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ABSTRACT

Research interest in the mechanical properties of membranes arises from the multitude
of morphological and physiological functions they govern. However, the complexity of
native membranes requires the use of model systems which mimic the behavior of
biological membranes. Here, pore-spanning membranes, which combine the free-standing
character of a black lipid membrane together with the stability of a solid-supported
membrane, have been prepared on porous substrates. Fluorescence microscopy, atomic
force microscopy (AFM) imaging and force indentation experiments performed on these
pore-spanning membranes provided information about their mechanical properties. Pore-
spanning polymer membranes were prepared from poly(butadiene)-b-poly(ethylene
oxide) polymersome rupture induced by osmotic stress. The pore-spanning polymer
membranes were studied by force indentation experiments and were found to exhibit
viscoelastic behavior. The energy dissipation was quantified through calculation of the
extent of hysteresis observed between indentation and retraction force curves. UV light
cross-linking of the hydrophobic poly(butadiene) core of the polymer membranes was
performed to study the effect of chain entanglement on their viscoelastic properties.
Furthermore, two-step functionalization procedure was developed to prepare solvent-free,
laterally mobile, robust pore-spanning phospholipid membranes by giant phospholipid
vesicle rupture. Force indentation experiments provided membrane tension values, while
preliminary membrane bending rigidity values were calculated from force needed to pull
tethers out of pore-spanning membranes upon AFM tip retraction. Force volume imaging
of several pores in a single experiment demonstrated the robustness of the pore-spanning
membranes and the efficiency of AFM force indentation experiments. Subtle changes in
the mechanical properties of the pore-spanning membranes were observed after addition
of isopropanol to the membrane environment which confirmed the sensitivity of the

investigation approach proposed in this work.

VIII



ZUSAMMENFASSUNG

Das wissenschaftliche Interesse an den mechanischen Eigenschaften von Membranen
erwdchst aus deren vielfdltigen morphologischen und physiologischen Funktionen.
Jedoch erfordert die Komplexitit nativer Membranen die Verwendung von
Modellsystemen, die das Verhalten biologischer Membranen nachahmen. In dieser Arbeit
wurden poreniiberspannende Membranen, welche die freitragenden Eigenschaften
schwarzer Lipidmembranen (Black Lipid Membranes, BLM) sowie die Stabilitdt
festkorperunterstiitzter Membranen kombinieren, auf pordsen Substraten verwendet.Die
mechanischen Eigenschaften dieser poreniiberspannenden Membranen wurden mit
Fluoreszenzmikroskopie und sowohl abbildener Rasterkraftmikroskopie (AFM) als auch
Indentationsexperimenten untersucht.Poreniiberspannende Polymermembranen wurden
aus Poly(butadien)-b-poly(ethylenoxid)-Polymerosomen durch osmotisch induziertes
Spreiten hergestellt. Die poreniiberspannenden Polymermembranen wurden mit
Kraftindentationsexperimenten untersucht, wobei sie ein viskoelastisches Verhalten
zeigten. Die Energiedissipation wurde durch Berechnungen der Hysterese zwischen
Indentations- und Abrisskraftkurve erhalten. UV-induzierte Quervernetzung des
hydrophoben Poly(butadien)-Kerns der Polymermembran diente zur Untersuchung des
Einflusses des Verzweigungsgrades der Ketten auf ihre viskoelastischen Eigenschaften.
Dariiber hinaus wurde ein zweistufiges Funktionalisierungsprotokoll entwickelt um
16sungsmittelfreie, lateral bewegliche, stabile poreniiberspannende
Phsospholipidmembranen  durch ~ Spreiten = groBer =~ Phospholipidvesikel  zu
erhalten.Kraftindentationsexperimente lieferten Membranspannungswerte, wihrend
Membrankriimmungssteifigkeiten aus der Zugkraft erhalten wurden, welche benétigt
wird um beim Riickzug des AFM Cantilevers Tether aus poreniiberspannenden

Membranen zu ziehen.

Force Mapping von mehreren Poren wihrend einem einzelnen Experiment demonstrierte
die Stabilitdt der poreniiberspannenden Membranen und die Effizienz der AFM-
Kraftindentationsexperimente.  Geringfiigige =~ Anderungen der  viskolelastischen
Eigenschaften der poreniiberspannenden Membranen wurden nach der Zugabe von
Isopropanol zur Membranumgebung beobachtet, was die Sensitivitdt der gewéhlten

Untersuchungsmethode in dieser Arbeit bestétigt.
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1 INTRODUCTION

1.1 MEMBRANES

Defined as the single smallest unit of life, a cell is a complex assembly of organelles
essential for the cellular replication, energy production and growth. The different cellular
components bathe in a cellular matrix enclosed in an intricate scaffolding of cytoskeleton
which is enveloped in cellular membrane. This membrane mainly composed of
phospholipids and proteins delimits the cellular boundary and isolating the cell contents

from the outer medium.

1.1.1 FUNCTIONS IN LIVING ORGANISMS

Despite their remarkably thin structure (~5 nm), cellular membranes perform many vital
cellular functions. Its primary role is to define the cell boundaries by giving it its shape
and size. Protists, fungi, plants as well as animals are composed of eukaryotic cells whose
size varies between 10 um and 30 um for most animal cells and between 10 um and 100
um for plants. Beyond size definition, cellular membranes allow for
compartmentalization (Figure 1.1a). Internal volume division in organelles allows for
distinct unrelated processes to take place simultaneously within the same cell.
Furthermore, cellular membranes act as an organization medium for biochemical
activities by accommodating various proteins (integral or peripheral) which are part of
cellular machinery. An example of a crucial process performed at the interface of the
inner mitochondria membrane is the energy conversion process (oxidative
phosphorylation) (Figure 1.1b). Cellular membranes also function as selectively
permeable barriers allowing for uptake and excretion of compounds by means of channels
and pumps imbedded in the membrane. It is the control of ion flow into and out of the cell
which generates chemical and electrical signals responsible for biological communication
such as action potentials in nerve cells (Figure 1.1c). Additionally, carbohydrates attached
to lipids allow the cellular membrane to detect external signals and therefore allows for

intercellular recognition (Figure 1.1d).”
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Figure 1.1 Schematic representation of membrane functions. In (a), membrane acts as a boundary between
the extracellular matrix and the cytoplasm. Organelles are compartmentalization examples. (b) Oxidative
phosphorylation in the mitochondrion where the membrane acts as a scaffold for chemical activity. (c)
Channels embedded in the membrane allow for membrane transport and action potential generation. (d)
Intercellular recognition through glycolipids present in the cellular membrane.

The cell membrane not only acts as a boundary between cell interior and its
environment but it is also an active component of the cell’s biological and biochemical
activities. Better understanding of the properties of the cellular membrane might also

elucidate the functioning of the many processes associated with it.

1.1.2 MEMBRANE COMPOSITION AND PROPERTIES

The different functions performed by the cellular membrane are related to the
membrane lipid composition, which plays a pivotal role in defining its structural,
chemical and mechanical properties. Defined as two-dimensional liquids, cellular
membranes are composed mainly of lipids and proteins. It is the specific assembly of
these components that confers the membrane its characteristics. The ratio of lipid to
protein varies depending on the type of cellular membrane (i.e. plasma membrane versus
inner mitochondrion membrane), the type of organism (i.e. plant versus animal) and the
type of cell (i.e. muscle versus liver).! Nevertheless, there are approx 5x10° lipid
molecules in 1pm x 1pm area of lipid bilayer or about 10° lipid molecules in the plasma

membrane of a small animal cell
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Figure 1.2 (a) Chemical structure of a phospholipid with a schematic representation of the phospholipid
hydrophilic head and hydrophobic tails. (b) Chemical structures of the most common alcohol head groups
of phospholipids.

Phospholipids, glycolipids and cholesterol are the three major kinds of lipids that are
encountered in cellular membranes. Phospholipids (Figure 1.2a) derived from glycerol are
called phosphoglycerides and consist of a glycerol backbone, two fatty acid chains and a
phosphorylated alcohol. The most common alcohol moieties of phosphoglycerides are:
serine, ethanolamine, choline, glycerol and inositol (Figure 1.2b). The size and charge of
these alcohols have an impact on the packing of the phospholipids, which in turn affects
the final membrane curvature. The length of the fatty acids range between 14 and 24
carbons with 16 and 18 carbons being the most common in animal membranes.’ Both the
length and the degree of saturation of the fatty acid chains determine the phospholipids
phase transition temperature, which is a temperature at which the lipids undergo transition
from gel phase (solid) to liquid phase (Table 1.1). In the liquid phase, the lipids can
diffuse freely in the 2D plane.



Table 1.1 Structures and transition temperatures of common membrane phospholipids.
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In phospholipids, the fatty acid chains are called “tails” and the phosphorylated alcohol

group is called “head”. It is the particular structure of phospholipids that confers them an

amphiphilic character. Amphiphile is a chemical term given to compounds which posses

both: hydrophobic and hydrophilic properties. The hydrophobic tail is a hydrocarbon

moiety, which varies in length (number of carbons) and degree of saturation. The

hydrophilic part is a charged group (carboxylate, sulfate, amine, phosphate or other) or a

polar uncharged group.
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Figure 1.3 (a) Schematic representation of phospholipid assembly to

form a bilayer structures with

hydrophobic tails forming the membrane core and the heads interacting with the aqueous environment. (b)
A profile obtained from X-ray and neurton diffraction data showing the distribution of structural groups in a
DOPC bilayer as a function of distance from the hydrocarbon core (HC). Figure taken from White ez al.*
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The hydrophobic effect is a phenomenon observed when non-polar molecules are in
contact with a polar environment such as water. In bulk, each water molecule takes part,
on average, in 3-3.5 hydrogen bonds (H-bonds) with surrounding water molecules.” When
a non-polar molecule is introduced into a water environment, water molecules either lose
H-bonds between each other or rearrange themselves around the non-polar molecules so
that no H-bonds are lost. Even through rearrangement of water molecules preserves all of
the initial H-bonds, the rearrangement itself results in a more ordered structure of water
molecules which is entropically unfavorable in comparison to bulk water. In order to
diminish the loss of entropy, non-polar molecules aggregate together so that the surface in
contact with water is minimized (i.e. loss of H-bonds of water with itself is kept to a
minimum). This clustering results in segregation of water molecules and non-polar
molecules and is known as hydrophobic effect. It is due to the hydrophobic effect that
when amphiphiles are placed in aqueous solution, various aggregates such as micelles,
vesicles or bilayers, are spontaneously formed by self-assembly. By aggregating, the area
that the water molecules must solvate is decreased which in turn maximizes the entropy
of water (in contrast to decrease of entropy when ordered network of water dipoles are

formed).

Shape of lipid molecules affects their packing upon clustering, which in turns
determines the shape of the aggregates formed. Israelachvili proposed that packing
properties of an amphiphile are related to the optimal area ay, the volume V of the

hydrocarbon tails and the maximum effective length of the tails /.. A dimensionless

packing parameter P defined as% , 1s used to determine the type of the aggregate

C

formed: spherical micelle (%<1/3), non spherical micelles (1/3 <% <1/2), vesicles or
C C

bilayers (1/2 <, <1) or inverted structures (¥ >1) (Figure 1.4).
aolc aolc
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Figure 1.4 Packing parameter P which is the ratio of the volume of the hydrophobic chain V' to the area a,
and the maximal length of the hydrophobic chain /. and predicts the structure of the aggregates formed from
amphiphiles placed in aqueous solution.

Spherical micelles are usually formed from surfactant molecules such as sodium
palmitate which have a single hydrophobic chain attached to the head. Micelle size is
usually limited to about 20 nm. Micelles are not favored geometrical arrangements for
phospholipids because of the bulkiness of two fatty acid chains. In contrast, phospholipids
readily form bimolecular sheets (bilayers) which can be macroscopic in dimensions. The
formation of bilayers in aqueous environment is driven by the hydrophobic effect.
Hydrophobic fatty acid tails are shielded from water molecules inside the bilayer and the
hydrophilic head groups interact with the water, hence maximizing the entropy of the
system. The formation of lipid bilayers is a self-assembly process where van der Waals
attractive forces and hydrophobic interactions between the phospholipid tails favor the
close packing of the phospholipid molecules. Furthermore, electrostatic and hydrogen
bonding interactions between the polar head groups of the phospholipids and the water
molecules further stabilize the bilayer structure and the steric head group repulsion. In
general, a phospholipid bilayer thickness is 4-5 nm and the cross sectional area of a single
phospholipid chain is 0.20 nm?. The average surface area of the bilayer occupied by a
single phospholipid lipid is 0.4-0.7 nm2.° Curvature and fluidity of the bilayer depend on
the length of the phospholipid tails, the size of the phospholipid heads, the ratios of
different lipids composing the bilayer and the amount of cholesterol present in the
membrane. Since the forces acting between the phospholipid molecules are non covalent,

the molecules can rotate in the bilayer and exchange positions with their neighbors (~10’

6



times per second) giving rise to phospholipid lateral diffusion with diffusion coefficients
of about 1:10® cm? sec”. Phospholipid flip-flops, where phospholipids in opposing
leaflets swap positions, are observed but are rare (approx. once every ~1-10° s).
Membrane fluidity is controlled by the length and degree of saturation of the
phospholipid tails. Longer fatty acid chains with unsaturated acyl groups result in more
disordered and fluid bilayers. In addition to the phospholipid chemical structure, the
presence of cholesterol also affects the membrane fluidity. Cholesterol is a steroid present
in animal plasma membranes where its amount varies between 20-40% by total lipid
weight and influences membrane stiffness and tension.” Cholesterol hydroxyl group
interacts with head group region of the phospholipid while the rest of the molecule aligns
within the fatty acid region of the phospholipid (Figure 1.5a). Cholesterol affects
membrane fluidity by sterically blocking large motions of the fatty acid tails which

decreases membrane fluidity.

a) cholesterol

b) galactocerebroside

OH

galactose ceramide

Figure 1.5 Chemical structures of (a) cholesterol and (b) galactocerebroside, the simplest glycolipid with a
galactose sugar residue.

Glycolipids are carbohydrate containing lipids. Cerebroside is the simplest glycolipid
and has only one sugar residue, either glucose or galactose (Figure 1.5b). The
carbohydrate content of eukaryotic plasma membranes is approximately 2-10 % by
weight in the form of glycolipids or glycoproteins. Glycolipids are oriented in the
membrane so that the sugar residues are always on the extracellular side and are the basis
of cellular recognition. Approximate amounts of phospholipids, cholesterol and
glycolipids found in plasma membranes depend on the cell type and are shown in Table

1.2.



Table 1.2 Phospholipid, cholesterol and glycolipid composition of various plasma membranes”

Lipid Liver cell Red blood | Myelin | Mitochondrion | Endoplasmic E.coli
plasma cell plasma reticulum bacterium
membrane membrane

Cholesterol 17 23 22 3 6 0

Phosphatidyl- 7 18 15 25 17 70
ethanolamine

Phosphatidyl- 4 7 9 2 5 trace
serine

Phosphatidyl- 2 17 10 39 40 0
choline

Sphingomylein 19 18 8 0 5 0

Glycolipids 7 3 28 trace trace 0

Others 22 13 8 21 27 30

Phospholipids and glycolipids confer the membrane its structural and biochemical
properties, but it is the role of proteins associated with the membrane to mediate the
distinctive membrane functions such as transport, communication and energy
transduction. Membranes proteins which span the entire thickness of the bilayer are called
transmembrane proteins (Figure 1.6a), whereas those which attach either to another
protein or interact with one leaflet of the bilayer are referred to as peripheral proteins

(Figure 1.6b).

Figure 1.6 Schematic representation of (a) transmembrane protein and (b) peripheral membrane protein

The fluid mosaic model introduced in 1972 by Singer and Nicolson, was the first widely
accepted model of the general organization of the plasma membrane.® This model
proposed a cellular membrane organization where globular proteins alternate in a
phospholipid bilayer. Based on numerous experimental observations, this description of
the cellular membrane was the only one which agreed with the experimental findings at
that time. The most important features of the fluid mosaic model were: the hydrophobic

and hydrophilic interactions between the molecules composing the membrane (i.e.



phospholipids), the presence of different types of membrane components (peripheral and
integral proteins) and the overall fluid nature of the membrane in the 2-dimensional plane.
With the advance of membrane research and the inability of this model to explain the
experimentally observed results, it became clear that the fluid mosaic model
oversimplified the complexity of the plasma membrane. Refined models of the plasma

membrane organization began surfacing.

Membrane skeleton fence model of the plasma membrane proposed by Kusumi, Sako
and Yamamoto describes the fact that the experimentally observed long-time diffusion
rates of proteins in the plasma membrane of live cells were slower than those predicted,
and that the diffusion was limited to finite-sized domains.” The fence model explained
these findings by the interaction of the plasma membrane with the cytoskeleton, a
meshwork composed of actin filaments and actin-binding proteins. According to this
model, the diffusive properties of the proteins are influenced by the steric interactions of
the cytoplasmic domains of transmembrane proteins with the cytoskeleton.'” '' The
model was named fence model because the actin strands in the cytoskeleton network act

as fences to confine the transmembrane proteins to defined areas.

In the anchored-protein picket model, the cytoskeleton indirectly interacts with the
phospholipids in the outer membrane leaflet. The pickets (i.e. cytoskeleton-anchored
proteins) slow down phospholipid diffusion through increased packing around the

proteins or through increased hydrodynamic friction.'" ™"

Simons and Ikonen have proposed a different model, based on the raft hypothesis."*

Rafts are defined as dynamic, nanoscale (< 100 nm), sterol-sphingolipid-enriched,
ordered assemblies of proteins and lipids. Rafts in plasma membranes are essentially
microdomains that could selectively include and exclude proteins.'”!” However, much
skepticism still exists with respect to the raft hypothesis due to the difficulty of obtaining

direct experimental evidence of the existence of lipid rafts.'® "

1.1.3 MEMBRANE PHYSICS

Many membrane processes depend on the fact that the membrane can undergo elastic

(i.e. reversible) deformations. The elastic behavior of the membrane, when undergoing



mechanical stresses, is governed by its stretching elasticity, bending rigidity and lateral
pre-tension. These mechanical properties of the membrane are closely associated with the

chemical nature of the membrane constituents and the forces acting between them.

