0-Si-oMe
OMe

Figure 3.3: Fluorescence image of a lipid/lipopolymer monolayer containing 94.8 mol% DPhPC,
0.2mol% Texas Red-PE, and 5mol% DPh-PMOx2:-Si. The monolayer was prepared
at the same conditions as those in Figure 3.9. The arrow denotes the direction of
film transfer.

Although the contrast in fluorescence intensity and the branching of the stripes
seem slightly different, the characteristic distance between the neighboring stripes

was 13.5 pm, which is in the same order of that in Figure 3.9.

Therefore, one can conclude that the pattern formation is not caused by local con-
densation of alkyl chains, but is dominated by the dissipation of polymer head groups

during the transfer.
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3.3.2 Influence of the Polymer Chain

Another component of the LB monolayer is the lipopolymer itself. Therefore, the
influence of the “standard” polymer DS-PMOx,-Si was investigated. Here, different

targets were approached:

- Changing the degree of polymerization n of DS-PMOx,-Si to see the influence
of the size of the polymer. This should lead to an increased viscosity with
increasing n within the vicinity of the three phase contact line between

substrate and Langmuir monolayer.

- Using lipopolymers with different polymer side chains. For this, the lipopoly-
mer was exchanged to poly(2-ethyl-2-oxazoline) (DS-PEOx,-Si).

- To see the influence of the surface coupling group, lipopolymers with piperidin

termination instead of trimethoxysilane were applied.

- Also experiments with poly(ethylene glycol) (PEG) lipopolymers as substitute
to DS-PMOx,-Si were performed.

This work will be presented in the following parts.

Polymer Chain Length

First, the influence of the polymer chain length on the stripe pattern formation was
studied. Figure 3.4 presents the fluorescence images of transferred monolayers con-
taining 5 mol% of lipopolymers with different degrees of polymerization, n =14, 33,
and 104, respectively. Since the other preparation conditions are set constant (i.e.,
the transfer velocity of 50 ums™! and the transfer pressure of 30 mNm™!), the dynam-
ics of film dissipation is supposed to be dominated by the frictional coupling between
the film and the substrate. As seen in the figures, the increase in the polymer chain
length leads to the transformation of individually separated “stripes® (DS-PMOx;4-
Si, Figure 3.4(a)) into branched stripes (DS-PMOx33-Si, Figure 3.4(b)), which fur-
ther results in the reduced contrast in the fluorescence intensity (DS-PMOxq4-Si,
Figure 3.4(c)). Nevertheless, it should be noted that the mean distance between the
fluorescent patterns does not show a clear dependence on polymer chain length, but
remains the same within the experimental error (dspeee =13.7 pm for DS-PMOxq4-
Si, 15.1 pm for DS-PMOx33-Si, and 14.9 um for DS-PMOx;04-Si). The observed
tendency thus denotes that the increase in the apparent chain viscosity due to the
elongation of polymer chains causes the branching of the stripes and reduces the

contrast in phase separation; however, it does not influence the spacing between the
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neighboring stripes.
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Figure 3.4: Fluorescence images of mixed monolayers containing lipopolymers with different
monomer numbers, (a) n=14 (DS-PMOx14-Si), (b) n =33 (DS-PMOx33-Si), and (c)
n=104 (DS-PMOx104-Si). The molar fraction of lipopolymer (5 mol%), the transfer
pressure (30 mNm~1!), and the transfer velocity (50 ums~!) are set constant in order
to highlight the influence of the length of polymer chains on the stripe micropatterns.
The arrow denotes the direction of film transfer.

Polymer Side Chain

To exclude the origin of pattern formation by polymer crystallization, experiments
with poly(2-ethyl-2-oxazoline) instead of poly(2-methyl-2-oxazoline) lipopolymers
were performed. It is known that ethyl-oxazoline is the only 2-alkyl-2-oxazoline
that exhibits no crystalline phase but is just amorphous [Bassiri et al., 1967,
Litt et al., 1969]. Therefore, experiments with poly(2-ethyl-2-oxazoline) lipopoly-
mers were performed (Figure 3.5). LB monolayers prepared at the same conditions
than before exhibited similar stripe micropatterns compared to findings with DS-
PMOx,-Si lipopolymers. Also the increased tendency for branching of stripes with
increased length of the lipopolymer can be observed, when increasing n from 10
to 19 (Figure 3.5(b)). Due to this fact, pattern formation on the basis of polymer

crystallization can be excluded.

Surface Coupling Group

To see the influence of the lipopolymer surface coupling group on pattern forma-
tion, the trimethoxysilane end termination was exchanged by piperidin. This has no
binding group for covalent coupling to surfaces. In Figure 3.6, a LB monolayer com-
posed of 10 mol% Ph-PMOx;,-Pip, 89.8 mol% DPhPC, and 0.2 mol% Texas Red-PE
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Figure 3.5: Representative fluorescence images of lipid/lipopolymer monolayers, containing

94.8 mol% SOPC, 0.2mol% Texas Red-PE, and (a) 5mol% DS-PEOx;0-Si or (b)

5mol% DS-PEOx;o-Si. The monolayers were transferred at a velocity of 50 yms™!,

a surface pressure of 30mNm™!, and at 7 =20°C.

is illustrated. It is clearly visible that even without a covalent fixation micropatterns
are obtained similar to that of DS-PMOx,-Si containing monolayers . Therefore, the
surface coupling group, i.e. the end termination of the polymer, plays no dominant

role in the pattern formation process.

O

Figure 3.6: Fluorescence image of a LB monolayer composed of 10mol% Ph-PMOx1,-Pip,
89.8 mol% DPhPC, and 0.2mol% Texas Red-PE. The monolayer was transferred at
a velocity of 50 ums™!, a surface pressure of 30mNm ™!, and at T =20°C.
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Poly(Ethylene Glycol)

To test the effect of the polymer part of the lipopolymer on pattern formation,
poly(ethylene glycol) (PEG) lipopolymers purchased from Avanti Polar Lipids (Al-
abaster, USA) were used. They bear a dioleoyl lipid moiety and a methyl group
as end termination (DOPE-PEG2000). Figure 3.7 illustrates a LB monolayer com-
posed of 5mol% DOPE-PEG2000, 94.8mol% SOPC, and 0.2mol% Texas Red-PE.
The transfer conditions were the same as before. This image exhibits also some pat-
terns, aligned roughly parallel to the transfer direction. Nevertheless, distinct stripe
patterns are not visible. Assuming the lipopolymer as one side grafted random coil,
the Flory radius of DOPE-PEG2000 is Rp=3.8nm [Marsh et al., 2003]. This is
quite close to the Flory radius of DS-PMOx;04-Si of Rr =4.8nm (see Section 2.8).
Since also with this poly(oxazoline) lipopolymer the fluorescence appeared rather
“smeared out” (see Section 3.3.2), the increased frictional coupling to the substrate
in comparison to the shorter lipopolymers seems to play a dominant role. But par-
allel stripe pattern formation can be assumed to be special for poly(oxazoline)/lipid

LB monolayers.
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Figure 3.7: Fluorescence image of a LB monolayer composed of 5mol% DOPE-PEG2000,
94.8 mol% SOPC, and 0.2mol% Texas Red-PE. The transfer was carried out at a
velocity of 50 ums™!, a surface pressure of 30mNm ™!, and at 7 =20°C.
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3.4 Influence of Preparation Conditions on Pat-
tern Formation

3.4.1 Influence of Transfer Velocity

Figure 3.9 represents the fluorescence images (upper row) and the normalized flu-
orescence intensity (lower row) of stripe micropatterns formed in lipid (SOPC)/
lipopolymer (DS-PMOx;4-Si) monolayers doped with 0.2mol% of Texas Red-PE,
deposited at 50, 80, 180, and 500 ums~!. The mixed monolayer, which was initially
homogeneous at the air/water interface without phase separation at IT > 0mNm™!
(see Section 3.2), formed stripe micropatterns parallel to the transfer direction (as
indicated by an arrow). By increasing the transfer velocity from 50 yums™! (Figure
3.9(a)) to 80 ums~* (Figure 3.9(b)), the mean distance between individual stripes
decreased: dgpaee =13.7 pm (50 pums™!), and 7.2 um (80 pms™'). Further increase in
the transfer velocity (180 ums™!, Figure 3.9(c)) led to a branching of stripe patterns
and the decrease in the mean distance between the stripes (dspace = 3.4 pm), followed
by a reduced contrast in fluorescence intensity. At the maximum transfer velocity
of the setup (500 ums™', Figure 3.9(d)), the structures totally vanish up to optical
resolution, resulting in a homogeneous fluorescence image. Figure 3.8 illustrates the
obtained mean distance dgp.c. versus the corresponding transfer velocity v. The de-

pendency seems to obey a power law ~ v~!, but further data have to be evaluated.
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Figure 3.8: Mean distance dsp4c. plotted versus the transfer velocity.

It should be noted that the transfer ratio of the film, i.e., the decrease in the subphase
area divided by the area of the substrate, remains 100 % within the experimental
error (£ 5 %), confirming that there is no loss of material through the transfer. Thus,
the clear tendency observed here denotes that the hydrodynamic flow of water near

the meniscus significantly influences the formation of stripe micropatterns.
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Figure 3.9: Upper row: Representative fluorescence images of lipid/lipopolymer monolayers
on an arbitrary position, containing 94.8 mol% SOPC, 5mol% DS-PMOx;4-Si,
and 0.2mol% Texas Red-PE. The monolayers were transferred at velocities of (a)
50 pms~t, (b) 80 ums™?, (c) 180 pms~!, and (d) 500 pms~t. The arrow denotes the
direction of film transfer. Lower row: Plots of the normalized fluorescence intensity
L,orm of the horizontal cross section, averaged vertically over the whole image.

3.4.2 Influence of Subphase Viscosity

Another parameter to tune the dissipation of the film is the viscosity within the
vicinity of the three phase contact line between substrate and Langmuir monolayer.
This can be achieved by increasing the viscosity by exchanging the water subphase

with a glycerol/water mixture.

The subphase viscosity was raised by addition of glycerol to the water. Here, the
viscosity was changed from 1 mPas (pure water) to 6.0 mPas for a 50 wt% glycerol,
50 wt% water mixture [Wohlfarth & Wohlfarth, 2001]. Taking the same conditions
as in Figure 3.9(a) but changing the subphase viscosity as mentioned before, stripe
micropatterns vanished nearly totally (Figure 3.10(a)). Going to higher transfer
velocities (v =180 ums™!), as in Figure 3.9(c), a homogeneous fluorescence appeared,
where no stripe micropatterns were visible within the optical resolution (Figure
3.10(b)). Both results demonstrate that the frictional coupling between substrate
and LB monolayer plays a dominant role on the pattern formation process, which
requires further investigations to get more insight into the mechanisms acting in the

vicinity of the meniscus.
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Figure 3.10: Representative fluorescence images of lipid/lipopolymer monolayers, containing
94.8 mol% SOPC, 5mol% DS-PMOx;4-Si, and 0.2 mol% Texas Red-PE. The mono-
layers were transferred at a velocity of (a) 50 ums~! and (b) 180 ums~1, a surface
pressure of 30mNm~!, and at 7'=20°C. As subphase, a 50 wt% glycerol, 50 wt%
water mixture with a viscosity of 6.0 mPas was used.
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3.5 Confirmation of Demixing of Lipid/Lipo-
polymer LB Monolayers

To verify that stripe micropatterns are formed due to demixing of lipids and lipopoly-
mers but not due to the segregation of fluorescence lipids, a monolayer doped with
NBD labelled lipids (NBD-PE) and TRITC labelled lipopolymers (DS-PMOx;3-
TRITC) was prepared. By using suitable filter sets, the fluorescence signals from
each label could be monitored individually at the same region of the mixed mono-

layer.