1.1.3.1 BILAYER STRETCHING

Bilayer membrane can be considered as a homogenous rigid thin square plate with a

thickness d,. Stretching it can be defined as application of stress tensor oxx =0y =S
resulting in a strain tensor uxx =uyy=S(2/9K,+1/6x) where K, is the volume
compression modulus of the plate and u is the shear modulus. Practically, the strain is

translated into a relative area change uxx +Uyy according to 7 = K (uw +u,,) Where 7 is the

applied lateral stress (tension) and 7=Sd, and Ka is the area compression modulus. After

substitution and rearrangement,

dev

Kr=_4pBv
9 3u

Since K, ~ 3u for many materials, Ka linearly depends on the plate thickness d,.
However, experimental results do not support this relationship. Therefore, instead of
depicting the membrane as a rigid plate, membrane stretching can be considered in terms
of amphiphile interactions at the amphiphile-water interface in response to stress. When a
monolayer forms at the water-air interface, the mean interface area a occupied by the
amphiphile is defined from the compromise between the steric repulsion between the

amphiphiles and the surface tension.

When the amphiphiles are densely packed, the hydrocarbon chain are shielded from
water, however the repulsive energy between the amphiphile heads rises according to 1/a.
When the density of amphiphiles is low, the repulsion term is inexistant; however, the
exposure of the hydrocarbon chains increases the energy according to ya where vy is the

surface tension.

10



dense dilute

g AAR

o/a ya

o

Energy

v

aO
Mean interface area

Figure 1.7 Relationship between the energy and the mean interface area a of an amphiphile at the water air
interface. At high density, the energy increase with increasing packing of phospholipids; at low density, the
energy increases with exposure of hydrocarbon tails. a is the optimal interface area of an amphiphile.

The energy Ea associated with the average area occupied by an amphiphile is given by:

_a
Ea=-"+ya Eq. 1.2

where « is a constant.’

Considering that the energy can be minimized when a =ao , and by setting dEs/da=0,

ao can be obtained from 40 = ( ¥ ) . Subsequently, eq 1.2 can be rewritten:

Ea=2yao+ (g) (a—ao)’ Eq. 13

When a moves away from ay, only the second part of the energy equation is affected.

Near equilibrium, where @ =ao, the energy of an amphiphile changes by (g)(a—m)z
2

and when divided by area per amphiphile @o it becomes [(Cl —ao)/ ao] . This part of

. . K 2 . .
the equation can be rewritten as (f)(uxx"‘uw) where Uxx +Uyy = relative change in
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area= (Cl —610) /ao. Finally, a relationship between surface tension and area compression

modulus Ka is:

Ka=2y (for a monolayer) Eq. 1.4

Ka=4y (for a bilayer) Eq. 1.5

Accordingly to this relationship, Ka of a lipid bilayer should be around 0.008-0.2 J/m>
and be independent of bilayer thickness. Experimentally, stretching modulus of
membranes can be measured by performing micropipette aspiration experiments. Rawicz
et al. performed experiments on fluid phase diacyl phospatidylcholine bilayers with
varying length (13 to 22 carbons) and determined Kavalues between 230 mN m™ and
250 mN m™ (0.230 and 0.250 J/m?).?

1.1.3.2 BILAYER BENDING

Bending of a bilayer membrane requires energy due to the resistance of amphiphiles to
undergo rearrangement which brings them away from their equilibrium positions. During
bending, phospholipid molecules in the upper bilayer leaflet are pulled apart while the
phospholipids in the bottom leaflet are compressed (Figure 1.8). The resistance towards

bending is characterized by bilayer bending rigidity K.
stretching
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Figure 1.8 During bilayer bending, the amphiphiles in the upper leaflet are pulled apart while the
amphiphiles in the bottom leaflet are compressed.

Bending deformation of the membrane alters the area per amphiphile based on the

bending rigidity ky, and Gaussian rigidity kg according to:

12



2
—| Ko 1 KG

E (2)(R1+R2) "R+R Eq. 1.6

where R; and R, are two principal radii of curvature.

The magnitude of the strain associated with the stretching and compression of the bilayer
leaflets during bending are governed by area compression modulus Ka . Bending rigidity
can therefore be calculated using Ka following:

_ Kadi
Ko = o Eq. 1.7

where o = 12, 24 or 48 for uniform rigid plate, for polymer brush and for two leaflets free

to slide past each other, respectively.

It has been experimentally observed that when not constrained, a bilayer membrane
undulates at room temperature. By measuring the tension required to flatten out these
thermal undulations and the subsequent increase in area of the bilayer, apparent area

compression modulus can be obtained following:

Ka, app = Ka
[ 87isT)

1+KAkBT} Eq. 1.8

. : . : 59,91 . .
where 1 is the applied tension. At low tensions, K app ~ kai and it is only at high

tensions that Ka app ~ Ka . Bending rigidity x;, can be extracted from Ka,app calculated
from an experimentally obtained stress vs. strain curves at small stress. Typical values for

iy found for lipid bilayer range between 0.2 x 10" and 1.0 x 10™'° J which corresponds to
5-25 kpT.°

1.1.3.3 MEMBRANE TENSION

Membrane deformation processes, which include endocytosis, exocytosis, cell motility

and spreading, as well as membrane trafficking and repair are processes regulated by

13



cellular membrane tension.>'

The main contribution to the overall tension in the plasma
membrane originates from its adhesion to the underlying actin cytoskeleton, while the
inherent tension of the lipid bilayer itself is at least an order of magnitude smaller and
therefore negligible. On a mesoscopic scale, native lipid bilayers connected to the

cytoskeleton have been shown to exhibit a moderate lateral tension (= 102-10"" mN m"
1y 26,29
).
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1.2 MODEL MEMBRANE SYSTEMS

Native cellular membranes are composed of thousands of interrelated components and
the study of individual processes is therefore hindered by a large amount of
uncontrollable variables. To circumvent the complexity of native systems, the use of
model systems, where components can be incorporated and modified step-wise, is a
rational basis to systematically investigate the factors affecting the function of biological
systems. Model systems are designed with the objective to mimic the properties of native
systems, while significantly decreasing their complexity. In the case of cellular
membranes, model membrane systems should display the characteristics of a native cell
membrane such as membrane fluidity, similar membrane tension and robustness. It is also
desirable for model membranes to be relatively simple to prepare, reproducible and to
have control over lipid membrane composition. Furthermore, it should be possible to
study the model membrane by various analytical techniques in order to obtain
reproducible results. Various types of model membranes have been developed to study

30-35
a

intrinsic membrane properties (i.e. membrane mechanics, lipid diffusion constants) S

well as the properties of membrane components (i.e. activity of membrane channels).**>’

1.2.1 LIPOSOMES

Liposomes are vesicles composed of phospholipids where the aqueous interior is
separated from the outside environment by a bilayer of amphiphilic molecules.* The
exact mechanism of GUV formation is not known, however it has been observed that, in
air, phospholipids self-assemble to form bilayer sheets. Upon addition of water, the
hydrophilic head groups of phospholipids are hydrated. Then, as water penetrates
between the bilayer sheets (swelling of bilayers), bilayers separate, bend and

. 41-4
spontaneously curve to form vesicles.*'™*

Vesicles of different sizes are named accordingly; multilamellar vesicles (MLV), small
unilamellar vesicles (SUV), large unilamellar vesicles (LUV), and giant unilamellar
vesicles (GUV).*** Although MLVs are often quite large in size (usually larger than 1
pum), their name is associated with their onion-like structure, consisting of multiple layers
instead of their size. The limited experimental control over their structure limits their

applicability as a model system.
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There are several methods commonly used prepare liposomes in the laboratory. In
general, the first step consists of phospholipid films preparation on flat surfaces. Films are
obtained by depositing phospholipids, dissolved in chloroform, on a flat surface such as
glass. The surface is heated so that the solvent evaporates and the phospholipids rearrange

into ordered layers, this step can be done under vacuum to speed up the process.
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Figure 1.9 Formation of liposomes from flat phospholipid bilayer films. The films are hydrated and the
liposomes are created by swelling and closing of bilayer on themselves (adapted from Walde ez al.*).
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Following film formation, aqueous solution is added and as the phospholipid films are
hydrated. As the space between the films increases, the bilayer edges join, creating
vesicles (Figure 1.9). Various approaches are used to produce different size vesicles. To
form SUVs, which are smaller than 50 nm in diameter, sonication of lipid films in
aqueous solution is performed. To produce LUVs, extrusion is used where the lipid film
solution is repeatedly forced through a size-selective polycarbonate membrane filters with
pore sizes ranging from 50 to 5000 nm. LUVs, which range in size between 50 and 1 um,
can also be prepared by gentle rehydration, where the lipid film is placed in a low ionic
strength aqueous environment and liposomes form spontaneously over an extended period
of time (days). The resulting LUVs vary in size and “pregnant” liposomes, where smaller
vesicles are entrapped inside larger ones, are common. GUVs, which vary in size between
I um and 100 pum, can be prepared by LUV fusion, however electroformation is used
more frequently.* Electroformation is a method where an electric field is externally
applied to hydrating lipid films deposited on conductive surface such as indium tin oxide

(ITO) coated glass or platinum wires.*' Liposomes have been successfully used as model
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systems for the investigation of mechanical and dynamic properties of membranes**

48-52 .
%32 Furthermore, liposome

53-55

as well as for studies of peptide-bilayer interactions.

interactions have been studied to better understand native vesicle fusion and their

. . . 56-58
internal cavities have been used as microreactors.

1.2.2 POLYMERSOMES

Polymersomes are vesicles prepared by the self-assembly of amphiphilic polymeric
building blocks. Polymer is a large molecule (Figure 1.10a) composed of repeating
structural units defined as monomers (Figure 1.10b). Homopolymer is a polymer
composed uniquely out of one type of monomer, whereas a polymer composed from more
than one type of monomer is a copolymer (Figure 1.10c) and depending on the
arrangement of the various monomers in the copolymer, specific copolymers are obtained
(Figure 1.10d): alternating copolymer (1), statistical copolymer (2), block copolymer (3)
and graft copolymer (4).

d) _ AB-A-B-AB-ABA— (1)

— A-A-A-B-B-A-B-AA— (2)
.@‘ \} —A-A-A-A-A-B-B-B-B— (3)
— AAAAAAAAA— (4)

BBBB BBBB

Figure 1.10 Schematic representation of (a) block copolymer chain, (b) two types of repeating monomer
units composing the polymer, (c) chemical structure of poly(butadiene)-block-poly(ethylene oxide) block
copolymer and (d) various types of copolymers composed of two different monomers A and B: (1)
alternating copolymer, (2) statistical copolymer, (3) block copolymer and (4) graft copolymer.

Similarly to liposomes, building blocks composing polymersomes have amphiphilic
character where one block of the copolymer is hydrophilic and the other hydrophobic.
When no solvent is present, block copolymers have been observed to adopt various
ordered morphologies. Block copolymers self-assemble to form core-corona aggregates,
where the corona-forming block is soluble while the core forming block is insoluble as it
was first observed by Zhang and Eisenberg when investigating poly(styrene)-b-
poly(acrylic acid) block copolymers.” The self-assembly of block copolymers into
defined aggregates, such as tubules, vesicles and deformed vesicles, was also observed
with poly(styrene)-poly(ethylene oxide)® and poly(ethylene oxide)-poly(ethylethylene)®!

copolymers. A scheme predicting the morphology of block copolymer aggregates, similar
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to the packing parameter defined by Israclachvili,’ was proposed by Discher et al.*® As
with phospholipids where the head size and chain length determine the packing
parameter, it is the relative mass (or volume fraction) of each block (hydrophilic and
hydrophobic) of the copolymer that influences the morphology of the aggregate. It is the
hydrophilic volume fraction f of the block copolymer that is used to predict the
aggregate’s morphology (Figure 1.11). Micelles are formed from molecules with /> 45%,
copolymers with f'< 25 % result in inverted microstructures and when f'= 35 % + 10%

. . 2
polymersome formation is expected.®

a) f= 25-45% b) f> 45% c) f>50% d) increasing My

Figure 1.11 Relationship between the hydrophilic fraction f of block copolymers and the structures formed
from the aggregation of given block copolymers. (a) when /= 25-45 % block copolymer has a cylindrical
shape and vesicles are formed, (b) when f> 45 % the block copolymer has a truncated cone shape and
cylindrical vesicles are the preferred geometry and (c) when /> 50 % the block copolymer assembles into
micelles. In (d), the relationship between the increasing molecular weight of the polymer and the membrane
thickness of polymersome is shown. (Figure adapted from Discher et al.*%)

In contrast to phospholipids, copolymer blocks composing the core of the polymersome

63, 64

membrane can interdigitate to form a dense core. Polymersome membrane thickness

d follows the copolymer molecular weight M,, following the equation 1.9 determined

experimentally and confirmed with coarse-grained molecular dynamic simulations.** ¢

d ~Mw (b=0.55) Eq. 1.9

with b representing a scaling factor (for fully stretched polymer chains »=1 and for ideal
random coils 5=1/2).** Polymersomes are usually formed form diblock copolymers, but

triblock copolymers have also been successfully used. Recently, it has been demonstrated
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that block copolymers which strongly hydrophobic block (ex. PB-PEO) form rigid
impermeable membranes whereas triblock copolymers with mildly hydrophobic central
blocks (ex. PEO-PPO-PEOQ) form more flexible and permeable membranes.” ® The self-
assembly into vesicles takes place when the block copolymer has the right volume
fraction (f = 25-45%).** ¢ Similarly to liposomes, polymersomes can be prepared by a
wide range of techniques including polymer film rehydration, sonication and extrusion.®®
Polymersomes are structurally similar to liposomes but exhibit increased mechanical

stability and reduced permeability.44’ 69-71

It is the higher molecular weight of copolymers
in comparison to phospholipids that confers liposomes their increased robustness,
inertness, and lower permeability to water. As model membrane systems, polymersomes
allow for a different approach to study membrane biophysics since the range of
investigated properties can be considerably broadened as far as thermal, chemical, and
mechanical properties are concerned. In terms of applications, the properties of
polymersomes can be tailored by chemically adjusting the type, length and
functionalization of the blocks of the copolymer. Biocompatibility is also an important
issue and had been addressed when polymersomes were used as long-lived drug delivery

. 2-75
vehicles.”*”

In relation to drug delivery, controlled release of drugs has been
accomplished with hydrolysable, oxidizable and switchable copolymers.”"’® PB-5-PEO
block copolymer is a particularly interesting building block of polymersomes for potential
drug delivery applications due to its biocompatibility and low toxicity.”* The
hydrophilic interior of the vesicle can encapsulate hydrophilic molecules and, as it was
recently shown by Mueller et al., hydrophobic ones can be incorporated into the
hydrophobic part of the PB-b-PEO membrane.!' Generally, the suitability of
polymersomes for drug delivery is strongly connected to both their mechanical stability
and deformability. In polymer membranes, area dilatation of more than 40 % can be
easily reached before rupture occurs.** However, a low bending modulus that allows the

polymersome to be easily deformed once entered into the blood stream is as important as

a high resistance against lateral dilatation.

The main interest of polymersome use is the potential use of such vesicles as carriers in
programmable drug delivery systems.™” It was also shown that polymersomes can be used
to study key biological membrane processes, for instance vesicle fusion and protein

insertion.% 8384
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Vesicles, liposomes and polymersomes, are good model membranes in terms of general
membrane properties studies. However, the limitation of vesicles as model membranes is
related to the whole vesicle experiments where the membrane mechanics measured are

related to the total area of the vesicle surface instead of a chosen part of it.

1.2.3 BLMsS

Black lipid membranes are the earliest model bilayer system, the term black referring to
the disappearance of colorful interference bands after single bilayer membrane formation,
when observed by optical microscopy.* *® A black lipid membrane is prepared by
spreading phospholipids dissolved in an organic solvent across an aperture, 50-100 um in
diameter, milled in a Teflon substrate which separates two chambers with aqueous

solutions (Figure 1.12).
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Figure 1.12 Schematic representation of a black lipid membrane (BLM) setup. A phospholipid bilayer is
formed over a small aperture in a Teflon wall separating two chambers filled with aqueous solution.

During the thinning process, where the organic solvent is evaporating and the
phospholipids are rearranging, a freestanding bilayer membrane, surrounded by aqueous
environment is formed. Electrodes can be placed in the chambers separated by the BLM
and allow for electrical characterization of the bilayer. When intact, a BLM has a GQ
resistance and pF/cm? capacitance. Ion channels can be formed in the BLMs by

incorporation of peptides’®*’, proteins®® * as well as antibiotics” and the single channel
events can be monitored. Recently, advances have been made in the preparation and study

of BLMs,*” °! however, the main drawbacks of BLMs include their limited long term
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stability, the presence of residual solvent which could affect protein function and the

limited number of methods that can be used to detect their presence.”

1.2.4 SOLID SUPPORTED MEMBRANES

Solid supported membranes are prepared by spreading of liposomes on hydrophilic
surfaces to produce bilayers, or on hydrophobic surfaces to produce mononolayers.”* **
Both types of preparations have been extensively studied and resulted in better

understanding of lipid membrane properties.

Flat surfaces used in the preparation of lipid monolayers and bilayers include mica,
glass, oxidized silicon and other metals.”” The choice of solid substrate depends on the
characterization technique that is used to study the model membrane. In general flatter
surfaces are preferred such that nanometer height differences can be detected. In the case
of lipid monolayers, Langmuir-Blodgett transfer is the technique which used most often.
In a Langmuir-Blodgett trough, phospholipids are spread on water-air interface between
two movable barriers which can be adjusted to create different surface pressures which
are measured by a Wilhelmy plate. The monolayers created at the air-water interface can
be transferred onto solid flat surfaces (i.e. mica or silicon) and further studied by
ellipsometry, Brewster angle microscopy and AFM. Studies conducted on lipid
monolayers have given insight into lipid arrangement depending on the type of lipids
used, the ratios of different lipids and depending on surface pressures at which the

monolayers were prepared. °

Vesicle spreading is another approach for preparation of solid supported membranes. A
hydrophilic surface is exposed to a liposome solution and, by vesicle rupture and
spreading, a bilayer membrane is formed on the surface.”® Surface characterization
techniques mentioned above as well as others such as NMR97, SPR98, FTIR99, QCM100
and others can be used to determine membrane properties as long as the bilayer stays

immersed in liquid.
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Figure 1.13 Schematic representation of (a) solid supported membrane where the phospholipid bilayer
rests on a hydration layer of water molecules” '”' on the hydrophilic substrate and in (b) a solid supported
hybrid membrane where a self-assembled monolayer of hydrophobic thiol molecules replaces the lower
leaflet of the phospholipid bilayer.