As presented in Figure 3.11 (upper left and right panels), stripe-like patterns can
be observed for both labels. The overlay of two images at the same region (Figure
3.11, upper middle panel, in false color) exhibits the alternative stripes of lipids
and lipopolymers, suggesting the demixing of two species. Actually, in the averaged
cross-sectional intensity profiles (Figure 3.11, lower panel), the maximum intensity
of one label clearly matches to the minimum of the other dye. Although the fluores-
cence labelling experiments carried out here do not allow to determine whether the
lipids and lipopolymers are completely demixed or not, the selective labelling of two
components postulates that the dynamic phase separation of lipids and lipopolymers
results in the formation of dissipative micropatterns of alternating lipopolymer-rich

and lipid-rich domains.
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Figure 3.11: Fluorescence images of a mixed monolayer containing 0.2mol% DS-PMOx3-
TRITC, 4.8 mol% DS-PMOx;s-Si, 94 mol% SOPC, and 1 mol% NBD-PE. The im-
ages from the NBD filter (upper left) and from the TRITC filter (upper right) were
taken at the same region of the monolayer. The overlay of these two images in false
color (upper middle) suggests the demixing of two species, which is confirmed by
the horizontal cross section of fluorescence intensities, averaged vertically over the
whole images taken with NBD or TRITC filters (lower panel).
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3.6 Mechanisms of Micropattern Formation

The stripe patterns with periodicities of um range are continuous up to c¢m length
scale, coating the entire substrate without topographic defects (Figure 3.1, Section
3.1). As demonstrated in Figure 3.11 (Section 3.5), the stripes coincide with the
demixing of lipids and lipopolymers during the film deposition. All of them are
aligned perpendicular to the meniscus, whose spacing can flexibly be tuned by the
transfer velocity (Figure 3.9, Section 3.4.1). This tendency suggests that the domi-

nant role of the speed of water drainage in determination of stripe periodicity.

To adjust the frictional coupling between the surfactant head groups (i.e, phos-
phocholine head groups and polymer chains) and the solid substrate, two physical
parameters are altered. The increase in the polymer viscosity as a result of chain
elongation leads to the branching of the stripes and reduction in the pattern con-
trast (Figure 3.4, Section 3.3.2). On the other hand, the stripe patterns almost
disappeared at an increased subphase viscosity (Figure 3.10, Section 3.4.2). The
experimental results obtained here suggest a different mechanism of the pattern for-
mation from the other stripe defects/patterns reported previously. For example, the
striped defects aligned parallel to the meniscus in a single component lipid mono-
layer are found when films are transferred at the coexistence of the liquid-expanded
(LE) and liquid-condensed (LC) phase [Spratte et al., 1994, Yaminski et al., 1997,
Gleiche et al., 2000, Kovalchuk et al., 2003]. The mechanism of pattern formation

has been attributed to the fluctuation of the meniscus during the fast film transfer.

Recently, Lenhert et al. [Lenhert et al., 2004] reported that the stripes aligned
perpendicular to the meniscus can be formed when a phospholipid monolayer was
transferred at a certain surface pressure (II=5mNm™'). However, the mechanism
of pattern formation is hardly understood, although a transition from the parallel
aligned stripes to the perpendicularly oriented ones could be observed at around
II=35mNm~!. On the contrary, the mixed monolayers studied here are trans-
ferred at a high surface pressure (IT=30mNm™1!), corresponding to the mean area
per molecule of about 55 A2. This value suggests that the fluid alkyl chains have no
free voids to create defects. In fact, the tapping mode AFM experiments show no
sign of topographic defects [Fortig, T., personal communication], which agrees very
well with the obtained transfer ratio of ~ 100 %.

It should be noted that the pattern formation does not depend upon the crystal-
lization of alkyl chains. The result presented in Figure 3.3 (Section 3.3.1) clearly

excludes the possible contribution of phase separation due to hydrophobic mismatch,



3. DISSIPATIVE STRUCTURES IN LIPID/LIPOPOLYMER LB MONOLAYERS 80

since the diphytanoyl chains of DPh-PMOx5;-Si and DPhPC have no chain melting
transition between T'=-120°C and + 80°C. This is in clear contrast to the recent
paper by Pignataro et al. [Pignataro et al., 2002], reporting the formation of perpen-
dicularly aligned stripe defects in a “frozen” DMPC monolayer transferred at 10°C
and II=30mNm™!. On the other hand, the other types of stripe nanopatterns were
found in lipid monolayers with clear hydrophobic mismatches, i.e. the alkyl chains
of two lipids are immiscible [Solletti et al., 1996, Moraille & Badia, 2002]. Here, the
formation of the stripes aligned parallel to the meniscus are interpreted in terms
of the fluctuation in molecular packing at the coexistence of lipids in LE and LC
phases. This scenario does not seem to hold in our experimental systems, because
the mixed monolayers of lipids and lipopolymers show no sign of phase separation
at the air/water interface up to II=40mNm™' (Section 3.2). Moreover, the experi-

ments with diphytanoyl lipid anchors (Figure 3.3) clearly exclude this scenario.

Furthermore, the origin of pattern formation by polymer crystallization can also
be excluded, since experiments with poly(2-ethyl-2-oxazoline) instead of poly(2-
methyl-2-oxazoline) lipopolymers exhibited similar stripe micropatterns. There-
fore, even the amorphous phase of poly(2-ethyl-2-oxazoline) [Bassiri et al., 1967,
Litt et al., 1969] does not prevent pattern formation. Also the influence of the sur-
face coupling group of the lipopolymer was tested (Figure 3.6). There, the used
trimethoxysilane was exchanged by a piperidin group. Similar dissipative structures
were observed. Hence, the covalent fixation of the monolayer plays no dominant role

in the pattern formation process.

At present, the exact mechanism of the pattern formation still remains unclear. The
instabilities in mixtures of liquids with different viscosities and surface tensions are
formed according to the concentration gradient created by evaporation of one com-
ponent [Vuilleumier et al., 1995, Fanton & Cazabat, 1998], or by chemical reactions
[Dalle Vedove & Sanfeld, 1981], which can be referred as solutal Marangoni effects.
However, the concentration of lipids and lipopolymers should be constant, since the
average area per molecule and therefore, the surface tension are kept constant. This
enables us to conclude that our experimental systems cannot be treated within the

Marangoni-Beénard instability.

On the other hand, the successful deposition of all the films (transfer ratio of
~ 100 %) confirms that the transfer velocities chosen in this study remain smaller

than the maximum transfer velocity v,,,. predicted by the lubrication theorem
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[de Gennes, 1986,

Upnaz OC 7—93 . (3.1)
0 is the contact angle at the meniscus, 77 is the dynamic viscosity of the subphase
liquid. ~ is the surface tension (7 = 5 — II), corresponding to the difference
between the surface tension of solvent v and the surface pressure II at which
the deposition takes place. As experimentally demonstrated by Petrov et al.
[Petrov et al., 1980], ¥4, depends upon the short range intermolecular forces.
The cooperative substrate-monolayer attraction can be referred as a “surface
reactivity”, where the “binding energy” between the substrate and the transferred
film corresponds to the energy of head group hydration. As the poly(oxazoline)
chains are highly hygroscopic [Rehfeldt et al., 2002], one can assume a contrast
in hydration forces operated within the polymer head groups and those within

phospholipids head groups.
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3.7 Confinement of Transmembrane Cell Recep-
tors into Micropatterns

Natural plasma membranes do not only possess intrinsically asymmetric distribu-
tion of lipids in their cytoplasmic and extracellular leaflets, but also form laterally
organized functional micro-domains enriched with certain types of lipids and
proteins. These domains, such as well known “lipid rafts” [Simons & Ikonen, 1997],
are postulated to govern complex cellular functions like endocytic traffic, signal
transduction, and apoptosis. Furthermore, dynamic accumulation of ligand-
receptor pairs plays an important role in cell adhesion (such as extravasations of
leukocytes into tissues at inflammation sites) in order to establish a firm adhesion
[Springer, 1995].

In contrast to the geometric control of cellular activities achieved by soft lithography
[Chen et al., 1997], the tunable stripe patterns were utilized here as self-assembled
templates to confine cell receptor proteins. Owing to the covalent coupling of silane
groups to a glass surface, the transferred lipid/lipopolymer monolayer studied here
can be used as a spacer to separate a lipid membrane and a substrate. Here, a

spacer length of n=33 was chosen to selectively accommodate integrins. When

74

R

Figure 3.12: Fluorescence image of a lipid membrane containing fluorescently labelled transmem-
brane cell receptors integrin aqr,/33. The proximal LB monolayer was composed of
10mol% DS-PMOx33-Si and 90mol% SOPC, which was prepared at v =50 ums™?,
II=30mNm~!, and T'= 20 °C. The distal monolayer was prepared by fusion of pro-
teoliposomes containing labelled integrin agm,B3 and SOPC/SOPG matrix lipids.
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proteoliposomes with fluorescently labelled integrin aqp,33 were incubated on a pat-
terned monolayer consisting of 10 mol% DS-PMOx33-Si and 90 mol% SOPC (analog
to Section 2.5), proteins are preferably incorporated into the lipopolymer-rich
region (Figure 3.12). As demonstrated in Section 3.4.1, the periodicity of the stripe
patterns can be adjusted in the range of 1-15 pum, suggesting a large potential of
the tunable stripes of receptors for the control of cellular functions via geometry of

protein patterns.



3.8 Conclusion

In this chapter, a new class of stripe micropatterns formed in transferred
lipid/lipopolymer monolayers is reported, whose width and spacing was tunable
by physical parameters . In contrast to the other stripe-like patterns of lipid
monolayers, the isolated stripes with the spacing in the um range are found to
be always parallel to the transfer direction in a macroscopic length scale (cm
scale), exhibiting no remarkable defects. Fluorescence labelling of lipopolymer
headgroups further confirmed the separation of lipids and lipopolymers through
the transfer. The observed results systematically demonstrate that the stripe
micropatterns are formed by the dissipation of polymer chains in the vicinity of the
three phase contact line. Since the spacing between the neighboring stripes shows
a clear dependence on the transfer velocity, such a structure formation seems to
be determined by the forces exerted from the thinning of the “swollen“ headgroup
region (e.g. capillary forces, tension induced by distortion of polymer chains, etc.)
[Debrégeas et al., 1995, Reiter, 2002].

In contrast to other stripe-like patterns of surfactants [Moraille & Badia, 2003,
Lenhert et al., 2004], the structures are not physisorbed but covalently bound
to the substrate through a silane anchoring group. After fusion of liposomes
with the preformed LB monolayer, these microstripes are stable under water
and can therefore serve as a lipid membrane platform with biological interest.
Transmembrane cell receptors integrin aqp, 33 were selectively incorporation into the
lipopolymer-rich region, which includes a large potential towards the confinement
of various transmembrane proteins in quasi two-dimensional stripe micropatterns

with thickness in the nm range.