Solid supported membranes have the advantage of being stable over um-cm distances,
being fluid, and being suitable for characterization with various surface characterization
techniques. Furthermore, their composition can be easily controlled. For more than 20
years, solid supported membranes have been the most commonly used membrane model
for various membrane studdies.”> However, the proximity of the membrane to the solid
substrate can be problematic with respect to transmembrane protein insertion and its
proper functioning once it is spanning the membrane. The drawback associated with the
membrane-substrate distance can be remedied by including a soft polymer layer between

the substrate and the membrane.'%?

Hydrated polymer cushions which mimic extracellular
matrix, can be used as space creating, lubricating layers between the membrane and the
surface. Another strategy to control the distance between the membrane and the surface is
to use lipids with polymer-modified head groups to create polymer-tethered membranes.
By incorporating them into the lipid layer a larger distance between the membrane and
the surface is formed.”” ®* Such tethers are based on poly(ethylene oxide) and
oligopeptides with thiol groups. Since the length of the tethers can be adjusted
synthetically and the lateral spacing of the tethers can be controlled, the membrane-
substrate distance as well as the viscosity of the tethered layer can be controlled which in

turn affects the lateral diffusion of and function of transmembrane proteins.'® '**
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Figure 1.14 Schematic representation showing a transmembrane protein within: (a) solid supported
membrane, (b) polymer-cushioned membrane, (c) polymer-tethered membrane (d) hybrid membrane
prepared on hydrophobic self-assembled monolayer.

1.2.5 PORE-SPANNING MEMBRANES

To combine the free-standing nature of BLMs together with the mechanical stability of
solid supported membranes, the use of porous substrates in the preparation of model
membrane system became the focus of many research groups.'®"'® Similarly to solid
supported membranes, the membrane is supported by the substrate however, the substrate
is porous. The combination of partial support from the interpore surface together with the
horizontal free-standing character of the membrane results in a model membrane which
keeps the qualities of the models currently available and eliminates some of their flaws.
Micro and nanosized pores such as anodized porous alumina or micromachined silicon
nitride substrates have been used as potential porous substrates.*” '% The major difficulty
with preparation of pore-spanning membranes lies in the actual spanning of the pores
with the membrane. Naturally, a membrane prefers to form on a substrate instead of a
void. Therefore, during the spreading, the membrane tends to coat the interpore surface
and the interior of the pores. To overcome the tendency of the membrane to avoid
spanning the pores, chemical functionalization strategies of the porous surface such as
self-assembled monolayers (SAM)*> '® or silanization''’ procedures have been
employed. Self-assembly of functional thiolates on gold surfaces is a practical and
commonly used approach in surface functionalization.''™""* In summary, when a clean
gold surface is exposed to an ethanolic thiol solution, a SAM is formed on the gold

surface through formation of thiolates according to equations 1.10a or 1.10b.''* !4
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RS—H+Au) - RS Au*-Aud + s H, Eq. 1.10a
RS—-SR +AuY > 2RS Au*-Aul_, Eq. 1.10b

The chemical nature of the SAM is the same as the chemical nature of the molecules
used to create the SAM, allowing for a broad range of possible surface functionalities.
Besides SAMs, other membrane preparation techniques have been developed, all
resulting in pore-spanning membranes with defined properties, advantages and
drawbacks. *> 1% 1115 Ope of the main advantages of pore-spanning membranes is the
lack of solid support which is beneficial for transmembrane proteins and allows for the

study of membrane mechanics by indentation.

1.2.5.1 HYBRID NANO-BLMS

One type of pore-spanning membranes developed with great success is the hybrid micro
or nano-BLMs. These pore-spanning membranes are prepared by the same painting

"% Instead of one aperture separating

technique used for the preparation of original BLMs.
two chambers, substrate with a pore array is used. To prepare pore-spanning membranes,
the porous substrate is first gold-coated and then chemically functionalized with a
hydrophobic self-assembled monolayer (SAM) of a hydrophobic thiol. The SAM creates
a hydrophobic monolayer on the inter-pore surface (pore-rim) and the pore remains
empty. The following step is to “paint” lipids dissolved in organic solvent over the porous
surface and wait for the lipids to thin out and form lipid bilayers over the pore area. The
resulting pore-spanning membrane is a phospholipid bilayer spanning the pores and a
hybrid membrane consisting of a SAM leaflet and phospholipid leaflet covering the

interpore surface, hence the hybrid designation.” ' 13
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Figure 1.15 Schematic representation of a hybrid pore-spanning membrane. Octanethiol SAM forms on the
interpore surface and on the edge of the pore. Phospholipids painted over the porous surface arrange during
the thinning process to create a bilayer membrane over the pore and a hybrid membrane on the pore-rim.

Hybrid micro/nano-BLMs prepared by the painting technique have the disadvantage of
containing trace amounts of organic solvent. To circumvent this problem, hybrid
micro/nano-BLMs can be prepared by vesicle spreading. The surface is functionalized
with a SAM as in the “painting” approach but, instead of painting the lipids over the
pores, hybrid membranes are created by rupture of liposomes. When prepared by vesicle
rupture, fewer pore-spanning membranes are obtained due to the stresses created during

vesicle delamination, a step necessary to accommodate the hydrophobic pore-rims.

The advantages of hybrid micro/nano-BLMs lie in the planar nature of the membranes
prepared as well as in increased mechanical stability of the pore-spanning membranes in
contrast to original BLMs. The hybrid character of the membrane on the pore rims is an
important disadvantage of these membranes. The attachment of the membrane to the pore
rims through the interaction of the SAM with top phospholipid leaflet is responsible for
the inherent tension of the pore-spanning membranes.”> Furthermore, the diffusion of
lipid molecules is restricted to the top leaflet of the bilayer over the pore-rims, which
reduces the overall diffusion of the lipids over the entire porous surface. Amid some
flaws, hybrid nano-BLMs on nanoporous alumina have been successfully studied by
electrical impedance spectroscopy''’ and single channel recordings of gramacidin''® as
well as of OmpF*® have been recorded. Furthermore, DPhPC hybrid micro-BLMs on
silicon substrates have been proven suitable for study by impedance spectroscopy and to
perform fluorescence recovery after photobleaching experiments.'” Experiments were
also performed on hybrid mirco/nano-BLMs prepared by vesicle spreading. In one study,

DPhPC:DOPC (60:40) vesicles were spread on alumina. Membrane spreading and pore
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sealing were confirmed by the inserting bacteriodophsin proton pump into the membrane
and by testing its functionality.'"”” Finally, AFM experiments have been used to determine

the highly tensed nature of the hybrid pore-spanning membranes.™

1.2.5.2 FREE-FLOWING PORE SPANNING MEMBRANES

The potential applicability of pore-spanning membranes in biophysical research has
sparked interest in the elimination of flaws still existing with the preparation of these
membranes. The two main concerns are: the presence of trace amounts of organic solvent
arising from the painting preparation method and the inherent tension of the membranes
stemming from their hybrid character. To solve these problems, preparation of pore-
spanning membranes by vesicle rupture has been favored and the hydrophobic pre-
treatment of the pore-rims was replaced by different surface functionalities or pre-
treatment. Several research groups have focused on improving the pore-spanning

membrane preparation methods and made substantial advances.

In 2009, the Naumann research group prepared silicon nitride porous substrates with
50-600 nm diameter pores by focused ion beam. DPhPC GUVs were then added and
maneuvered with a tip of a micromanipulator in order to spread the liposome over the
pores and create pore-spanning membranes. Measurement of ionic currents through
gramicidin channels inserted into this membrane was accomplished showing the potential

application of these model membranes as a platform for membrane protein research.*®

Further advances in the preparation of free-standing membranes came from the H66k
research group in 2010. Pore-spanning membranes were created in a microfluidic setup
by shear forces arising from a bulk flow over solid supported lipid bilayers. The porous
substrate used for pore-spanning membrane preparation was SiO, and the pore diameter
was of 80 nm. Encapsulation of carboxyfluorescein in the pores was performed to
confirm the pore-spanning nature of the membranes.'"” One of the latest reports of free-
standing pore-spanning membrane preparation was reported by the research group of
Sang-Hyun Oh.'”™ In their work, eggPC vesicles were spread on nanopores formed in
gold/silicon nitride films. To prepare the porous substrates with 200 nm diameter pores,
Si3Ny layer covered with 200 nm thick gold layer, deposited by electron beam evaporator,

was milled by focused ion beam. Besides fluorescence microscopy, pore-spanning
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membrane presence was confirmed by alpha hemolisin addition and SPR monitoring of

the changes caused to the membrane.

In summary, model membranes have been developed to mimic the native cell
membranes in order to study membrane properties without the inconvenience of the
native cell membrane complexity. All of the model membranes presented have
advantages and disadvantages depending on the type of study that is carried out. Until
now, no preparation method can be defined as perfect thus the continued research in that

theme.
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1.3 STUDY OF MODEL MEMBRANES

The study of surface interactions is challenging because of the small distances at which
they are taking effect as well as their small magnitude. Characterization techniques such
as fluorescence microscopy, impedance spectroscopy, FTIR, x-ray and neutron scattering,
SPR and others can be adapted to study the physical properties of model membranes
introduced in the previous section. In terms of mechanical properties however,
investigation techniques are limited and include surface force apparatus, micropipette

aspiration and atomic force microscopy.

Surface force apparatus (SFA) (Figure 1.16a) is a technique developed by Tabor,
Winterton and Israelachvili and is based on the interaction of two crossed silica cylinders
whose separation distance is measured by multiple beam interferometry.'?*"'* Interaction
forces are measured between two crossed, atomically smooth mica cylinders of roughly 1
cm radius. The separation between the two cylinders is measured by an optical technique
using multiple beam interference fringes. Studies with SFA have elucidated the
fundamental interactions occurring between surfaces including van der Waals forces,

123

hydrophobic/hydrophilic forces and others. ©° The limitation of this technique is based on

the experimental setup where only solid (mica) supported membranes can be studied.
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Figure 1.16 Experimental techniques used for investigation of mechanical properties of surfaces. (a)
surface force apparatus technique suitable for solid-supported membranes (b) micropipette aspiration
techniques used to investigate vesicles and (c) atomic force microscopy which can be used to investigate
pore-spanning membranes.
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Micropipette aspiration technique is a relatively simple method used to study the
mechanical properties of membranes (Figure 1.16b). A glass micropipette with a know
inner diameter is brought into close contact with a vesicle and because of negative
pressure which is applied through the pipette, the vesicle is sucked into the pipette.
Videomicroscopy is used to monitor the extension of the vesicle into the pipette and the

change in area of the vesicle projected into the pipette is calculated.”

By knowing the micropipette’s diameter, the applied suction and by calculating the
length of the vesicle projected into the pipette, one can calculate membrane tension

according to formula:

_ _APR,

EE

R Eq. 1.11

where T represents tension of the membrane, AP is the change in the pressure exerted on
the vesicle and R, and R, are the radius of the pipette and radius of the vesicle,
respectively.”’ Furthermore, the change in the projection length (AL) is related to the

apparent area strain (o) through the following relationship:

2 3
M 1) [ R (R AL
T T 2{(&) (RV) } R, Eq. 1.12

where the apparent surface area change (AA) is obtained from the surface area at initial
membrane tension (Ap). When the experiments are performed in the low tension range,
the bending modulus (k) of the membrane is extracted from the slope of a line obtained
by plotting the natural log of tension versus the apparent area strain and multiplying this
slope by k,T/8n. Micropipette aspiration technique is used to determine the mechanical

properties of membranes however, its applicability is limited to vesicles.

Optical microscopy and scanning probe microscopy are two characterization techniques
which are well adapted to study pore-spanning membranes. Besides detecting
fluorescently-labeled membranes on porous substrates, fluorescence microscopy is used
to obtain diffusion constants of lipids by performing fluorescence recovery after

photobleaching experiments.
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Atomic force microscopy (AFM) can be used to image pore-spanning membranes in
biological environments and to perform site-specific studies of membrane mechanics
(Figure 1.16c¢). Invented in 1986 by Binnig, Quate and Gerber, AFM is a characterization
technique where a sharp tip (probe) is scanned over the surface and its interactions with

the surface are recorded in the form of a topographic image.124

Force versus distance experiments can be performed to investigate the forces acting
between the tip and the surface. The cantilever is moved in the z-axis and the cantilever
deflection versus piezo displacement is registered. The deflection is converted into a force
by multiplying it with the spring constant of the cantilever. AFM force versus distance
curves allow for local mechanical investigation of surfaces because the interaction is

limited to the area in contact with the AFM tip.

31



32



1.4 SCOPE OF THESIS

The main objectives of this work were 1) to develop procedures for preparation of
model pore-spanning membranes which would mimic native membranes and 2) to study
the mechanical properties of these model pore-spanning membranes with the goal of
establishing reference values for further experiments which will involve more complex

models and native systems.

The first part of the experimental work was focused on the preparation and
characterization of model pore-spanning polymer membranes prepared from block
copolymer poly(butadiene)-b-poly(ethylene oxide) (PB-H-PEO) vesicles. Their pore-
spanning character was investigated by fluorescence microscopy as well as atomic force
microscopy imaging. After successful preparation of pore-spanning membranes on porous
silicon nitride substrates, their mechanical properties were investigated by force
indentation experiments. Furthermore, cross-linking of the hydrophobic core of the
polymer membranes was performed to verify if the entanglement of the polymer chains

has an effect on the mechanical response.

The second part of the experimental work was aimed at the preparation of model
phospholipid pore-spanning membranes from giant unilamellar (GUVs) vesicles. Surface
functionalization of porous silicon nitride substrates was performed to induce vesicles
rupture and pore-spanning membrane formation. Fluorescence microscopy, confocal laser
scanning microscopy (CLSM) and fluorescence recovery after photobleaching (FRAP)
were used to confirm pore-spanning membrane formation, single bilayer structure of the
membrane and the fluidity of the membranes on the porous substrates, respectively. Force
indentation experiments were performed to determine the mechanical response of the
lipid membranes to applied load. Furthermore, isopropanol was added to the environment

of the membranes and subsequent change in membrane tension was observed.
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2 EXPERIMENTAL

2.1 METHODS

Microscopy is the study of specimens which cannot be observed by eye due to their size
being smaller than the resolution of the human eye. The main branches of microscopy are
optical, electron and scanning probe microscopies. In optical microscopy, electromagnetic
radiation interacts with the sample, in electron microscopy an electron beam is used to
study the sample and during scanning probe microscopy a sharp tip probes the surface.
Optical and scanning probe microscopies were used extensively in this work and the

details of these techniques are discussed in the following text.

2.1.1 OPTICAL MICROSCOPY: WHITE LIGHT AND FLUORESCENCE MICROSCOPY

In a traditional epi-fluorescence microscope, the sample is illuminated by excitation
light (mercury arc discharge lamp) which is passed through an excitation filter so that
only the light of a defined wavelength passes through and interacts with the fluorophores
in the sample. After passing the filter, the light is directed towards the sample by a
dichromatic mirror. Following the interaction with the sample, the emission light passes
through a dichromatic mirror and is directed towards an emission filter and then, the

eyepiece.
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Figure 2.1 (a) Schematic setup of a confocal fluorescent microscope. (b) Chemical structures of dye
molecules which can undergo excitation and emission to create fluorescence.

Confocal laser scanning microscopy (CLSM) is a variation of epi-fluorescence
microscopy where a pinhole placed between the excitation source (laser) and the sample
reduces the size of the light beam interacting with the sample (Figure 2.1a)." Once the
light has interacted with the fluorescent dyes (Figure 2.1b) within the sample, it is
directed towards a detector in front of which another pinhole aperture is reducing the
amount of light coming from out-of-focus planes. In confocal microscopy, resolution is
improved only slightly, however, the exclusion of secondary fluorescence coming from
areas outside of the focal plane significantly improves the image quality. Another
difference between a traditional microscope and a confocal microscope is that the sample
is raster scanned by a focused light beam. CLSM can also be used to obtain 3D images of
the sample by acquiring consecutive images of the sample in the z-axis at different focal
planes (z-stacks). These thin (0.5-1 pm) optical sections are collected and 3D images can

be reconstructed.

In addition to visualization of fluorescently labeled samples, fluorescent recovery after
photobleaching (FRAP) experiments can be performed with CLSM in order to measure
two dimensional diffusion of labeled phospholipids or proteins. FRAP experiment is
carried out by photobleaching a defined, usually circular area of the sample by short (2-3
s) high intensity illumination pulses. The photochemical oxidation of dye molecules

results in a dark spot on the sample. Fluorescence recovery of the photobleached area is
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recorded at the same time as the fluorescence intensity of a reference area. The recovery
of fluorescence is only possible if fluorophores from non-bleached areas of the sample
can diffuse into the bleached region. Fluorescence recovery curve is obtained by plotting

normalized fluorescence intensity of the region of interest as a function of time (Figure

2.2).

Before  Bleaching Recovery
i H
bleaching <

________________ L ROI

Reference

Ir L e e o —

Mobile fraction

Normalized fluorescence intensity
%

Time [ s

Figure 2.2. Schematic representation of a FRAP experiment showing fluorescence intensity as a function of
time. The initial fluorescence intensity (I;) of a region of interest (ROI) is shown in the graph as a and as a’
in the drawing of the sample. As ROI is photobleached (b in the graph and b’ in the drawing), the
fluorescence intensity drops to zero (Ip). When diffusion is possible, fluorescence intensity recovery takes
place (c, d in the graph and ¢’, d’ in the drawing) and ROI regains almost all of its intensity (I,).

Assuming a Gaussian profile of the bleached area, diffusion coefficient D can be
calculated from the radius r of the bleached spot and the time ¢;, needed for the bleached

area to recover half of its initial fluorescence intensity:

2
D=-F
4t/ Eq. 2.1

Due to the non-continuous fluorescence of the membrane patch on the porous surface
(due to fluorescence quenching on the gold-covered pore rims), the Gauss radius of the
bleached area on the porous substrate was determined by fitting an intensity profile using
a MATLAB fitting procedure (see appendix, Figure A2.1).

Lipid diffusion coefficient was obtained using the theory of Axelrod et al. where

equation 2.2 was fitted to the experimentally obtained recovery curves:
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Fx(t) = (ORCo/ Af)i((_K)n / n!)(l — Ty TD)) Eq.2.2

n=0

The fluorescence at time ¢ ( Fx(?)) is valid for a Gaussian intensity profile with 7o = QJZD'

D is the lateral diffusion constant of the lipid, Q is the product of all quantum efficiencies
of light absorption, emission and detection, 4¢is the attenuation factor of the beam during
observation of recovery, Py the total laser power, o is the half-width at e'2, C) is the initial

fluorophore concentration, and K is the bleaching induced at time 7 ( K =aTl(0) ),

aTI(0) is the rate of bleaching in the center.”