3.9 Outlook

One of the possible experimental approaches to quantify the forces within the thin
surfactant films would be the measurement of the local film thickness near the
meniscus [Elender & Sackmann, 1994, Langevin, 1998| to determine the “critical
thickness“ [Debrégeas et al., 1995] at which the film dissipation (or dewetting) takes
place. This can be achieved by coupling a Langmuir film balance to an imaging el-
lipsometer, which realizes nm accuracy in thickness and pum resolution in lateral

dimensions (Figure 3.13).

The lipid/lipopolymer monolayer can be transferred onto a solid substrate and the

local thickness distribution can be monitored in parallel.
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Figure 3.13: (a) Sketch of a Langmuir film balance coupled to an imaging ellipsometer. With this
setup, the local film thickness near the meniscus can be evaluated. (b) Fluorescence
images of a LB monolayer containing 0.2 mol% DS-PMOx;3-TRITC, 4.8 mol% DS-
PMOx;g-Si, 94mol% SOPC, and 1mol% NBD-PE. The images from NBD and
TRITC filters were overlayed and presented in false color. In the middle of the
illustrated substrate region, the constant film transfer was stopped. By lowering
the meniscus to its equilibrium state, lipids were accumulated at the bottom region
(green label), where lipopolymers were fixed to the substrate (red label).

Another task is the application of the micropatterns in 2D electrophoresis of trans-
membrane proteins. By using an electric field, incorporated proteins can be trans-
ported in the direction along the isolated p-channels, but are prohibited to move

across the channels (Figure 3.14).

Therefore, various incorporated proteins can be separated due to their isoelectric

points. The proteins are in their native membrane environment, separated by the
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lipopolymer tethers from the solid substrate. Hence, misfolding and denaturing is
prohibited.

90°

directed diffusion prohibited diffusion

Figure 3.14: Sketch of transmembrane cell receptors confined into tuneable micropatterns. By
applying an electrical field, the proteins can be driven along the stripes, but move-
ment is prohibited perpendicular to the stripes.



A. Appendix

A.1 Estimation of Protein/Lipid Ratio in Proteo-
liposomes

For characterization of the membrane model system, the ratio between phos-
pholipids and incorporated integrin app,(3 in polymer-tethered membranes was
estimated. This can be performed by measuring the lipid and protein concentration
of proteoliposomes suspensions separately. Since these liposomes were spread onto
LB monolayers of lipids and lipopolymers, the ratio of proteins/lipids within the
supported membrane is the half of that estimated by the following procedure.

Two proteoliposome suspensions were characterized, one with DMPC/DMPG
matrix lipids (called D-liposomes further one), and one with SOPC/SOPG matrix
lipids (called S-liposomes in the following).

Quantitative Determination of the Integrin Concentration

Following the method reported by Bradford [Bradford, 1976], the concentration of
proteins was determined with an adsorption technique. By binding a specific dye to
proteins, here Coomassie Brilliant Blue G-250 (Sigma-Aldrich, Munich, Germany),
the absorption maximum of the dye shifts from 465 to 595 nm.

20 ul of the sample volume was added to 980 ul of the protein reagent solution
(0.01% (w/v) dye, 4.7% (w/v) ethanol and 8.5%(w/v) phosphoric acid). The
absorbance was measured at 595 nm in an UV-spectroscope and compared to a
control sample (pure buffer with protein reagent), yielding an absolute protein
concentration of ~ 41nM (D-liposome suspension) and ~ 46nM (S-liposome

suspension), respectively.

Quantitative Determination of the Phosphate Concentration

Since each phospholipid has one phosphate group, the molar content of phosphate
in the sample can be determined and equated with the molar lipid content.

The phosphate content of proteins is negligibly small. The determination is done
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according to the method reported by Fiske and Subbarow [Fiske & Subbarow, 1925]
and Bartlett [Bartlett, 1958].

Ammonium-molybdate is reduced by phosphate and leads to an increase in light
absorption at 797nm. The adsorption is linearly dependent on the amount of
reduced ammonium-molybdate, which is proportional to the amount of phosphate
present in the sample. The method is shown to be reliable for concentrations of
phosphate from 0.02 uM to 1 mM.

The phosphate analysis was performed with reference solutions in order to calibrate
the measured absorbance to molar contents, with a dilution series of a 1 mM KHyP0,
to 0mM, 0.05mM, 0.1 mM, 0.2mM, 0.6 mM, and 1 mM of phosphate. The different
liquids were pipetted into test tubes and heated to 180°C for 5min to evaporate
the liquid. Successively 0.3 ml perchloric acid (HC104, 70%, Sigma-Aldrich, Munich,
Germany) was added to each tube. All tubes - closed with a marble to prevent
evaporation - were kept at 180°C for 2h. After the samples have cooled to room
temperature, 1.4ml HyO and 0.2ml NHy-molybdate of a 2.5 % stock solution was
added (0.3wt.% NHy-molybdate in total). The solutions were then well mixed
and 0.2ml ascorbic acid solution of a freshly prepared 10 wt.% solution was added
(1wt.% ascorbic acid in total ). By heating the test tubes to 100°C for 6 min, a

clear blue solution appears in the tubes where phosphate was present.

The absorbance for the different dilutions was measured in a 1cm cuvette in an
UV-spectroscope (797 nm), which is proportional to the concentration of phosphate,
as shown in Figure A.1. From this linear dependence, the phosphate concentration
of the studied sample can be calculated. For the integrin vesicle solutions phosphate
concentrations of ~ 250 uM (D-liposome suspension) and ~ 120 uM (S-liposome

suspension) were determined.

In summary, D-liposome suspensions exhibited an integrin concentration of
~ 41nM and a lipid concentration of ~ 250 uM, resulting in a molar ratio of
integrin : lipids of ~1:6200.

The S-liposome suspensions exhibited an integrin concentration of ~ 46nM and
a lipid concentration of ~ 120 M, resulting in a molar ratio of integrin:lipids of
~1:2600.

Since these proteoliposomes were spread onto LB monolayers of lipids and small
fractions of lipopolymers, the amount of lipids per incorporated integrin double.
Therefore, the ratio of incorporated proteins: lipids per area are Xp= 1.61 x 107*

(from D-liposome suspensions) and accordingly Xg= 3.85 x 10™* (from S-liposome
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Figure A.1: The linear dependence of the light absorption at 797 nm to the phosphorus con-
tent is shown in the calibration curve. The circle markers are the absorbance of
two DMPC/DMPG //intergin proteoliposome samples, the triangle markers are the
absorbance of two SOPC/SOPG /intergin proteoliposomes samples.

suspensions).

The  average  distances  between  two  incorporated  integrins  are
dp= /A /Xp~ 66nm (incorporated integrin from D-liposomes), and

ds= /A;/Xs~ 43nm (incorporated integrin from S-liposomes), respectively,

2

assuming an average area of A;~ 0.7nm* per phospholipid in the fluid state

[Marsh, 1990].
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A.2 X-ray Scattering of Lipid/Lipopolymer Dis-
persions

To get more insight into the phase behavior of binary mixtures of lipids and
poly(2-oxazoline) lipopolymers, small-angle and wide-angle X-ray scattering (SAXS,
WAXS) measurements were carried out for dispersions of poly(2-methyl-2-oxazoline)
lipopolymers with different degrees of polymerization (DS-PMOx14-Si, DS-PMOx3-
Si, DS-PMOx33-Si) and DSPC lipids in various molar ratios.

Figure A.2 illustrates SAXS/WAXS results of mixtures of 90mol% DSPC and
10mol% DS-PMOx14-Si, DS-PMOx;5-Si, or DS-PMOx33-Si, recorded at different

temperatures.
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Figure A.2: SAXS (left side) and WAXS (right side) measurements of dispersions containing
90 mol% DSPC and 10 mol% DS-PMOx14-Si, DS-PMOx;5-Si, or DS-PMOx33-Si.
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In the WAXS region, all samples exhibited a L to L, phase transition at T,,, ~ 55°C,
which is indicated by the disappearance of peaks (s~ 2.35nm™!, corresponding to
d~ 0.43 nm)(see right side graphs of Figure A.2).

In the SAXS region, no long-range order of the phase could be determined for
the shortest lipopolymer (DS-PMOx14-Si), neither for temperatures below T,,, nor
above. Only broad humps were present, with a maximum at s~ 0.152nm™! (cor-

responding to d ~ 6.6nm in real space) at temperatures below 7,,,.

For mixtures with slightly larger lipopolymers, DS-PMOx;g-Si (middle panels of
Figure A.2), a similar hump for temperatures below chain melting was observed
(s~ 0.147nm™!, corresponding to d~ 6.8nm) At 60°C, to peaks were exhib-
ited: s;= 0.081nm™', and s, = 0.164nm™! (corresponding to d; = 12.3nm, and
dy = 6.1nm, respectively).

For lower temperatures (20°C to 40°C) and higher temperatures (70°C to 80°C),
the results for DS-PMOx4-Si and DS-PMOxg-Si were similar to that obtained at
50°C, or accordingly 60 °C.

The Dispersion of 10 mol% DS-PMOx33-Si and 90 mol% DSPC revealed a different
behavior. For temperatures below chain melting, two Bragg peaks in close prox-
imity were present in the SAXS spectra. Deconvolution of these Lorentzian peaks
yielded the following values for s and d: s;= 0.128nm™!, and sy = 0.149nm™!,
corresponding to dy = 7.8nm, and dy = 6.7 nm, respectively. Increasing the tem-
perature to 60 °C, the peak at s; = 0.128nm~! disappeared, and a sharp peak at
s;= 0.148nm™! (d; = 6.7nm) and a smaller at s, = 0.300nm~"' (dy = 3.4nm) were

visible.

To get some information about pure lipopolymer dispersion, measurements with
100 mol% DS-PMOx14-Si, DS-PMOx5-Si, and DS-PMOx33-Si were carried out (Fig-
ure A.3. All samples exhibited no short-range order visible in the WAXS region, no
melting of the alkyl chains could be observed.

Similar to the samples with 10mol% lipopolymers, dispersions of 100 mol% DS-
PMOx14-Si showed just a broad hump at all temperatures, denoting also no long-
range order for these kind of dispersions.

From the sample with 100mol% DS-PMOx;s-Si, one distinct peak at
s;= 0.082nm™! (d;= 12.2nm, 50°C), and at s;= 0.083nm™! (d; = 12.1nm,
60°C) was observable. The corresponding small humps were located at
sy~ 0.141nm™ ! (dy= 7.1nm, or sy~ 0.144nm~! (dy = 7.0nm), respectively.

The dispersion of 100 mol% DS-PMOx33-Si exhibited a similar behavior to DS-
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PMOx1g-Si, with one sharp peak at s; = 0.084nm™! (d; = 11.9nm, 50°C), and at
s;= 0.087nm™! (d; = 11.5nm, 60°C), respectively. The small humps are located
at sg~ 0.146nm™! (dy = 6.8nm), or sy~ 0.150nm™"! (dy = 6.7nm) (60 °C).
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Figure A.3: SAXS (left side) and WAXS (right side) measurements of dispersions containing
100 mOl% of DS—PMOX14—Si, DS—PMOXlg—Si, or DS—PMOng—Si.

Since the obtained results of the lipopolymer DS-PMOx4-Si exhibit no long-range

order at any of the investigated temperatures, and DS-PMOx;g-Si samples only show

some distinct peaks above the chain melting temperature T,,, the focus will lie on

dispersions with DS-PMOx33-Si lipopolymers.