2.1.2  SCANNING PROBE MICROSCOPY: ATOMIC FORCE MICROSCOPY (AFM)

Scanning probe microscopy is based on the interaction of a sharp tip (probe) with the
sample where the interactions are monitored by deflection of a soft cantilever on which
the tip is mounted (Figure 2.3).> Microfabicated from silicon or silicon nitride, AFM
cantilevers are fixed on the side of a chip (Figure 2.3a). The sharp tip which interacts with
the surface is mounted at the end of the cantilever (Figure 2.3b-c) and it is its size which
limits the resolution during imaging.* Commercially available AFM probes have a tip

radii ranging between 5 nm and 50 nm (Figure 2.3d, inset).

e )

Figure 2.3 (a) AFM probe, (b) cantilevers, (c) sharp AFM tip mounted at the end of a cantilever, (d) a
close-up view of the AFM tip with approximately 50 nm tip radius » (shown in the inset).

During AFM imaging, topographic images of the surface are obtained by raster
scanning the sample. Two imaging modes are available and differ in the way the tip is
moved across the surface. When imaging in contact mode, the tip is continuously in

contact with the surface with a predetermined force (Figure 2.4b, top). This is achieved
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by a feedback mechanism, where a given cantilever deflection setpoint is kept constant by

moving the tip to and away from the surface by piezo actuators.
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Figure 2.4 (a) Energy potential diagram and (b) AFM imaging modes: contact mode (top) and intermittent
contact mode (bottom).

During intermittent contact mode (also called tapping mode), imaging is achieved by
oscillating the cantilever close to its resonance frequency as it is raster scanning the
surface (Figure 2.4b, bottom). The feedback system maintains constant oscillation
amplitude of the cantilever by adjusting the distance between the tip and the sample. The
advantage of contact mode imaging is the control of the maximal normal force of the tip
on the sample, however lateral stresses during imaging can be damaging to soft samples.’
The limited contact time of the tip with the surface during intermittent contact mode
imaging reduces the force exerted on the sample. AFM measurements can be performed

in air, liquid or vacuum which makes the technique versatile.

Force versus distance experiments are another type of experiment which can be
performed with the AFM and provide information about the forces acting between the tip
and the surface. The sharp tip is moved in the z-axis until it reaches the surface, it can be
pushed into the surface, paused or immediately retracted to its initial position far away
from the surface. The forces acting between the surface and the AFM tip are monitored

by the deflection of the cantilever, which is determined by the optical lever method that
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magnifies small displacement during imaging.®’ Force-distance curves are obtained by

plotting cantilever deflection signal versus piezo displacement.
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Figure 2.5 Schematic representation of a force curve performed on a hard surface. On the left, data is
presented in its raw form: detector signal versus piezo position. After determining the sensitivity of the
detector and calculating the spring constant of the cantilever used to obtain the force curve, a force versus
distance curve is determined.

Cantilever deflection d. is then converted into a force F' by multiplying it with the

spring constant of the cantilever £ :
F =kcd. Eq. 2.4

Manufacturers of AFM probes usually provide an approximate range of the cantilever
spring constant based on its physical properties (size, length, composition, elastic
modulus of material), however, spring constant calibration procedure is usually
performed before each experiment. The method used throughout this work is the thermal
noise method integrated in software of the instrument. This calibration method is based
on the equipartition theorem which states that the mean thermal energy of any harmonic
system at temperature 7 is equal to ksl'/2 per degree of freedom. Developed by Hutter
and Bechhofer® refined by Butt and Jaschke’, it is suggested that when a cantilever is

modeled as a harmonic oscillator, the mean square deflection <22> of the cantilever due to

thermal fluctuations can be approximated by equation 2.3:
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<Zz> B l;ciT Eq.2.3

where £, is the spring constant of the cantilever.

Experimentally, the sensitivity of the cantilever is obtained by performing a force-
distance curve on a hard surface (glass, silicon) and thermal fluctuations of the cantilever
are acquired by recording the amplitude of cantilever deflection while it is in air or liquid
while being far away from the surface. The so obtained spectrum shows a peak at the
cantilever’s resonance frequency, which corresponds to the first vibration mode. The peak
is fitted with a Lorentzian curve and the mean square deflection is obtained by integration
of that area. Correction factor B = 0.764 needs to be included to correct for the error

associated with the optical lever method used to obtain the cantilever deflection.'* !
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2.2  MATERIALS AND METHODS: BLOCK COPOLYMER MEMBRANES

2.2.1 MATERIALS

Polymersomes used in this work were generously donated by W. Miiller and M. Maskos
(University Mainz, Mainz, Germany). Vesicle solutions were produced in purified water
and tetrahydrofuran (THF, uvasol grade, Riedel-de Haen, destabilized by distillation).
Nile Red fluorescent dye (Figure 2.1b) was used without purification (99%, Acros).
Linear poly(butadiene) was purchased from Aldrich with M, = 1.53-2.07 kg/mol. The
synthesis of poly(butadiene)-b-poly(ethylene oxide) was performed according to Maskos
et al.'? The copolymer PB;39-b-PEOg-COOH was characterized by MALDI-TOF mass
spectrometry, resulting in M, = 11 kg/mol, M,,/M, = 1.05, and 29% w/w PEO (the indices
represent the number-average degree of polymerization of the individual blocks as
determined by "H NMR)."? Water used during experiments was filtered by a Millipore
system (MilliQ System from Millipore, Molsheim, France; resistance > 18 MQ cm™).
Porous silicon nitride substrates (Figure 2.6) used in this work were purchased from

fluXXion B.V. (Eindhoven, NL).

2.2.2 SUBSTRATE PREPARATION

The porous substrates bought from fluXXion B.V. are manufactured by deposition of a
silicon nitride 800 nm thick porous films on a silicon support.'* The porous areas on the 5
mm square substrates are arranged in a pattern of 14 lines with 10 rectangles per each line
(Figure 2.6b). This particular arrangement together with the writing “FLUXX SIEVE
1.20” serve as a Cartesian coordinate system for localization of membrane patches during
experiments. The porous area closest to the letter F' is defined as position (0,0). For
example, the patch in figure 2.6b is located in the 3" row, and in the 4™ column, therefore

its location is (3,4).
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Figure 2.6 (a) A photograph of six, square, fluxxion substrates where the colored area corresponds to pores.
(b) Schematic representation of 14 lines of 10 porous areas found in each substrate. (c) Light microscope
image of the first porous area and of the FLUXX SIEVE 1.20 writing which serves as a Cartesian coordinate
of (0,0). (d) Close-up of the flat (brighter) and porous (darker) areas on the substrate. (¢) Close-up of porous
area shown in d, (f) SEM image of the silicon nitride porous film.

Prior to use, the substrates were treated with argon plasma for 30 s (Plasma Cleaner,

Harrick Plasma, Ithaca, NY).

2.2.3 PORE-SPANNING POLYMER MEMBRANE PREPARATION

Poly(butadiene)-b-poly(ethylene-oxide) (PB-PEO) polymersomes were prepared by
rehydration method. Starting from a Nile Red dye/copolymer solution in THF, a thin
film was created and dried at 50°C under vacuum. 1 M NacCl solution was added and
the film rehydration process was supported by ultrasound use, resulting in
polymersomes containing 1M NaCl solution in their interior.

To prepare polymer membranes on the porous surfaces, vesicle solution was added
to a freshly cleaned porous substrate, which was immobilized in a home made
substrate holder, and incubated for 5 min during which the vesicles settled down on

the porous substrate. Purified water was then added and the chamber left undisturbed
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for 20 - 60 minutes to allow the vesicles to spread by osmotic pressure change. As the
vesicles swelled and burst, the polymersome membranes covered some areas of the

porous substrate.

2.2.4 FLUORESCENCE

An upright optical microscope (Olympus BX-51, Olympus Germany GmbH,
Hamburg, Germany) equipped with a filter for Nile Red fluorescence (UMNG?2,
Olympus Germany GmbH, Hamburg, Germany) and water immersion objectives with
40% (Olympus, LUMPIlanFl 40XW, N.A. = 0.8), and 100 x (Olympus, LUMPIlanF1l
100W, N.A. = 1.00) magnifications and an upright confocal laser microscope (LSM
710 Axio Examiner, Carl Zeiss Microlmaging GmbH, Jena, Germany) equipped with
539-753 nm filter and water immersion objectives with 40x (Zeiss, wPlan-
APOCHROMAT, N.A. = 1.0) and 63x (Zeiss, wPlan-APOCHROMAT, N.A. = 1.0)
magnifications were used for acquiring fluorescence images of the spread polymeric
membranes.

The presence of the fluorescent Nile Red dye in the hydrophobic membrane core
was used to identify and locate membrane patches formed form vesicle rupture. Once
located by fluorescence imaging, white light upright optical microscope was used to
determine the location of the membrane patches through the cartesian coordiante
system of the porous areas on the substrate. Furtermore, confocal laser scanning
microscopy (CLSM) was used to confirm that the vesicles did rupture and membranes
were formed. By acquiring z-direction consecutive images of the membrane (z-stacks,
~ 900 nm z-resolution), 3D images of the structures on the surface were
distinguishable: spread membrane, flattended vesicles and vesicles containg smaller

vesicles inside of them.

2.2.5 ATOMIC FORCE MICROSCOPY

Experiments were performed in a liquid environment with a MFP-3D (Asylum
Research, Santa Barbara, CA) AFM equipped with top view optics. Imaging and force
curves were carried out using silicon nitride AFM probes (MLCT-AU cantilever C,

310 pm in length) purchased from Veeco Instruments (Mannheim, Germany) with
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spring constants between 0.01 and 0.04 N/m with a tip radius between 10 and 30 nm
were used for imaging and force curves acquisition. The exact spring constants of the
cantilevers were determined by the thermal noise method ° integrated into the MFP-
3D IGOR software. Force curves were performed in the center of the membrane-

spannig pores with varying velocities and varying maximal indentation forces.

2.2.6 DATA ANALYSIS

Force curves were corrected so that the initial contact of the tip with the surface, based
on the deflection of the cantilever, was at zero distance and zero force. MathCad program
was used to model force distance curves according to the modified Kelvin-Voight model
(Figure 3.11). The values from model force distance curves best representing the actual
force curves were used to calculate the mechanical constants of the membrane.
Furthermore, the viscoelastic loss (energy dissipation) was obtained by calculating the

area enclosed by the indentation and retraction curves.
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2.3 MATERIALS AND METHODS: PHOSPHOLIPID MEMBRANES

2.3.1 MATERIALS

I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol was purchased
from Sigma-Aldrich (Steinheim, Germany). Lipids were dissolved in chloroform (Roth,
Karlsruhe, Germany) and were labeled (0.1 mol %) with either 2-(4,4-difluoro-5-methyl-
4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphocholine (f-BODIPY 500/510 C12-HPC, Invitrogen, Karlsruhe, Germany) or
sulforhodamine-1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine ~ (TexasRed-DHPE,
Sigma-Aldrich, Steinheim, Germany). Mercaptoethanol (Sigma-Aldrich, Steinheim,
Germany), ethanol (Sigma-Aldrich, Steinheim, Germany), isopropanol (VWR, Fontenay-
sous-Bois, France), tetradecanethiol (Fluka, Buchs, Switzerland), sodium hydrogen
phosphate dihydrate (AppliChem, Darmstadt, Germany) were all used without further
purification. Water used in preparation of buffers was filtered by a Millipore system

(MilliQ System from Millipore, Molsheim, France; resistance > 18 MQ cm™).

2.3.2 GIANT UNILAMELLAR VESICLE PREPARATION

Giant unilamellar vesicles (GUVs) were prepared by electroformation.' 6 Briefly, 50
uL of 1 mg mL' POPC, DOPC, DOPC/cholesterol or DPhPC lipid solution was
deposited on indium tin oxide (ITO) slides and spread uniformly using a sterile needle.
The ITO slides were placed under vacuum for at least 3 hours at 64°C to remove any
residual solvent. Subsequently, two ITO slides covered with lipid films, conductive
copper tape and a 1 mm thick square Teflon spacer between the slides, were used to
create a sealed chamber (approx. 1.2 ml volume), which was filled with 0.3 M sucrose
solution. The chamber was connected to a waveform generator and a cycle was carried
out at 12 Hz, where voltage increments were performed every 60 s: beginning at 0.05 V,
followed by 0.01 V voltage steps until 0.2 V was reached, and finally the voltage was

increased by 0.1 V voltage steps until a constant 1.6 V was reached (total duration was 3
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hours). At the end, a square 5 Hz wave was applied for 5 min. The GUVs were

transferred to a plastic vial and stored at 4 °C for up to 2 weeks.

2.3.3 SUBSTRATE PREPARATION: FUNCTIONALIZATION PROCEDURE

Silicon nitride substrates with pore radii of 600 nm were purchased from fluxxion B.V.
(Eindhoven, The Netherlands) (see Figure 2.6). The porous substrates were cleaned in O,
plasma to remove any contaminants and coated with a 2-3 nm thick layer of chromium
followed by a 10-15 nm thick layer of gold (Bal-Tec MCS610 evaporator equipped with
Bal-Tec QSG 100 quartz film thickness monitor). The gold-coated substrates were
subsequently oxygen-plasma (1 min) and argon-plasma (1 min) treated and placed in a 20
mM ethanolic mercaptoethanol (or 10 mM ethanolic tetradecanthiol) self-assembly
solution for 1 hour. The substrates were rinsed with ethanol prior to use by consecutive

immersion in ethanol-filled beakers.

2.3.4 PORE-SPANNING LIPID MEMBRANE PREPARATION

Directly after rinsing the functionalized substrate with ethanol, it was placed in a home-
made Teflon holder filled with ethanol. Ethanol was then replaced by phosphate buffered
saline (PBS: 20 mM sodium hydrogen phosphate dehydrate and 100 mM NaCl, pH 7.4)
and 20 pl of GUVs were added. GUVs migrated (due to the density difference between
0.3 M sucrose inside the GUVs and the PBS buffer) to the porous surface and spread,
creating lipid bilayer patches. The resulting patches were observed by fluorescence
microscopy and their location determined in relation to the rows-and-columns pattern of
the porous substrate (Figure 2.6). The DPhPC hybrid pore-spanning membranes were
prepared by placing a gold-coated porous silicon substrate in 10 mM ethanolic
tetradecanethiol solution for 1 hour. The substrate was rinsed with ethanol, placed in a
Teflon holder filled with ethanol, which was subsequently replaced with PBS buffer
before DPhPC GUVs were added.

2.3.5 FLUORESCENCE AND CLSM

Fluorescence microscopy was used to locate bilayer patches on porous substrates. Due

to the presence of a gold film atop the silicon nitride porous substrate which quenches
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fluorescence up to 20 nm away from the surface, bilayer membranes formed on flat areas
of the surface are not visible.'” However, the lack of gold in the pores results in highly
fluorescent membrane-covered pores. Furthermore, movies of vesicle spreading were
acquired at the fluorescence microscope giving insight into the vesicles spreading
mechanism. CLSM z-stack images (~ 900 nm z-resolution) of both phospholipid vesicles
and patches were collected and provided information about the single bilayer nature of

the membranes covering the pores.

2.3.6 ATOMIC FORCE MICROSCOPY

See Section 2.2.5.

2.3.7 DATA ANALYSIS
Force indentation curves obtained on the pore-spanning membranes were analyzed by
calculating the slope of the indentation curve (kapp). The values were then compiled and

histograms were computed. The histograms were fitted with Gaussian fits to obtain

average values and those values were used to calculate membrane tension.
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2.4 APPENDIX

MATLAB procedure used to determine the fluorescence intensity profile of the sample

and to perform a Gaussian fit to obtain the Gauss radius from FRAP experiments.
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Figure A2.1 (a) Pore-spanning membrane patch where an area was photobleached (circle). (b)
Fluorescence intensity profile (acquired from image shown in a) obtained from MATLAB with Gaussian fit

in order to determine the Gauss radius.

MATLAB script:

clear all;

[FileName, PathName] =

A = importdata (FileName) ;

Name = FileName;

n=length (A);

x=(1:n);

figure (1);

hold on

plot (x, A,'

plot (x, A,'

title (Name, '

xlabel (' points','

ylabel (' Data','

step = input ('

% Aneu = 0;

xneu = 0;

= A';

=X';

for R = 1l:step

[x1,yl]l=ginput

xleft=floor (x1

xright=floor (x1

if R==
xneu=xleft;

k-1)
o')
FontSize',12)

(<)

N o

(2);
(1)) ;
2));

uigetfile

FontSize',12)
FontSize',12)
How many rims?')

(**x');
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Aneu=A (xleft) ;
end
xstep=xleft:xright
xneu = horzcat (xneu,xstep);
Aneu=horzcat (Aneu,A (xleft:xright));
plot (xneu,Aneu,' r')

hold on

title (Name,' FontSize',612)
xlabel (' points',' FontSize',612)
ylabel (' Data',' FontSize',12)
end

figure (2)

plot (xneu,Aneu,' or')
plot (xneu,Aneu,'-r'")

hold on

title (Name,' FontSize',612)
xlabel (' points',' FontSize',612)
ylabel (' Data',' FontSize',12)

$ Fit

Xneu=xneu' ;
Aneu=Aneu';

s = fitoptions (' Method',' NonlinearLeastSquares','
Startpoint', [200 -140 60 60]) ;
f = fittype (' c+a*exp (-((x-d)/width).”2)',' options',s);

[c3,gov]=fit (xneu,Aneu, f)
plot (c3,' c¢')
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3 RESULTS AND DISCUSSION

3.1 POLYMER MEMBRANES

3.1.1 IMPORTANCE OF POLYMERSOMES AND POLYMER MEMBRANES

Synthetic amphiphiles such as poly(butadiene)-b-poly(ethylene oxide) (PB-b-PEO)
block copolymers exhibit lipid-like properties and are known to be versatile building
blocks of self-assembled polymer vesicles (polymersomes) (Figure 3.1, a-d). Various
polymersomes have been used in encapsulation and delivery of various agents, as
chemical reaction vessels and, more related to the research presented here, as model
system to study the fundamental properties of membranes."” The study of mechanical
properties of polymersome membranes have been investigated mainly by micropipette
aspiration experiments™ “® In contrast to previous studies of whole polymersomes, the
interest of the present study is the investigation mechanical properties free-standing
polymer membranes. The study was performed on pore-spanning PBi30-b-PEOgs polymer
membranes by means of AFM imaging and velocity dependent force indentation curves.
Porous, hollow, bottomless, silicon nitride substrates were used to prepare pore-spanning
polymer membranes that display a considerable robustness paired with local
addressability (Figure 3.1e). Pronounced viscoelastic behavior, a strong resistance against
area dilatation and tremendous stiffening upon cross-linking of the free-standing bilayer

were observed.
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% : Nile Red

Figure 3.1 (a) Poly(butadiene)-b-poly(ethylene oxide) (PB-b-PEO) block copolymer chemical structure
and its schematic representation. The subscripts ¢ and b indicate the respective number of copolymer
blocks: a = 130 and b = 66. (b) Schematic representation of a polymersome loaded with a lipophilic Nile
Red Dye and the arrangement of the block copolymer forming the polymeric membrane, (c) cyroTEM of
PB-b-PEO polymersomes, (d) CLSM image of a polymersome containing smaller polymersome inside of it
and (e) schematic representation of a pore-spanning polymer membrane.

3.1.2 PREPARATION OF PORE-SPANNING POLYMER MEMBRANES

The polymer pore-spanning membranes were obtained from rupture of copolymer
poly(butadiene)-b-poly(ethylene oxide) (PB3p-b-PEOg¢s) polymersomes loaded with Nile
Red dye (0.25 wt %). The self-assembled polymer vesicles were prepared by gentle
hydration of PB30-b-PEOg films and characterized by cryogenic transmission electron
microscopy (cryoTEM), light scattering as well as confocal laser scanning microscopy
(CLSM) prior to their use in pore-spanning membrane preparation. A hydrophobic
membrane thickness of 15-16 nm was estimated from CryoTEM micrographs.9 Pore-
spanning polymer membranes were formed by vesicle adhesion to the surface, swelling
and subsequent rupture on the porous support. The rupture process is facilitated by
osmosis which takes place between the polymersomes, which contain 1 M NaCl solution,
and deionized water environment of the measuring chamber. After addition of the
polymersomes into the measuring chamber and their sedimentation onto the porous

substrate, deionized water was added and the chamber left undisturbed for approximately
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1 hour. After pore-spanning membrane patches formed, the surface was gently rinsed

with water to remove excess polymer material before further characterization.

3.1.3 CHARACTERIZATION OF POLYMER MEMBRANES

3.1.3.1 FLUORESCENCE MICROSCOPY OF POLYMER MEMBRANES

Once the pore-spanning polymer membranes were formed, the substrate was kept in
aqueous environment. Fluorescence microscopy was used to determine if the polymer
membranes have formed on the porous surface. It is the presence of Nile Red dye in the
poly(butadiene) core of the membranes which gives the membrane patches their bright
fluorescence intensity (Figure 3.2). When the polymersomes did not spread on the
surface, no patches were observed after rinsing and the porous surface remained black
under fluorescent light illumination. When polymer membrane patches did form, their
exact location was assigned based on Cartesian coordinate system of the porous substrates

(explained in the experimental section 2.2.2).

Figure 3.2 (a) Epifluorescence of pore-spanning polymer membranes prepared by PB-5-PEO polymersome
swelling and rupture. In addition to locating membrane patches, fluorescence images show if the patches
are uniform or if excess material is covering the patch (excess material is indicated by arrows). (b) Close-up
of the porous substrate covered with a polymer membrane.

Besides locating the membrane patches, fluorescence images of the patches provide
information about the amount of material deposited on the porous substrate. Single
polymer membranes have uniform fluorescence intensity in contrast to membranes where
excess polymer material deposits on the initial patches. The origin of the excess polymer
material on the surface may be due to smaller vesicles, sometimes observed inside large
polymersomes, or polymer material generated during polymersome rupture. Any excess

polymer material is detected as increased fluorescence intensity (Figure 3.2a, arrows).
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Epifluorescence can be used to localize individual membrane patches, however, the
membrane itself cannot be resolved. The resolution limit of the instrument and light
scattering due to the pore geometry prevent direct membrane observation. It is not
possible to determine if the membrane is spanning the pores or lining their interiors.
Confocal laser scanning microscope (CLSM) was used in an attempt to determine if the
membranes were pore-spanning. The advantage of CLSM imaging is the pinhole
apertures which limit the amount of excitation light which interacts with the sample and
prevent out of focus rays to reach the detector. Furthermore, single lines and three-
dimensional (3D) images of fluorescently labeled structures can be obtained. In order to
verify if the polymer membrane was spanning the pores, a single line of fluorescence
intensity was obtained from an image where some pores appeared to be covered with a
membrane. The image with the fluorescence intensity overlay is shown in figure 3.3a.
Although the fluorescence intensity difference between a non-covered pore (pore 12 in
Figure 3.3a) and a pore which seems to be covered by a membrane (pore 3, Figure 3.3a)
is clearly visible, the difference between a covered pore and a pore which seems to be

lined by the membrane is not as apparent (pores 2 and 3, Figure 3.3a).

Another approach which was envisioned to confirm the pore-spanning character of the
polymer membrane was to collect fluorescence intensity of a single line at various depths.
The collected data was used to create a z direction profile (z-stack) of fluorescence
intensity (Figure 3.3b). Although the membrane cannot be seen due to the resolution limit
of the instrument (800 nm in the z direction), the z direction fluorescence profile of the
substrate provides some information about the sample. In comparison to non-covered
pores (pores 1, 2, 7, 8, 9, 12, Figure 3.3b) the pores which appear covered in the x-y
image appear “filled” in the z direction profile (pores 3, 4, 5, 6, Figure 3.3b).
Consequently, z direction profile of fluorescence intensity provides some visual
indication about the pore-spanning nature of the membrane, however, additional

characterization is needed to confirm that the pore is covered.

66



T:5:8: Ouadl. 11 12

LT

Figure 3.3 (a) CLSM image of a polymer membrane spanning a few pores with an overlay of fluorescence
intensity profile obtained from the line drawn along the pores (b) z-direction profile of 12 pores where only
pores 3,4,5 and 6 are covered with polymer membrane. Scale bar figure a: Sum, figure b (height of arrow):
2 um

CLSM z-stack results can also be presented in the form of a 3-dimentioanl (3D) image
of the material on the surface. To construct a 3D image, consecutive focal plane images at
varying z positions are acquired and processed by the software to form a 3D image. These
3D images provide information which is not available from ordinary 2D images. For
example, when looking at the 2D x-y image of figure 3.4a, it is difficult to conclude that it
is actually a polymersome with smaller polymersomes inside of it which adheres to the
porous substrate and not a membrane patch with some excess material on top of it. In
figure 3.4b, the 2D x-y image resembles a circular polymer patch where in fact it is a
flattened out polymersome which has not yet ruptured. In both cases, the 3D images offer

much more information about the true appearance of the structures on the surface.
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Figure 3.4 (a) An orthogonal section view of a polymer vesicle docked on a porous substrate with the 3D
image below (scale bar: S5um). (b) An orthogonal section view of a deflated vesicle on a porous surface with
a 3D image below (scale bar: Spum).

In summary, fluorescence imaging provides direct information about membrane patch
location on the substrate and the fluorescence intensity profiles can provide limited
information about the membrane coverage of the pores. The 3D fluorescence images of
the surface can be used to exclude areas where membrane patches have not formed yet
(i.e. vesicles are still intact), however, additional characterization techniques must be used
in combination with fluorescence microscopy to confirm the presence of a single polymer

membrane on the substrate.

3.1.3.2 AFM IMAGING OF POLYMER MEMBRANES

Localization of the polymer membrane patches on the porous substrate by
fluorescence microscopy was followed by atomic force microscopy (AFM) imaging.
The porous silicon nitride substrates used in these experiments had ordered pore array
and continuous flat silicon nitride areas (as shown in the experimental section). The

coexistence of bare silicon nitride surface, membrane-covered flat silicon nitride
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surface and membrane-covered pores in a finite area allows for direct comparison of
mechanical response to indentation between the membrane covered and non-covered
surfaces. Contact mode images of the polymer membrane covering the flat areas of the
substrate provided information about the thickness of the membrane. The height
differences, ranging between 18 and 25 nm, were in good agreement with the
estimated membrane thicknesses obtained from CryoTEM images (provided by W.

Mueller).
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Figure 3.5 (a) Schematic representation of a polymersome with an enlargement showing the arrangement
of PB-b-PEO copolymers forming the membrane. The thickness of the hydrophobic core is about 16 nm
and the thickness of the hydrophilic edge is 4 nm. (b) Contact mode AFM image of the polymer membrane
spread on silicon nitride surface. (c) Height profile of the line in b) showing an overall membrane thickness
of ca. 25 nm.

In addition to verifying membrane thickness, AFM imaging was used to correlate
fluorescence intensity of the material on the surface and its thickness. Fluorescent
images where membrane patches exhibited two levels of fluorescence intensity were
imaged by AFM. The height differences in the AFM images correlated well with the
two fluorescence intensities such that ~ 40 nm feature in AFM images matched the
higher intensity fluorescence. An area where several polymersomes have ruptured was
located by fluorescence microscopy and subsequently imaged by AFM. A line profile
of the features visible in the AFM image (Figure 3.6) shows the differences in height
that were measured. These correspond to multiples of approximately 20 nm, which is
approximately the thickness of a single polymer membrane. The brighter fluorescence
areas corresponded to a patch measuring about 40 nm in thickness, while the less
fluorescent areas corresponded to about 20 nm thickness. Based on the appearance of
the patches and the expected thickness of a single polymer membrane (20-25 nm), the
40 nm thick feature is most probably due to a collapse of a polymersome on itself,

resulting in the double membrane thickness.
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Figure 3.6 (a) Fluorescence image of polymer membrane patches at the boundary between flat and porous
surfaces on a silicon nitride substrate. A line profile showing the fluorescence intensity is shown below the
image (b) AFM contact mode image of the same area as in a. Below the image, a line profile obtained from
the AFM image shows the height differences between the patches.

Similarly to the flat silicon nitride surface, the porous area of the substrate could also
be imaged by AFM. However, the difference between membrane-covered pores and non-
covered pores is not as apparent as the change in height observed at the boundary of
membrane-covered and non covered flat surface. One of the reasons is large height
difference between membrane thickness ~ 25 nm and the depth of pores ~800 um. As the
AFM tip is scanned over the porous substrate, it can penetrate much deeper into the pores
that are not covered (ca. 500 nm), in comparison to the pores that are covered with a
membrane (ca. 250 nm). Therefore, the membrane-covered and bare pores can be
distinguished when examining the height profile obtained from the AFM image (Figure
3.7¢).
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Figure 3.7 (a) CLSM images of polymer membrane spread on porous silicon surface. (b) Contact mode
AFM image of the area shown in a where the porous silicon nitride substrate is partially covered with a
polymer membrane. (c¢) The height profile of covered and uncovered pores.
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Care must be taken while imaging pore-spanning polymer membranes, so that the
amount of force applied is kept low (below 1 nN) in order to avoid rupturing the
membrane. Based on the results of indentation experiments discussed in the next section
where the pore-spanning polymer membrane was indented well beyond 1 nN, it seems
that it is not solely the imaging force which affects the integrity of the pore-spanning
membrane but rather the combination of the applied force together with the raster
scanning of the AFM tip over the surface. Membrane rupture during imaging has been
observed and captured in an AFM image (Figure 3.8) which was obtained by scanning the
surface starting from top of the image. The pore-spanning membrane was ruptured over
several pores while the scanning was ongoing. Hence, the corresponding pores appeared
to be covered only partially because the membrane rupture occurred only after the scan

reached half of the pore; the upper part appeared covered because it was still was covered

because the membrane was still intact, up until the line was scanned.

Figure 3.8 (a) Contact mode AFM image of a pore-spanning polymer membrane where individual pores
were ruptured during imaging (shown with arrows) (b) enlargement of the porous area where the rupture of
the membrane is visible, the arrow show the instant when the pore was uncovered. (c) CLSM image of the
area imaged by AFM taken after imaging confirms that the membrane was ruptured during imaging.

Hole formation in a phospholipid bilayer membrane is an energetically unfavorable
process because of the exposure of hydrophobic phospholipid tails to the aqueous
environment. However, at the same time, the release of tension which accompanies hole
formation is a driving force of this process. Membrane rupture starts with a hole
formation and can be described by the model for formation of a circular hole in an

incompressible sheet.'® The model states that the enthalpy of the system needs to be

minimized:
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H=E-74 Eq. 3.1
where E is energy, 7 is tension (7 > 0: tension, 7 < 0: compression),and A4 is the area.

The energy associated with a circular hole in a sheet is defined by:

E=27RA Eq.3.2

where R is the hole radius and 4 is the edge energy. The area difference between a
membrane with a hole and an intact membrane is TR*. According to the equation 3.1, the

enthalpy difference between an intact membrane and a membrane with a circular hole is

defined by:
AH =27RA—1R’ Eq. 3.3

The maximum value for 4H occurs at R* where R*= t/h. Experimentally, when the hole
formed in the membrane has a radius R < R*, the hole will shrink and close, however,

when R > R*, the hole will expand and the membrane will rupture.

It is possible that during imaging of the pore-spanning membranes, the AFM tip pinned
the membrane to the pore wall which initiated hole formation. Based on this model, it can
be concluded that holes with radii R > R* were formed and resulted in pore-spanning

membrane rupture.

Ultimately, the combination of AFM imaging and fluorescence microscopy allowed for

confirmation of the presence of the pore-spanning membranes.

3.1.3.3 AFM FORCE SPECTROSCOPY OF POLYMER MEMBRANES

Once the pore-spanning membranes were located by fluorescence microscopy and their
pore-spanning character was confirmed by AFM imaging, force indentation experiments
were performed at defined positions on the membrane patch. Force indentation
experiments are performed by recording the deflection of the cantilever as it is brought
into contact with the middle of the membrane-covered pore and then retracted to its initial
position. The result is registered as cantilever deflection versus piezo displacement and is
converted to force versus indentation curves once the spring constant of the cantilever is
calculated. Prior to each set of force indentation curves, reference curves are acquired on

a hard, non covered part of the silicon nitride surface. These reference curves are used for
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determination of 1) contact point of the AFM tip with the surface and 2) sensitivity of the
photodiode. The output of the photodiode is a voltage, which has to be converted into a
deflection signal (nanometers). When in contact with a hard surface, the deflection of the
cantilever equals the piezo travel and the sensitivity is readily obtained by linear
regression. Force curves recorded on the flat, a non-porous area of the substrate (Figure
3.9a) and on the center of a polymer membrane-covered pore (Figure 3.9b) are shown in

figure 3.9.
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Figure 3.9 Representative force indentation curves. (a) A reference indentation curve performed on bare
flat silicon nitride surface. (b) Typical force indentation curve of the polymer membrane suspended over a
pore. Indentation (solid line) and retraction (dotted line) do not overlap as observed in the reference curve a.

The force curve performed on the flat silicon nitride surface (Figure 3.9a) shows
essentially no indentation depth. In contrast, when the pore-spanning membrane is
indented (Figure 3.9b), a nonlinear force indentation curve indicative of a very soft
material is obtained. The deep indentation reaching several hundred nanometers without
displaying rupture events confirms the high yield force of the polymer membranes to
imposed stress accompanied by a rather soft response. Furthermore, a hysteresis between
the indentation (solid line) and retraction (dotted line) is observed and is an indication of
energy loss due to viscoelastic behavior of the material. Force indentation curves
performed on the polymer-covered flat part of the silicon substrate exhibit similar

characteristics to the curves performed on hard surfaces. As the AFM tip is moved
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towards the polymer covered flat surface, the polymer membrane is compressed until it

ruptures (Figure 3.10) resulting in a noticeable kink in the indentation curve.
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Figure 3.10 Difference between a force curve performed on the flat part of the substrate (black), force
curve performed on the flat part covered with a polymer bilayer (red) and a force curve performed on
bilayer-covered pore (blue). As the polymer membrane is compressed on the hard, flat surface the polymer
ruptures (Rupture in the red curve).

Characterization results obtained from fluorescence imaging as well as from AFM
imaging and from force spectroscopy experiments lead to the conclusion that the pore-
spanning membrane preparation method has been successful. In-depth study of local

membrane mechanics is preceded by a section on the theory of membrane mechanics.

3.1.4 THEORY OF MEMBRANE INDENTATION

The elastic response of a membrane to indentation comprises contributions from
bending, stretching and lateral tension. While bending of the membrane has usually
only a small influence on the force indentation curves as detailed below, stretching

and lateral tension govern the elastic response of thin membranes to a large extent.

3.1.4.1 BENDING

The restoring force F(h) of a clamped thin circular plate deflected by a flat

cylindrical load with radius Rjp,q can be calculated from minimizing the bending
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167k
F= )
R

pore

(1 + (RloadRp_orle )2 ]'n(RloadRp_orle ) - 3/4(R10adR;;rle )2 ) Eq.3.4

where x denotes the bending modulus &K :Ed3/ 12(1-v*) , with E the elastic modulus

(Young’s modulus), v the Poisson ratio, Ry the pore radius, d the membrane
thickness, and /4 the indentation depth. The two limiting cases, point load (Eq. 3.4a)
and a homogeneous load applied to the center of the circular plate (Eq. 3.4b) can be

readily regained:'

167K
lim F=——h Eq. 3.4a
Ripad =0 pore
) 64K
lim F=-——h Eq. 3.4b
Rioad = Rpore R

pore

Assuming reasonable values for the parameters (k = 107 J, Rpore = 600 nm) 13 above,
the apparent spring constant of the membrane is as low as 5.5-10° Nm™'. Considering
that cantilever spring constants are of the order of 102-10° Nm™, bending plays only
a minor role in the mechanical response of polymer bilayers to indentation as it will

become apparent from the experimental indentation curves.

3.1.4.2 LATERAL TENSION AND PRE-STRESS

Lateral tension arises due to the fact that membrane reservoir experiences friction
on the non porous part of the silicon nitride substrate. By assuming a homogeneous
lateral tension that also comprises a pre-stressed membrane and by neglecting bending
of the membrane as argued above, an analytical expression as introduced by Bhatia

14 15
and Nachbar " as well as Deserno and coworkers ~ can be found:

F FR_
=—1=In 7"1
4o 270R
pore Eq. 3.5

where o is the lateral tension.
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3.1.4.3 STRETCHING

Stretching is described by membrane theory and is a major contribution to the
elastic response at larger indentation forces. Assuming that the area dilatation 04/4 of

membranes in two dimensions follows a 2-D Hookean law o = Ka(0 A/ A) with tension
o and the area compressibility K, = Ed, '®'7 obtained from H =jc7dA is the following

cubic dependence of force on the penetration depth: ®

pore

F(h) = X Eq. 3.6

pore

d denotes membrane thickness. Begley ef al. provide a force indentation relationship

for a defined spherical indenter obtaining eq. (3.7) also with a cubic dependency: "

OrnEd 3
h

9 Eq. 3.7
2 Rpore N 1
16k, | "k
ip

Since most of the experimental force indentation curves show a cubic dependence on

F =

the indentation depth, it is assumed that stretching contributes significantly to the

elastic response of the polymer bilayer.