In Figure A.4, SAXS results of lipid/lipopolymer dispersions are presented, where

the ratio of DS-PMOx33-Si was varied between 0 and 100 mol%.

Starting from

the sample of pure DSPC lipid dispersion (left upper graph), one can observe two
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distinct peaks s; = 0.145nm™! (d; = 6.9nm) and sy = 0.290nm~! (dy = 3.4nm) at
50°C, which change to sharp peaks at 60°C: s;= 0.145nm™! (d; = 6.9nm) and
So= 0.288 nm™! (dy= 3.4nm). This results denote the lamellar Lg and L, phase
of DSPC lipid dispersions, where the peaks at sy are second order peaks of the
lamellar stacks. The estimated distances between lamellae coincide with previous
reports [Mattai et al., 1987, Cunningham et al., 1998|.
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Figure A.4: SAXS results of lipid/lipopolymer dispersions, where the ratio of DS-PMOx33-Si was
varied between 0 and 100 mol%.

After adding a certain amount of lipopolymers, two Bragg peaks in close proxim-
ity were present for temperatures below chain melting. The intensity of the two

peaks varies with temperature, which can be seen in the graphs of 5mol% and
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10mol% DS-PMOx33-Si. At high temperatures above T,,, always a very distinct
peak at s~ 0.15nm™" is present. Furthermore, two small peaks are visible, one at

1

s~ 0.29nm~! and one around s~ 0.1nm~!, which holds for all measured mixing

ratios of 5 to 50 mol% lipopolymer.

Table A.1 summarizes the evaluated distances d in real space from lipid /lipopolymer
dispersions with DS-PMOx33-Si:

Dispersion d [nm]

20°C 30°C 40°C 50°C 60°C 70°C 80°C
100% DSPC | 7.0 6.9 6.9 6.9 6.9 6.8 6.8

- 3.5 3.5 3.4 3.5 3.4 3.4

5% DS-PMOx3s3-Si | 8.4 8.2 7.7 7.9 - - -
95% DSPC | 6.4 6.7 6.8 6.7 6.8 6.6 6.5
- - 3.6 3.7 3.4 3.3 3.3

- - - - - 10.1 10.0

10% DS-PMOx33-Si | 8.3 n.m. 8.0 7.8 - n.m. -
90% DSPC | 6.9 n.m. 6.8 6.7 6.7 n.m. 6.4
- n.m. - 3.8 3.4 n.m. 3.2
- n.m. - - 10.2 n.m. 10.1

20 % DS-PMOx33-Si | 8.3 8.3 7.6 7.8 - - -
80% DSPC 7.0 6.7 6.8 - 6.8 6.6 6.3

- - - - 5.2 5.0 -

- - - - 3.4 3.3 -

- - - - 10.3 9.8 8.0

50 % DS-PMOx33-Si | 7.5 7.4 7.0 7.2 - - -
50% DSPC | 6.6 6.6 - 6.7 6.4 6.2 6.1
3.8 3.6 3.5 3.9 3.2 3.1 3.1
- - - - 10.2  10.1  10.2

100 % DS-PMOx33-Si | 13.0 12.7 12,5 11.9 11.5 11.3 11.3
(77)  (7.3) (7.1) (68) (6.7) (64) (6.3)

Table A.1: Distances d in real space evaluated from lipid/lipopolymer dispersions with DS-
PMOx33-Si. Bold numbers denote the most intensive peak at the particular tem-
perature, distances in brackets are values obtained from hump-like peaks. “n.m.*
stands for 'not measured’ SAXS data at certain temperatures.

To interpret the data, one can consult previous reports on lipid/lipopolymer
dispersions composed of phospholipids and lipid-anchored poly(ethylene glycol)
[Warriner et al., 1996, Safinya, 1997, Warriner et al., 1998, Montesano et al., 2001,
Hansen et al., 2003].

Below the chain melting temperature 7,,,, one obtains two average distances, d; and
dy, where the smaller distance, d;, reflects the lamellar L spacing in DSPC lipid

stacks of about ~ 6.9nm. The increased spacing d, results from the undulation
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of the membrane induced by larger headgroup of poly(2-oxazoline) lipopolymers in
comparison to the small phospholipid headgroup (see Figure A.5). The system might
undergo an in-plane phase separation, where lipopolymers are creating regions of
high spontaneous curvature and defects, in which the lipopolymers accumulate at
the monolayer with higher curvature, and simultaneously they stabilize these kind
of defects [Warriner et al., 1998].

DS-PMOXn-Si .y

Figure A.5: Sketch of membrane stack of lipid/lipopolymer dispersion at temperatures below Ty,.
The lipid-anchored poly(2-oxazolines) induce undulations of the membranes, which
results in two distances of the lamellar stacks, d; and do. The figures at the left side
illustrate the headgroup influence on molecule shape.

At temperatures above chain melting, all samples with molar fractions of 5 to 50 %
exhibited highly ordered lamellar stacks with similar repeat distances like pure
DSPC lipid dispersions. The lipopolymers seem to be excluded from the lipid phase
and arranged into a hexagonal phase of micellar tubes with lattice distances of about

~ 10nm.

In summary, one can derive a crude phase diagram for DSPC/DS-PMOx33-Si dis-
persions, visualized in Figure A.6.