3.1.4.4 INDENTATION OF VISCOELASTIC MEMBRANES

The flow behavior of polymer bilayer membranes is characterized by a surface
viscosity for in-plane shear deformations, and an intermonolayer friction coefficient
for the slip between the two leaflets of the bilayer. In the absence of covalent bonds
between the polymers, the bilayer behaves as a two-dimensional liquid whose
resistance against shear deformations is characterized by the surface shear viscosity 7.
Any relative motion between the two leaflets of a bilayer is opposed by a friction
force. Besides the intermolecular friction, membrane flow into the pore upon
indentation produces additional friction between the silicon nitride substrate and the

bilayer. This gives rise to a lateral tension in the membrane. Hence, effective surface
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viscosity 7. 1s defined to comprises all sources of lateral friction and energy
dissipation. While pure lipid bilayers exhibit surface viscosities in the region of 10™ -
10° Pams,* ?° entanglement and increase in chain length substantially increase
surface viscosities by many orders of magnitude. As a rule of thumb, surface viscosity
increases linearly with bilayer thickness if no entanglement occurs.'* *!

A model representing the results shown in this work needs to account for two
important experimental observations: the occurrence of a hysteresis between
indentation and relaxation, which is indicative of energy loss due to friction upon
indentation into the pore, and a decrease of energy dissipation with increasing
indentation velocity. As a first approximation to account for the viscous loss upon

indentation, a semi-empirical model comprising a Kelvin-Voigt model in series to a

nonlinear spring k, (Figure 3.11) representing the stretching of the bilayer

-1
km =97Ed (16R§§/9R33‘%e) was used. The Kelvin-Voigt model comprises the lateral

tension and friction on the pore rim as a restoring force. Lateral tension as expressed
by Eq. 3.5 can be safely approximated by a linear relationship between force and

indentation depth at low forces giving rise to the apparent spring constant &.
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Figure 3.11 Modified Kelvin Voigt model in series with a nonlinear spring £, that represents in-plane
stretching of the bilayer upon indentation. 4, and %, denote the fractional indentations as a response to a
stretching force.

The force exerted by the cantilever Fc=kc(vt—h)=kc(vt—l—h), with k. the cantilever

spring constant, v the indentation velocity and ¢ the time, equals that produced by the

membrane F, = F, and the following is obtained:

k (vt —h —h)) = k_I
oh,

k (vt —h —h,) =kh, +n—=
ot Eq. 3.8
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The set of equations is solved numerically by an Adams- Bashforth algorithm with the
respective initial values for indentation (4(0)=0) and relaxation (4(0)=/max) resulting

in the indentation force Fec=ke(t—A(¢)) and relaxation force FFo™ =kec(V(tio —1)—h(2)) .

total Tefers to the elapsed time during indentation reaching a maximal indentation

depth of /pax.

3.1.5 FORCE SPECTROSCOPY STUDY OF PORE-SPANNING POLYMER MEMBRANES

3.1.5.1 UNTREATED PORE-SPANNING MEMBRANES

Polymer membrane mechanics study was conducted by preparing pore-spanning
membranes following the procedure described earlier in the text. Force indentation
curves were performed at chosen areas of the polymer pore-spanning membrane
patches and the experimental variables (i.e. indentation velocity, maximal indentation
depth) were varied. Deep indentation depths, reaching several hundred nanometers,
without displaying rupture events confirmed the high yield force of the polymer
membranes to imposed stress. Hysteresis between indetation and relaxation curves
was observed in all of the experiments. To investigate the nature of the hysteresis
attributable to viscoelasticity of the polymer membrane, experiment where the

membranes were indented at with various velocities were carried out.
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Figure 3.12 (a) Experimental force indentation curves performed with varying velocities (500-5000 nm s™).
(b) Modeled force indentation curves. Experiments are performed on 600 nm radius silicon nitride porous
substrates at constant maximal indentation force of 4 nN with a silicon nitride cantilever (k,, = 2.63-107 Nm"
L k=0.015Nm™, 7 =0.005 Pams, r = 0.33 s where 7 = 7/k).
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Assuming that the response of the polymer membrane upon indentation is governed
mainly by stretching and pre-tension, as recently proposed for pore-spanning graphene
layers and detailed in the theory section 3.1.4, Eq. 3.9 was used to fit the indentation
of the curve (Figure 3.13).
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Figure 3.13 Force indentation curve (o markers) performed at 2000 nm™ and 2 nN maximal indentation
force was fitted with a line obtained from equation 3.9.

Excellent agreement between experimental data (circles) and the model (Eq. 3.9)
(solid line) was observed. Pre-tension oy was included to account for the free energy
difference between the membrane adsorbed to the rim and the free-standing one. Note

that the first term of Eq. 3.9 is a linear approximation of Eq. 3.5.

97Z'Ed 3
+ h

h
9
2 Rpore ) Rpore Z
16R,, o
P Eq. 3.9

The membrane prefers to be adherent on the rim, which essentially produces a lateral

F(h) = T e (27[Rp0re)

tension in the free-standing bilayer. After analysis of indentation curves performed at
varying velocities, by fitting the indentation curve in the same manner as shown in figure
3.13, a mean pre-tension of 8.56-10* Nm™ was found (Figure 3.14a) and an elastic
modulus £ ranging from 1.68 to 8.65 MPa depending on the indentation velocity (Figure
3.14b).
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Figure 3.14 (a) Pre-tension of the polymer membrane determined at various indentation velocities and 2 nN
maximal indentation force. (b) Elastic moduli of a polymer membrane determined at various indentation
velocities and 2 nN maximal indentation force.

Figure 3.14b shows the velocity dependence of E leveling off at higher indentation
velocities. This velocity dependence of E is a first indication that the response of the
polymer membrane is not entirely elastic but displays viscous contributions. In fact, a
considerable hysteresis between indentation and retraction (relaxation) curves was
observed, as shown in figure 3.9b. The hysteresis indicates that energy dissipation
takes place and is dominated by frictional interactions between the polymer chains

inside the membrane or attachment of the membrane to the substrate.

It was determined that the hysteresis between the indentation and retraction curves
is decreasing with increasing indentation velocity (Figure 3.12a). In agreement with

our finding that the area compressibility increases, decrease in energy dissipation with
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rising velocity was observed. The simplest way to model this behavior is to add a
viscoelastic component to Eq. 3.9. The addition of a Kelvin-Voigt element in series to
a nonlinear spring (Figure 3.11) that shows a cubic dependency of force on
indentation depth, captures most of the experimentally displayed features. The force
curves obtained from the theoretical model (Figure 3.12b) depict the hysteresis
observed in the experiment and also correctly predict a decrease of the hysteresis with
increasing indentation and retraction velocity. Relaxation time of 0.33 s and an area
compressibility in the range of 0.030 to 0.156 Nm™ describes the viscoelastic
properties of free-standing polymer bilayers best. The area compressibility is in good
accordance to that of similar polymer membranes measured by micropipette suction
experiments (0.109 Nm™)"* and (0.088 Nm™).®

Further investigation of the pore-spanning polymer membranes consisted in varying

the maximal indentation force Fp,x (Figure 3.15).
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Figure 3.15 (a) Experimental force indentation curves performed with varying indentation forces (2.0-6.0
nN). F. denotes the maximal force applied during an indentation-relaxation cycle. (b) Modeled force
indentation curves. Experiments are performed on 600 nm radius silicon nitride porous substrates at a
constant velocity of 2000 nm s with a silicon nitride cantilever (k, = 2.63-10"Nm™, £ = 0.015Nm™, n=
0.005 Pam s, r = 0.33 s where 7 = r7/k).

An increase of hysteresis with increasing indentation force was noted. Naturally, a
larger indentation depth results in a more pronounced hysteresis as it is predictable
from the varying velocity experiment. More precisely, under both conditions - low
velocity and high indentation depth - the AFM tip stays in contact with the membrane

for a longer period of time resulting in an extensive rearrangement of the polymer
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chains. The curves obtained from modified Kelvin-Voigt model also captured this
behavior (Figure 3.15b). Although the modeled force indentation curves were not
identical to the experimental results, the principal characteristics (i.e. increasing
hysteresis with increasing contact time of the tip with the membrane) were
maintained. Importantly, reproducible force indentation curves on the same pore
confirm that the system regains its initial state regardless of velocity of indentation or
the indentation depth. This finding is an important indication of the polymer

membrane does not undergo fatigue.

3.1.5.2 CROSS-LINKED PORE-SPANNING MEMBRANES

An important feature of the polymer membrane is the possibility to chemically
stiffen the bilayer by forming interchain cross-links. Polymerization offers a way to
control the viscoelastic response of the material.” It also presents the opportunity to
investigate how the entanglement of the polymer chains in the hydrophobic core of the
membrane affects the hysteresis observed in the force indentation curves. Cross-
linking of the poly(butadiene) blocks of the polymer chains was achieved by exposing
the polymer membrane spanned over the porous substrate to UV light after addition of
a benzophenone photoinitiator. The results of this permanent modification were
immediately visible in the AFM images where the indentation of the cross-linked
membrane during imaging was considerably shallower than that of the native

unmodified polymer membrane (Figure 3.16)
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Figure 3.16 Contact mode AFM images and the corresponding height profiles of (a) untreated PB30-b-
PEOgs pore-spanning membrane imaged at 0.8 nN force and (b) cross-linked PB3p-b-PEOgs imaged at 1.4
nN force.
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The AFM contact mode images show a dramatic change in the response of the
polymer membrane to the AFM tip during the scan. Even through the membrane in
figure 3.16b is imaged at a force of 1.4 nN, which is almost the double of the imaging
force of the non UV-treated membrane (~0.8 nN), the cross-linked membrane is
indented less than 100 nm into the pores. In addition to the change in indentation
depth during imaging, the membrane has decreased in thickness by ~15 nm, which is
visible in the line profiles of figure 3.17d. The membrane shrinkage was also observed
in the fluorescence images before and after the UV treatment (Figure 3.17e-f). Cracks
in the polymer membrane resulting from polymer membrane contraction after UV

treatment are marked with arrows.
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Figure 3.17 Contact mode AFM images of (a) untreated PB,;y-b-PEOg¢ pore-spanning membrane, (c)
cross-linked PB;p-b-PEOg pore-spanning membrane and (b) their corresponding height profiles.
Fluorescence images of (e) untreated membrane on flat surface and (f) UV cross-linked membrane on flat
surface with membrane cracks marked with an arrow.
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After locating the UV cross-linked pore-spanning membranes patches on the porous
surface, force indentation experiments were performed. A direct comparison of the
response of a non-treated and cross-linked membranes to the indentation is shown in

figure 3.18.
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Figure 3.18 Overlay of two force indentation curves performed on (i) cross-linked and (ii) untreated PB -
b-PEQg pore-spanning membranes. Force indentation curves were performed at 2000 nm™ velocity.

Both, untreated and cross-linked membranes were indented with the same velocity
and with similar maximal indentation force. The untreated membrane (Figure 3.18,
curve ii) showed an elastic response and a pronounced hysteresis. In contrast, the
cross-linked membrane (Figure 3.18, curve i) showed much stiffer mechanics and
reduced hysteresis.

The analysis of the force indentation curves performed on the cross-linked membranes
showed a tremendous increase of area compressibility values where the untreated
membranes displayed K, of 0.03 Nm™ and a K, value of 64 Nm™ was determined after
cross-linking. In fact, the shrinking of the material gives rise to smaller membrane
extensibility particularly in the x-y plane. Furthermore, energy dissipation of cross-linked
membranes upon indentation is substantially smaller (tens of attojoules), than in non-

covalently assembled bilayers (hundreds of attojoules) (see summary in Figure 3.22).

Similarly to the force indentation curves performed on untreated polymer membranes,

fit from Eq 3.9 was used to fit the force indentation curves aquired on UV-treated
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membranes (Figure 3.19). As it was the case with the untreated polymer membranes, the

fit is in excellent agreement with the experimental data.
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Figure 3.19 Force indentation curve of the cross-linked PB;3p-b-PEOgs membranes (o markers) with a fit
(solid line) obtained with Eq. 3.9.

Young moduli values of the UV-treated membranes provided by the Eq. 3.9 fit are
in the giga pascal range, which are almost three orders of magnitude higher than the £
values obtained from fits of non-treated polymer membranes (mega pascal values). £
value ranges for UV-treated and untreated polymer membranes are compiled in Table
3.1. UV-cross linking of the poly(butadiene) membrane core confirms that the
polymer chain entanglement affects the fundamental mechanical properties of the
polymer membrane. Both the hysteresis and the Young modulus of the polymer have

been found to change upon cross-linking.

Additional force indentation experiments with varying maximal indentation force
Fnax were performed (Figure 3.21) to investigate the hysteresis between indentation
and relaxation curves. Even though the hysteresis of the cross-linked membranes was
less pronounced than in untreated polymer membranes, it was still detectable and
followed the trend where deeper indentation resulted in higher hysteresis (Figure

3.21).
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Figure 3.20 Force indentation curves on cross-linked polymer bilayers. (a) Experimental force indentation
curves performed with varying maximal indentation force (1.5-4.0 nN). (b) Modeled force indentation
curves. Experiments are performed on silicon nitride porous substrates at constant velocity of 2000 nm s™
with a silicon nitride cantilever (k,,= 1.09-10*Nm™, k= 0.01 Nm™, n=0.02 Pam s, = 2s where 7 = 77/k).

As it was done for untreated polymer membranes, the force curves performed on the
UV-treated polymer membranes were compared with model curves. The theoretical force
curves obtained from the modified Kelvin-Voigt model (Figure 3.21b) predict the
hysteresis in the cross-linked membranes, however, not to the extent that was observed
experimentally. The modeled curves do not reflect the observed hysteresis partly based on
the fact that the non-linearity of the indentation curves at high indentation depths is not
well represented by the model. In terms of the origin of the hysteresis, is possible that
cross-linking of the membrane poly(butadiene) core is incomplete and the interchain

interactions due to entanglement are still significant.

To further verify test the cross-linked polymer membrane’s resistance, force indentation
curves with much higher indentation force (~16 nN and ~48 nN) were performed. In
addition to the high indentation force, the AFM tip was left in contact with the membrane
for an extended period of time (10 s and 15 s) instead of retracting the tip immediately
after reaching the preset maximal indentation force. After the prolonged indentation at ~
16 nN (Figure 3.22a) and at ~48 nN (Figure 3.22b), the membrane was imaged and the

line profiles in Figure 3.21c show permanent membrane deformation.
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Figure 3.21 Contact mode images of a UV-treated pore-spanning polymer membrane after (a) 10 s of
indentation at ~16 nN of force (red line), (b) 15 s of indentation at 48 nN of force (black). (¢) Line profiles
of obtained from a and b.

The first conclusion of this high force indentation experiment is that the polymer
membrane became significantly more resistant to the applied stress after the UV cross-
linking of its poly(butadiene) core. The second observation is that the imprint of the AFM
tip was still visible during imaging which indicates that the membrane did not regain its
initial topography. In contrast to non UV-treated PB-b-PEO membranes, the indentation-
induced deformation of cross-linked membranes was either irreversible or the time
needed for the membrane to regain its initial topography was beyond the time length of

experiment.

3.1.6 MECHANICAL PROPERTIES OF POLYMER PORE-SPANNING MEMBRANES

To compare the extent of the hysteresis in all of the experiments, the area enclosed
by the indentation and retraction curves was calculated. This area corresponds to the
energy dissipation and is quantified in Joules. Comparison between the experimental
values of energy dissipation and the values obtained from modeled force curves are
shown in Figure 3.23. Notably, a small hysteresis doesn’t mean that in turn the
viscosity is negligible. In fact, a higher 7.5 was obtained for cross-linked membranes

(Table 3.1). This smaller hysteresis is a result of the immense stiffening of the bilayer.
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Figure 3.22 Histogram representing the extent of hysteresis observed in the experimental results (black
columns) in comparison to the hysteresis predicted by the modified Kelvin-Voigt model (Figure 3.11) (gray
columns). The area of the hysteresis represents the loss of energy and is calculated in Joules.

The viscoelastic response of polymer membrane is distinct from that of a
phospholipid bilayer. Strongly nonlinear (stretching dominated) force indentation
curves were recorded and cannot be explained neither by plate bending nor by pre-
tension alone. Assuming reasonable values for £ and v, the energy contribution of
bending is negligibly small. Pre-tension, however has been shown to produce large
apparent spring constants of the bilayer (0.007-0.026 Nm™)'' but gives rise to
predominantly linear force indentation curves. However, at large forces, stretching
dominates over pre-tension. This is in accordance with Lee et al. who found that
indentation of graphene layers is mainly governed by a linear combination of
stretching and pre-tension.”” This linear combination can be interpreted as a parallel
combination of a linear spring representing pre-tension and a non-linear cubic
contribution from stretching. Fitting of force indentation curve (Figure 3.13) with Eq.
3.9 leads to excellent agreement and reasonable values for the area compressibility in
comparison with micropipette suction experiments. The energy loss during
indentation becomes apparent in the hysteresis between indentation and retraction and
was interpreted in terms of a viscoelastic solid, explaining the observed velocity

dependence of the hysteresis and the area compressibility as a function of indentation
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velocity. In contrast to phospholipid bilayers, which display an intrinsic elastic
behavior, the entanglement of the long polymer chains and the attachment of the
membrane to the substrate give rise to a finite shear viscosity. Evans and Hochmuth?’
proposed a viscosity of a biological membrane to be in the order of 10° Pa m s, i.e.
more than 3 order of magnitude less than was found for polymer membranes. Dimova
et al. found that GUVs derived from PB-b-PEO block copolymers also exhibit
hyperviscosity paired with low bending rigidity.”’ In comparison to phospholipid
membranes, polymer membranes are more robust and less susceptible to area
dilatation - no ruptures events were found in our study. Their low diffusion constant
(< 0.0024um/s) ** and higher overall viscosity produces a time-dependant elasticity
(viscoelasticity) in which the material is stiff on small time scales and soft on long
time scales. This is opposite to deformation experiments on cells where with
increasing indentation velocity the hysteresis increases due to the different relaxation
times. *° In the case of polymer membranes, viscous deformation does not develop on

small time scales 7 < 7 and thus the material behaves elastically. °

Table 3.1. Summary of viscoelastic properties of native polymer membranes and UV cross-linked
membranes. * A range is given for E and K, due to their dependence on indentation velocity.

KINm" pqlPams z/s  Kn/ Nm? ElPa K./ Nm-
Native 0.015 0005 0333 263-107 (1.68-865)-10° 0.030-0.156
Cross-inked  0.010 0020 2000 10910 (1.39-824)-10° 25.02-6378

As shown in Table 3.1, the Young’s modulus increases almost three orders of
magnitude from a range of 1.68 to 8.65 MPa to a range of 1.39 to 8.24 GPa upon
cross-linking. Cross-linking has a significant impact on the viscosity leading to a
nearly 4 fold increase. As a consequence, the relaxation time of the cross-linked

polymer membranes rises.

In summary, to perform in-depth force spectroscopy study of pore-spanning
membranes, PB3p-b-PEOgs block copolymer vesicles were spread on microstructured
porous bottomless silicon nitride substrates and were locally probed by atomic force
microscopy revealing their viscoelastic nature. AFM images in conjunction with
fluorescence micrographs provided information about the spreading of the vesicles,

while the site-specific indentation curves revealed that the free standing bilayers
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withstand lateral dilatation to a large extent. Viscoelastic parameters of polymer
membranes were determined on a locally defined area of only a few nanometers using

porous substrates.
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3.2 LIPID MEMBRANES

3.2.1 PORE-SPANNING LIPID MODEL MEMBRANES

The particular architecture of the eukaryotic plasma membrane composed of a fluid
lipid bilayer connected to the actin cortex, has been a challenge to model using artificial
membrane systems. The focus of the work presented in the following section was to
prepare pore-spanning membranes which mimic the characteristics of lipid membranes
found in native systems. Plasma membrane is elastically “decoupled” by the associated
cytoskeleton, in particular, the actin cortex with a mesh size ranging between 30 and 300
nm, which confines the mechanical properties to these areas.”® The actin mesh is the one
that allows the plasma membrane to act as a locally heterogeneous elastic shell, which
performs various functions pertaining to cell migration, blebbing as well as exo- and

. 27,28
endocytosis.””

Structured silicon nitride (SizN4) supports used in this work is reminiscent of the actin
mesh of the cell cortex (Figure 3.23), and its use allows formation of both, elastically
decoupled free-standing bilayers, and membranes with low lateral tension by modifying
the adhesion strength of the bilayer in contact with the pore-rims. In contrast to global
(i.e. average) values, spatially restricted /ocal information can be obtained from
elastically decoupled free-standing bilayers where the individual pore-spanning bilayers
are not influencing each other since they are decoupled by adjacent pore-rims, offering
the possibility to map elastic properties with a mesh size given by the interpore distance

and pore diameter of the substrate.
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Pore-spanning phospholipid membrane

Actin filament

Porous substrate

Figure 3.23 Cellular membranes (a) are supported by an intricate scaffolding of the cytoskeleton leading to
a laterally tensed membrane, depicted in (b). (c) A pore-spanning membrane patch mimics the tension of a
cytoskeleton supported bilayer.

In this present work, non-hybrid, pore-spanning bilayers consisting of POPC, DOPC as
well as DOPC/cholesterol mixtures were successfully formed and studied. The pore-
spanning bilayers prepared exhibit low tension (o < 3.5 mN m™) and high lateral mobility
(D = 8 pm’s™). These membranes are particularly interesting for biological applications
where plasma membrane mimics are necessary for functional reconstitution of proteins

that “sense” lateral tension such as mechanosensitive channels.

3.2.2 PREPARATION OF PORE-SPANNING LIPID MEMBRANES
3.2.2.1 POROUS SUBSTRATE SURFACE FUNCTIONALIZATION

Preparation of solvent-free, pore-spanning membranes on substrates which have the
same surface chemistry on the pore rims as in the pore interior is only possible in certain
cases where the interactions between membrane constituents are strong enough to
withstand the stress of spanning empty space. Such cases include polymer membranes (as
was shown in previous chapter) where the polymers forming the membrane can
interdigitate and entangle which confer the membrane the resistance needed to span
empty space. In general, however, preparation of native phospholipid pore-spanning
membranes on porous surface which has homogenous surface chemistry on the pore rims

and inside the pores is difficult.
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Surface modification strategies are routinely employed to deposit lipid monolayers and
bilayers on planar as well as porous surfaces. Hydrophobic surface functionalization is
used on surfaces to either tether liposomes or to create hybrid pore-spanning lipid
membranes by replacing the lower bilayer lipid leaflet of a spreading vesicle by, for
instance, a self-assembled alkyl monolayer.”” Hydrophilic surface functionalization is
used to prepare membranes without replacing the lower leaflet of the bilayer, instead, the
membrane rests on a hydration layer present on the hydrophilic surface without
delamination. The latter membranes are fluid in two dimensions and closely mimic

biological systems.

The system discussed in this work was designed such that the pore-rims of the porous
substrate are covered with a hydrophilic surface functionalization which will support a
fluid bilayer throughout the sample. This approach allows for the preparation of pore-
spanning membranes lacking much of the unwanted lateral tension created by

hydrophobic functionalization.™

As a support for the preparation of pore-spanning membranes, silicon nitride (SizN4)
porous substrates displaying a hexagonal pore arrangement with pore diameters of 1.2 um
were used. First, a thin layer of gold was evaporated on the pore-rims and by evaporating
a thin (10-15 nm) gold layer, the gold coverage is restricted predominantly to the pore-
rims. The gold coating procedure was carried out in a thermal evaporation unit and the
gold layer thickness was monitored with a quartz film thickness monitor. The gold-coated
substrates were exposed to oxygen plasma, followed by argon plasma in order to clean

the gold and the Si3N4 surfaces.’!

After plasma treatment of the surfaces, a self-assembled monolayer (SAM) of
mercaptoethanol was formed on the gold-coated porous substrate producing moderately
hydrophilic pore-rims. Formation of thiolate SAM on a clean gold surface, with 80-90 %
coverage, is assumed to happen almost instantaneously after immersion in thiolate
solution (concentration of tens of mM). Any additional immersion time of the gold
surface in the SAM solution allows for thiol rearrangement which results in increased and
more uniform SAM coverage of the gold surface.* To verify if the mercaptoethanol SAM
formed on the gold surface, contact angle of a buffer drop deposited on a gold-coated

glass after incubating it in mercaptoethanol SAM solution was measured. Comparison of
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the contact angle values obtained on mercaptoethanol SAM, gold-coated glass slides
which were immersed either in tetradecanethiol solution or pure ethanol is shown in

Figure 3.24.

a) mercaptoethanol SAM
contact angle = 23°

b) | tetradecanethiol SAM
\ contact angle = 92°

c) gold surface
/ contact angle = 64°

Figure 3.24 Contact angle measurement. To confirm the formation of a self-assembled monolayer (SAM)
on gold surface, contact angle of a buffer drop deposited on (a) mercaptoethanol SAM, (b) tertadecanethiol
SAM and (c) gold surface immersed in pure ethanol was measured.

e e

The contact angle of 23° obtained on mercaptoethanol is much lower than that
determined on a gold surface which was immersed in pure ethanol (64°), which confirms
that the mercaptoethanol confers hydrophilic character to the gold-coated surface. As

expected, tetradecanethiol SAM renders surface highly hydrophobic (92°).

The mercaptoethanol hydroxyl-terminated SAM formed on the gold surface is a
prerequisite for deformation-induced vesicle rupture of the giant unilamellar vesicles
(GUVs) which are subsequently added to the measuring chamber. It has been observed
that when GUVs are added to a clean (non modified) Si3N4 porous substrate, the vesicles
spread, but all the pore-spanning membranes rupture within a few seconds to a few
minutes, covering the pore-rim, as well the as the surface of the pore-interior due to the
high adhesion energy that disfavors pore-spanning membranes. The hydrophilic -OH
terminated SAM on Au appears to sufficiently decrease the degree to which lipids come
into contact with the inner Si;N, surface, so that the phospholipid bilayer interact

preferentially with the pore-rims, spreads and avoids contact with the pore interior. Once
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added onto the SAM-functionalized Au-covered porous substrates, the GUVs adsorb onto
the surface, flatten and deform until instability-induced rupture occurs and a bilayer patch
is formed. Since the Si3N4 surface of the inner pore walls is not gold covered and
therefore does not support the hydrophilic SAM present on the pore-rims, the bilayer
created by GUV rupture does not coat the inside of the pores, therefore leading to a pore-

spanning architecture (Figure 3.25).
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Figure 3.25 (a) Chemical functionalization steps leading to modified porous Si;Ny substrates. First, 2-3 nm
of chromium are evaporated, followed by a 10-15 nm gold layer (1-2). (b) The gold-covered surface is then
oxygen and argon plasma treated and placed in a 20 mM self-assembly solution of mercaptoethanol (3). (c)
Subsequently, the functionalized substrate is placed in PBS, GUVs are immediately added and the
membrane patches are formed (4). Inset: enlargement of a functionalized pore-rim showing the lipid bilayer
drawn to scale.

Functionalization of the porous substrate is followed by addition of GUVs from which the

membrane patches are formed.

3.2.2.2 FORMATION OF PORE-SPANNING MEMBRANES

Pore-spanning membranes are formed from vesicles which rupture and spread on the
functionalized porous surface. GUVs used in this study are formed by electroformation
technique described in the experimental section. The sizes of the GUVs vary and some of

the vesicles enclose smaller ones inside (Figure 3.26).
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Figure 3.26 Fluorescence images of giant unilamellar POPC vesicles labeled with 0.1 % TexasRed-DHPE
used to prepare pore-spanning membranes. (a) 10-15 pm diameter vesicles, (b) a vesicle inside of which
smaller vesicles are enclosed and (c) ~ 50 pm giant vesicle

The final size of the membrane patch formed on the porous surface depends, in part, on
the size of the vesicle from which the patch is formed. In general, larger GUVs result in
larger membrane patches, however, due to the rupture process, not all of the membrane
forming the GUV is transferred as a membrane patch onto the porous surface. The
process of pore-spanning membrane formation was observed through videmicroscopy
(Figure 3.27). Based on the images, the bilayer formation process is envisioned as
follows: the higher interior sucrose density of the vesicles in comparison to the
surrounding PBS results in vesicle sedimentation to the porous surface. Similarly to the
spreading mechanism on SiO; planar substrates proposed by Hamai et al., the vesicle
initially tumbles along the surface until it is close enough to overcome the activation
barrier and attaches firmly to the surface.”> The increase in adhesion area flattens the
sessile liposome until adhesion energy matches the lysis tension leading to vesicle rupture

and planar bilayer formation.
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Figure 3.27 (a) Time resolved fluorescence images showing the spreading of GUVs on a mercaptoethanol
functionalized porous surface. (b) Schematic representation of the vesicle spreading process: i) vesicle
sedimentation on the surface, ii) adhesion, iii) flattening and iv) vesicle rupture and bilayer patch formation
(Scale bars: 5 um)

In detail, for strong adhesion, the energetic competition, which determines the
conformation of the sessile vesicle, involves the balance between adhesion energy and
elastic stretching (K. area compressibility modulus, approx. 10° mJ m?) of the
membrane. If the elastic tension (o = K, AA/Aj) equals the lysis tension, reached at a
relative area change A4/Ay = 5 %, the vesicle ruptures.”* Typically, the size of the final
patch (Figure 3.27a, 200 ms) is larger than the initial adhesion area of the GUV (Figure
3.27a, 67 ms) however, the surface area of the pore-spanning bilayer patches are smaller
than the total vesicle area. It is conceivable that due to the violence of the rupture process,
most of the lipid membrane that is not in proximity to the initial contact area does not
deposit as pore-spanning bilayer. This loss of bilayer material is attributed to the violent
nature of the spreading mechanism, which also results in a transformation of excess

membrane into smaller vesicles upon rupture.

3.2.3 CHARACTERIZATION OF PORE-SPANNING MEMBRANES

3.2.3.1 PORE-SPANNING LIPID BILAYERS INVESTIGATED BY FLUORESCENCE
MICROSCOPY

Initial characterization of the pore-spanning membranes relies on fluorescence
microscopy, however, fluorescence images of lipid membranes differ from fluorescence

images of polymer membranes. In contrast to pore-spanning polymer membranes where
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the fluorescence of the entire membrane patch is visible, the fluorescence of pore-
spanning lipid membranes on functionalized substrates is discontinuous. The observed
change in fluorescence is related to the porous substrate and not the type of membrane
investigated. In the case of pore-spanning polymer membranes, silicon nitride porous
substrates are used without any modification. In the case of lipid pore-spanning
membranes, surface functionalization is based on the formation of a SAM on gold-coated
substrates. It is the gold layer evaporated onto the pore-rims which quenches the

fluorescence in its vicinity (up to 10-15 nm) *>’

, which explains the lack of fluorescence
on flat membrane covered areas of the functionalized substrate and non-continuous
fluorescence on porous area of the membrane-covered substrate. The advantage of the

fluorescence quenching is the all-or-none appearance of pore-spanning membranes.

Fluorescence image in Figure 3.28 captured various steps of pore-spanning membrane

L
&

formation.

[

Figure 3.28 The image was captured while focusing at the porous substrate surface. (a) vesicle has made
initial contact with the surface, (b) vesicle has partially flattened on the surface, (c) although the membrane
patch seems to have formed on the surface, the high intensity fluorescence edges of the “patch”, the
deflating area (arrow) and the increased fluorescence intensity which is much higher than the intensity of
the patch beside indicate that the vesicle has deflated however it has not ruptured. (d) large pore-spanning
membrane patch.

Similarly to the work of Hamai et al., two rupture pathways for isolated GUVs were

observed. Asymmetric patches (Figure 3.29a) and symmetric (Figure 3.29b) and were
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formed when the rupture initiation site is closer to the side of a vesicle or at the top of the

adsorbed vesicle, respectively.”

Figure 3.29 (a) asymmetric pore-spanning lipid membrane patches and (b) symmetric pore-spanning
membrane patches. When present, non-continuous halo around bilayer patches are marked with an arrow.

The presence of a brighter non-continuous halo around bilayer patches was sometimes
observed (see Figure 3.29, arrows). Since the overall appearance on the functionalized
porous substrate is governed by the thickness-limited quenching of the fluorescence by
the underlying gold film, the higher intensity fluorescence of the material must be related

to its thickness in comparison to the single bilayer membrane.
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Figure 3.30 Fluorescence image of the filopodia giving rise to excess lipid material on the pore-rims which
results in increased fluorescence intensity in comparison to the membrane-spanned pores. (Scale bars: 5
pm)

The excess lipid material at the outer boundary of the membrane patch that shows up as
brightly fluorescent pore-rims, and is attributed to surface enhanced fluorescence
originating from fluorophores that are sufficiently far away from the gold-coated pore-
rims (Figure 3.30, area iii). Furthermore, in some cases, the adhesion of the GUV on the
pore rims immediately drives the extension of filopodia along the pore rims without
suspending the pores. As the GUV deflates but does not rupture, the sessile vesicle
becomes surrounded by a network of filopodia as shown in figure 3.31a. When a vesicle
comes into contact with the surface and ruptures almost immediately, large filopodia
networks are not observed. Instead excess lipid material, which did not span the pores,
settles randomly around the membrane patch. In general however, when the surface has
been functionalized shortly before GUVs were added, membrane large patches are

formed (> 20 pm) and filopodia formation is limited.
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Figure 3.31 In (a), a confocal fluorescence laser scanning microscopy z-stack was used to obtain a 3-
dimensional image of a mercaptoethanol functionalized substrate where three stages of GUV spreading
were captured: a sessile vesicle, pore-rim with excess lipid material and pore-spanning membrane
(indicated by crossing lines). The sessile vesicle (i) located to the left of a previously ruptured vesicle (ii)
exhibits a dome shape confirmed by the orthogonal cut view (top and right side panels in a). The highly
fluorescent pore-rims surrounding the vesicle results from surface enhanced fluorescence originating from
filopodia consisting of double-bilayers which possess fluorophores sufficiently far away from the
underlying gold film. A patch of pore-spanning membrane is visible on the right side of the vesicle. The
fluorescence intensity profile obtained from the line marked with an arrow shows that the fluorescence
intensity originating from the lower membrane of the sessile GUV (shaded area i) is identical to that of the
pore-spanning membrane (shaded area ii), which confirms that only a single bilayer spans the pores.

Close examination of the single plane CLSM fluorescence image (Figure 3.31a) and the
corresponding fluorescence intensity profiles (Figure 3.31b, areas i and ii) provide further
information about the thickness of the lipid membrane spanning the pores. The image
shows a sessile vesicle (Figure 3.31a, middle) attached and partially flattened on the
porous substrate, an already formed bilayer patch beside it formed from another adjacent
vesicle and pore-rim areas that have the highest fluorescence intensities of the image.
Since the vesicle that is in contact with the porous surface is still intact, the vesicle area
spanning the pores must be that of a bilayer membrane. The fluorescence intensity from
that sessile GUV (Figure 3.31b, shaded area 1) is identical to the fluorescence intensity
originating from the pore-spanning patch located on its right side (Figure 3.31b, shaded
area ii). This observation leads to the conclusion that, indeed, single lipid bilayers were

obtained by the preparation procedure proposed here.

Fluorescence microscopy is an essential tool for localization of pore-spanning lipid
membrane patches. However, quantitative information about the bilayer membrane
formed is limited. Atomic force microscopy imaging was performed on the porous

substrates to further characterize the pore-spanning membranes formed.
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3.2.3.2 LATERAL MOBILITY OF PORE-SPANNING MEMBRANES INVESTIGATED BY FRAP

An important characteristic of native membranes is the lateral mobility of the
phospholipids in the 2-dimensional plane of the bilayer. In hybrid membrane systems,
where the bottom leaflet of the bilayer is replaced by a hydrophobic monolayer covalently
attached to the pore-rims, the membrane is anchored and the diffusion of the lipids is
limited to the top lipid leaflet of the bilayer. This anchoring at the pore-rims significantly
decreases the overall lipid diffusion constant and alters the appearance of the fluorescence
recovery curve of fluorescence recovery after photobleaching (FRAP) experiments.