00 01 02 03 04 05 06 07 08 09 10

()}

temperature [°C]
o

5
40
3

N
[« )

00 01 02 03 04 05 06 07 08 09 10
molar concentration DS-PMOXSS-Si

Figure A.6: Phase diagram of DSPC/DS-PMOx33-Si dispersions, derived from SAXS/WAXS
measurements. The boxes denote the measured data points, where the inserted
sketches illustrate the different phases.
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A.3 Lipids

The chemical structures of the used lipid and fluorescence dye tracers are presented
in Figure A.7. For further details, see Section 1.1.2.
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Figure A.7: Chemical structures of the used lipids and fluorescence dye tracers.
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A.4 Poly(2-oxazoline) Lipopolymers

In Figure A.8, the chemical structures of the used lipopolymers are illustrated. These

lipopolymers were synthesized by Anton Fortig (Lehrstuhl fiir Makromolekulare

Stoffe, Technische Universitit Miinchen, Germany)!. For further details, see Section
1.1.1.

(a) (b) (c) (d) (e) (f)

!

N
N~
~

0O 0 O 0o o 0 o 0
N—— N— N— N—— N— N —~ CaHs
\ © \ o Vo  40° \ ° \ ©

L / ] L / 1 L / 1 L / ] L + 1 L / 1

NH " NH " NH " N : [Nj n NH, "
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Si Si Si | Me -Si~Me

MeO-S'-OMe  MeO-S'~OMe  MeO-%'~OMe TRITC OMe
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Figure A.8: Chemical structures of the used poly(2-oxazolines). (a) Poly(2-methyl-2-oxazoline)

with distearoyl lipid moiety and a trimethoxysilane coupling group (DS-PMOx,,-Si).
(b) Poly(2-methyl-2-oxazoline) with diphytanoyl lipid moiety and a trimethoxysi-
lane coupling group (DPh-PMOx,-Si). (c) Poly(2-methyl-2-oxazoline) with single
phytanoyl lipid moiety and a trimethoxysilane coupling group (Ph-PMOx,,-Si). (d)
Poly(2-methyl-2-oxazoline) with single phytanoyl lipid moiety and a piperidin ter-
mination (Ph-PMOx,-Pip). (e) Poly(2-methyl-2-oxazoline) with distearoyl lipid
moiety and a TRITC fluorescence tracer coupled via a piperazine group (DS-
PMOx,-TRITC). (f) Poly(2-ethyl-2-oxazoline) with distearoyl lipid moiety and a
trimethoxysilane coupling group (DS-PEOx,-Si).

IDS-PMOx,-TRITC was synthesized by Karin Liidtke, Lehrstuhl fiir Makromolekulare Stoffe,

Technische Universitdt Miinchen, Germany
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The following table summarizes the properties of the used poly(2-oxazolines):
Poly(2-oxazoline) lipid moiety end functionalization DP ? MW PDI 3

[gmol ]

DS-PMOx4-Si distearoyl trimethoxysilane 14 1950 1.09
DS-PMOx;g-Si distearoyl trimethoxysilane 18 2290 1.33
DS-PMOx33-Si distearoyl trimethoxysilane 33 3567 1.30
DS-PMOx104-Si distearoyl trimethoxysilane 104 9609 1.30
DS-PMOx13-TRITC | distearoyl piperazin-TRITC 13 2214
DPh-PMOxy;-Si diphytanoyl trimethoxysilane 21 2517 1.07
Ph-PMOx;2-Si phytanoyl trimethoxysilane 12 1481 1.12
Ph-PMOxg;-Si phytanoyl trimethoxysilane 21 2247 1.16
Ph-PMOx12-Pip phytanoyl piperidin 12 1387 1.16
DS-PEOx1(-Si distearoyl dimethylmethoxysilane 10 1896 1.16
DS-PEOx14-Si distearoyl dimethylmethoxysilane 19 2807 1.31

2degree of polymerization, estimated from 'H-NMR measurements

3polydispersity index, estimated with gel permeation chromatography (GPC)
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A.5 Abbreviations

AFM
BLM
Dil

DMPC
DMPG
DPh
DPhPC
DS
DSPC
ELISA
FLIC
FRAP
Hepes
LB
NBD
NBD-PC

NBD-PE

PEG
PEOx
Ph

PMOx

RICM

SAXS

SOPC

SOPG
TAMRA
Texas Red-PE

TRIS
TRITC
Triton X-100
WAXS

atomic force microscope

black lipid membrane
1,1’-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine
perchlorate

1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
diphytanoyl
1,2-diphytanoyl-sn-glycero-3-phosphocholine

distearoyl

1,2-distearoyl-sn-glycero-3-phosphocholine
enzyme-linked immunosorbent assay

fluorescence interference contrast microscopy
fluorescence recovery after photobleaching
4-(2-hydroxyethyl) piperazine-1-ethanesulfonicacid
Langmuir-Blodgett

7-nitro-2-1,3-benzoxadiazol-4-yl
1-oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-Glycero-3-Phosphoethanolamine-N-(7-nitro-
1-1,3-benzoxadiazol-4-yl)

poly(ethylene glycol)

poly(2-ethyl-2-oxazoline)

phytanoyl

poly(2-methyl-2-oxazoline)

reflection interference contrast microscopy

small-angle X-ray scattering
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-stearoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
5-(and-6)-carboxytetramethylrhodamine (5(6)-TAMRA)

1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethyl-
ammonium salt

tris-(hydroxymethyl)-aminomethane
tetramethylrhodamineisothiocyanate
4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol

wide-angle X-ray scattering
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A.6 Symbols

area per molecule
lipid area
monomer size
bleaching rate

friction coefficient
concentration

distance

diffusion coefficient

dimensionless particle radius

liquid viscosity of the cleft between membrane and substrate
membrane viscosity (3D)

friction coefficient

membrane tension

adhesion free energy

membrane thickness

spherical bessel functions, 1st and 2nd order
membrane bending stiffness

modified bessel functions of the second kind, orders zero and one
characteristic decay length

dimensionless particle mobility

monomer number

surface pressure

radius

fluorescence recovery

density

time

characteristic time constant

specific binding energy per integrin-RGD pair

specific adhesion energy per unit area
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