In the pore-spanning preparation method discussed here, the pore-rims are hydrophilic
and the bilayer lipids should diffuse with diffusion coefficients characteristic of bilayers
on planar hydrophilic surface. FRAP experiments (Figure 3.32) revealed an average
diffusion coefficient of 8 + 4 pm? s™', confirming that the observed pore-spanning bilayers

are fluid.
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Figure 3.32 Fluorescence recovery after photobleaching (FRAP) was performed on a pore-spanning POPC
bilayer labeled with 0.1 mol% Bodipy-DHPE. (a) The fluorescence recovery of a bleached area (i) was
recorded simultaneously to the reference area (ii). (b) A fit, according to the theory of Axelrod®, to the
normalized fluorescence recovery curve provides a diffusion constant of 8 £ 4 um?* s™. (Scale bar: 5 um)
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The immobile fraction of the lipids is <5%, which indicates that the membrane is not
strongly coupled to the substrate. It is argued that a thin hydration layer between the
membrane and the hydroxylated, hydrophilic pore-rim surface allows the lipids in both,
top and bottom leaflets, to diffuse freely. Based on the average diffusion constant found
in this system, which is close to what can be found for unconstrained lipid bilayer, it can
be concluded that the coupling of the bilayers to the pore-rims does not significantly
reduce the mobility of the lipids.***' Diffusion constants D of various model membranes

-1 42

have been measured and reported in the literature with GUVs D = 1.1-6.3 ym” s™.

BLMs exhibiting very high lateral mobility due to the presence of solvent D = 20.6 + 0.9

143 144

um” s™,* solid-supported membranes (on glass) D = 1-4 um?® s™ **, polymer-cushioned
membranes are less mobile D = 0.88-1.13 pm”* s, polymer tethered membranes are even
less fluid D = 0.5-0.89 pm’ s'.* Solvent containing hybrid membranes on porous

146 while

substrates (7 pm diameter) are highly mobile such as BLMs D = 14 ym’ s
solvent-free, hybrid membranes on AAO (60 nm diameter) close to the values found for
GUVs D=7+3 um’s" *. Based on the determined diffusion constant, which resembles

* %9 the lipids of the pore-spanning

that of highly mobile lipids in giant liposomes
membranes prepared here seem to be unconstrained by the pore-rims. In addition, this
finding is also supported in the shape of the recovery curve which perfectly follows the
theory of Axelrod. Derivations from the ideal behavior are expected for a heterogeneous

system, where two distinctly different diffusion constants would be observed.*®

3.2.3.3 PORE-SPANNING MEMBRANES STUDIED BY AFM IMAGING

The presence and location of pore-spanning lipid membrane patches were determined
by fluorescence microscopy and the corresponding areas were imaged by AFM.
Determination of membrane thickness is straightforward when the membrane is imaged
on a flat surface. However, due to the gold film fluorescence quenching up to 10-15 nm in
thickness, single bilayer membranes are not detected (by fluorescence) on flat surfaces.
To circumvent this limitation, flat areas around pore-spanning membrane patches were

imaged in order to obtain membrane covered flat surface (Figure 3.33).
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Figure 3.33 (a) Contact mode AFM image of a bilayer membrane patch at the boundary of flat and porous
area of the substrate. The membrane is visible on the flat part of the substrate. (b) An imperfection in the
bilayer membrane was used to measure its thickness. The height difference of 4-5 nm corresponds to a
single bilayer thickness confirming the presence of a single bilayer membrane on the substrate.

Line profile obtained from the AFM contact mode image of the membrane covered flat
area of the substrate show membrane thickness of 4-5 nm which is expected for a single
bilayer. In addition to verifying single bilayer thickness of the membrane patches crated
on the functionalized porous surfaces, correlation between fluorescence microscopy and
AFM images provides confirmation about the pore-spanning nature of the membranes

(Figure 3.34).
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Figure 3.34 (a) Correlation between a CLSM fluorescence image of a pore-spanning membrane and (b)
AFM image of the same area. (¢) Cross-sections from AFM image show (i) membrane-spanned pores
where 3 out of 5 pores are covered and (ii) the presence of a single bilayer membrane (~ 4 nm height
difference).

Only pores that show fluorescence (Figure 3.34a) display a reduced penetration depth
during AFM imaging (Figure 3.34b and 3.34c, line profile 1) since they are covered with a
membrane. Membrane thickness is obtained from the line profile acquired on the flat part
of the sample (Figures 3.34b and 3.34c, line profile ii) and a thickness of 4-5 nm is found
which is indicative of a single bilayer.

AFM imaging was also used to investigate the high intensity fluorescence excess lipid

material found at the edges of some pore-spanning membranes (Figure 3.35).
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Figure 3.35 (a) Fluorescence image showing membrane-covered pores and excess lipid material on the
pore rims. (b) Contact mode AFM image of the same areas as shown in (a). (c) Line profile of the
fluorescence intensity (dotted line) coincides with the line profile obtained from the AFM image (solid line)
indicating that the increased fluorescence originates from excess lipid material (height ~ 100 nm) present on
the pore-rims.

A pore-spanning membrane patch surrounded by areas of increased fluorescence
intensity was located by fluorescence microscopy (Figure 3.35a) and imaged by AFM
(Figure 3.35b). Line profiles taken from both the fluorescence image and the AFM
(Figure 3.35¢), show that the increased fluorescence intensity corresponds to excess lipid
material found on the surface. Although most of the excess lipid material was displaced
during AFM imaging, some remained and its thickness was measured to be ~ 100 nm.
The line profile obtained from that AFM image is compared with the fluorescence
intensity profile (Figure 3.35¢) and the increased fluorescence intensity corresponds to the
high features imaged by AFM. The high thickness value is well above the 4-5 nm value
found for single bilayer membranes and is also beyond the 15-20 nm material thickness

under which the fluorescence is quenched by the underlying gold. It is therefore
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appropriate to define the highly fluorescent areas around the lipid patches as excess lipid

material that is originating from the violent GUV rupture.

3.2.3.4 AFM FORCE SPECTROSCOPY OF PORE-SPANNING MEMBRANES

Characterization of the pore-spanning lipid membranes was completed by performing
force indentation experiments. The goal of this type of characterization was to determine
the position of the pore-spanning membrane with respect to the top of the porous
substrate. In the case of hybrid membranes, where the lower leaflet of the bilayer is
replaced by a hydrophobic SAM, the membrane lines the entire gold surface where the
SAM is present which includes some of the pore interior. This results in invagination of
the membrane which tends to maximize the interactions between the SAM and
hydrophobic fatty acid chains of the phospholipids (Figure 3.36a). In the case of
hydrophilic surface functionalization presented in this work, the vesicles rupture without
delaminating resulting in membrane patches where the bilayer lays atop the pore surface,

supported by a thin layer of water (Figure 3.36b).
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Figure 3.36 Schematic illustration showing the difference between (a) pre-stressed and (b) low tension
pore-spanning bilayer lipid bilayers.

In order to verify the topography of the pore-spanning membranes, force volume
imaging was performed on the pore-spanning bilayers. A force volume image is obtained
by producing maps of force-indentation curves on the surface (Figure 3.37). Each pixel of
the image represents the distance travelled by the AFM tip before reaching its preset
force. In order to reach a given force, the AFM tip travels less when the pore is covered
by a membrane in comparison to an uncovered pore. Therefore, covered pores are

represented by lighter areas, while darker ones correspond to uncovered pores.
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Figure 3.37 (a) Force volume AFM image of a porous surface where only one pore is not covered with a
membrane. Force indentation curves performed on a pore-rim (X) and a pore-spanning membrane (e) are
shown beside the image. (b) Comparison between indentation curves performed on a pore-rim (X) and an
empty pore ([1). In contrast to the empty pore where the tip must travel 840 nm before reaching a
predetermined setpoint, the contact point is identical in the case of flat surface and membrane-covered pore
indicating that there is no membrane invagination into the pore.

After acquiring force volume images, force indentation curves performed on either a
membrane-covered pore or a non-covered pore were compared with a reference
indentation curve performed on the pore-rim. In the case of a membrane-spanned pore,
the contact point of the AFM tip with the membrane was identical to the position of the
adjacent pore-rim. In contrast, the AFM tip had to travel 840 nm in comparison to the
reference pore-rim before it reached the same setpoint. According to this finding, the
bilayer membrane seems to span the pores without lining their insides or protruding.
(Figure 3.37a, curves with symbols X and e). The behavior of the pore-spanning
membranes prepared in this work contrasts that of hybrid nano-BLMs, deposited on
hydrophobic self-assembled monolayer, which line the gold coating inside the pores, thus
covering the entire gold surface to gain the maximal adhesion energy regardless of the
imposed curvature stress.*® It is an indication that the adhesion of bilayers spread on
mercaptoethanol functionalized porous substrates is significantly weaker than on

hydrophobic SAMs. In conclusion, the vesicle spreading process of GUVs on hydrophilic
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OH-terminated mercaptoethanol functionalized porous substrates is very similar to what
has been observed previously on flat SiO, surfaces.”

In summary, characterization of the pore-spanning bilayer membranes prepared
according to the new protocol presented in this work was carried out by fluorescence
imaging and atomic force microscopy. Fluorescence microscopy provided initial
confirmation about the pore-spanning character of the membranes as well as the location
of the pore-spanning membrane patches. FRAP experiments were performed to quantify
lateral mobility of the membranes spanned over the pores and CLSM fluorescence
microscopy provided insight into the single bilayer nature of the membrane. AFM
imaging confirmed that the membranes are pore-spanning and, by providing material
thickness values, validated that single bilayer membrane are formed during GUV rupture
on the functionalized porous substrates. Furthermore, AFM force indentation curves were
used to establish that the pore-spanning membranes are covering the pores without being
invaginated inside the pores (as it is the case in hybrid nano-BLMs) nor do they bulge out
(which is sometimes observed in the case of solvent-containing membranes). In light of
the results obtained during characterization, the pore-spanning membrane preparation
procedure presented in this work yields single bilayer pore-spanning membranes patches

which are robust and stable enough to undergo AFM force spectroscopy study.

3.2.4 FORCE SPECTROSCOPY STUDY OF PORE-SPANNING LIPID MEMBRANES

3.2.4.1 COMPOSITION DEPENDANT LATERAL TENSION

To investigate the mechanical stability as well as the tension of the pore-spanning
membranes in detail, site-specific force indentation experiments were performed. The
membrane patches were first identified and located by fluorescence microscopy and
subsequently probed by force spectroscopy. A typical force indentation curve performed

in the middle of a membrane-covered pore is shown in figure 3.38.
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Figure 3.38 Representative force indentation curve performed on a pore-spanning POPC membrane at 2000
nm s velocity and 250 pN setpoint.

Indentation force curves were performed in the middle of the membrane-spanned pores
to reduce the possibility of the AFM tip contact with the interior of the pore and, most
importantly, because the membrane indentation theory is valid only when the membrane
is indented in the middle. In fact, a control indentation experiment was performed where a
membrane-spanned pore was probed along its diameter to determine at which distance,
from the pore center, the membrane response changes. AFM images of the pore-spanning
membranes, the force indenation curves, k,, obtained from the curves and the

dependence of k,pp on the indentation position are shown in figure 3.39.
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Figure 3.39 Effect of indentation position away from pore center on the response of the pore-spanning
membrane. (a-b) AFM images showing the position of where indentation curves were acquired, (c) force
indentation curves obtained from positions shown in (a), (d) graph showing the change in the slope (k)
with respect to the position of the indentation.

According to the result, the slope is not affected by the position of the indentation up to
300 nm away from the pore center. When the force curve was performed very close to the
side of the pore (> 300 nm from pore center), k,,p increased and the range of the
indentation depth was decreased, due to the hindrance of the pore side walls. This kind of
experimental result can be attributed to membrane pre-stress or tension-controlled
mechanical response. To prevent the any artifacts due to tip contact with the pore walls,
AFM images of the pore-spanning membrane were acquired so that the exact position of
the pore was known and the middle of the pore could be indented.

Altogether, three different lipid compositions (POPC, DOPC, DOPC/Chol (7:3)) were
investigated by force indentation curves. For all these types of membranes, the force
indentation curves are linear and do not show a hysteresis upon relaxation, which
indicates the absence of any viscous losses during mechanical load.”' Rupture events are
not observed. The slopes of the force indentation curves (kap,) were determined and

compiled into histograms (Figure 3.40).
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Figure 3.40 Histograms showing the k,,, of the pore-spanning membrane patches prepared from various
lipid composition GUVs where k,,, DOPC: 1.42 £ 0.02 mN m’', k,,, POPC: 2.60 + 0.12 mN m™" and k,
DOPC/cholesterol (7:3): 3.82 +0.16 mN m™".

The membrane tension was obtained by adapting the parameters from the previously
developed theoretical framework to the experimental force indentation curves.”*"* In
brief, a bending modulus™ of 0.5x10™"° J was assumed for pure DOPC and POPC and
1x10™" J for the DOPC/Chol (7:3) mixture, which resulted in lateral tensions of 1.0 mN
m” (1.018 + 0.014 mN m™) for pure DOPC, 2.0 mN m™ (2.00 + 0.09 mN m™) for POPC,
and 3.5 mN m” (3.50 + 0.15 mN m™) for DOPC/Chol (7:3). Based on the theoretical
framework recently established by Steltenkamp et al. and Norouzi ef al. employing the
small gradient approximation of the Hamiltonian, a simple approach was used to convert
the experimental force curves into tension values.'>>* To calculate lateral tension ¢ from

kapp Obtained experimentally, force indentation curve (plotted: indentation versus force)

was fit with equation 3.10, assuming the absence of binding resistance.

__ X _ XRiip
F(x)= i |:1 1n( 27Z'O'R§ore ]:| Eq. 3.10

where F(x) represents the indentation depth, x the force, Ry, and Ryor the radii of the
AFM tip and the pore, respectively.

It was determined that the mechanical response of the pore-spanning bilayer to
indentation of an AFM tip is mainly governed by lateral tension and, to a lesser extent,

influenced by bending or stretching of the membrane. In fact, the contribution from
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bending to the mechanical response of the indented bilayer is negligible due to the large
pore size, therefore reducing the theoretical effort tremendously.”” The resistance to
bending is inversely proportional to the square of the pore radius and is 2 orders of
magnitude smaller than the measured forces as detailed in Mey et al.’® The bilayer
basically “flows” into the pore and the resistance to this flow produces a lateral tension.
This is supported by the fact that rupture upon indentation is never observed.

Moreover, in order to compare the pore-spanning membranes studied in this work with
hybrid nano-BLMs, preparation of hybrid POPC nano-BLMs was attempted,
unsuccessfully. It is probable that due to the delamination of the vesicles once they came
into contact with the hydrophobic SAM of the interpore surface and the high tension lead
to immediate rupture of the pore-spanning bilayers. DPhPC membranes turned out to be
more stable, probably due to the interdigitation of methyl groups displayed by the acyl
chain. Hybrid DPhPC nano-BLMs were successfully prepared and investigated by
indentation experiments. Comparison between the force indentation curves of the two

types of membranes is shown in figure 3.41.
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Figure 3.41 Comparison between two types of pore-spanning lipid membranes: 1) low tension membranes
on hydrophilic OH terminated self-assembly monolayers on gold or 2) pre-stressed hybrid membranes on
hydrophobic alkyl SAMs. (a) Force indentation curves performed on the (i) pore-rim, on a (ii)
DPhPC/tetradecanethiol hybrid membrane (nano-BLM) and on a (iii) POPC membrane prepared according
to the newly introduced protocol. (b) Enlargement of the indentation curves together with the corresponding
linear regression to determine the slope kypp: (ii) 20.4 £ 0.2 mN m™ and (iii) 1.0 £ 0.4 mN m™.

For nano-BLMs composed of DPhPC immobilized on tetradecanethiol, k,p, of 20.4 mN
m™ was found (Figure 3.41b, ii). In contrast, the slope obtained from force indentation
curves performed on POPC membrane patches, formed from GUV spreading on
mercaptoethanol is about 20 times smaller, 1.0 = 0.4 mN m'l, indicative of lower

membrane tension (Figure 3.41b, iii). The physical origin of pre-tension and the lateral
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tension, which is the resistance against area increase upon indentation, is in both cases the
preferred adhesion of the bilayer onto the pore rims. Stretching of the bilayer is only
possible up to 5 % area increase and gives rise to a cubic dependence of the force on the
indentation depth which was not observed. In summary, the mechanical response
originates mainly from adhesion of the bilayer to the pore rim, which allows for the
determination of the lateral tension from mechanical indentation experiments.

The findings for the different lipid compositions imply that cholesterol not only
increases membrane stiffness, i.e. the bending modulus, but also affects adhesion of the
bilayers to the hydroxyl-displaying pore-rims. The force indentation method is so
sensitive that even tension differences between pure POPC and DOPC are distinguishable
with high accuracy. The decreased lateral tension of the presented pore-spanning
membranes, in comparison to previously reported ones, is attributed to the reduced
adhesion of the bilayer to the pore-rims. This reduced adhesion is achieved by a
moderately hydrophilic surface functionalization, which provides a means to mimic the

aspect of lateral tension in cellular membranes as it is produced by the cytoskeleton.

3.2.5 FORCE VOLUME EXPERIMENTS ON PORE-SPANNING MEMBRANES

Prior to further investigating of the mechanical properties of pore-spanning membranes,
control experiments were performed to determine if force volume imaging could be
performed on the membranes. The advantage of force volume experiments over isolated
force indentation curves is the generation of an image representative of the mechanical
response. Furthermore, efficiency of the experiment is increased as a defined area, instead
of individual points, is probed. Control experiments consisted in acquiring force volume
images and analyzing the force indentation curves in order to determine if the average kapp
obtained is comparable with k,,, extracted from individual indentation curves. After
imaging a pore-spanning membrane, force indentation curves were performed by
choosing the middle of each probed pore. Afterwards, a force volume image of the same

area was created (Figure 3.42).
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Figure 3.42 (a) AFM image where force curves were performed by choosing the pore center and (b) force

volume image of the same area as shown in (a).

In the case of the individual force indentation curves, each pore was probed 5 times

before moving to the next pore. The k,p, calculated from the force curves is shown in the

figure 3.43.
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Figure 3.43 Variation of k,,, depending on the pore probed.

Variation of k,,, values depending on the pore probed did not seem to follow any

particular pattern and all the force indentation curves were used during the anaylysis. In

contrast, during each force volume experiment, some force indentation curves have to be

excluded from analysis since they are performed on the flat surface. Furthermore, based

on the observation made in the previous section, only force indentation curves performed

in the vicinity of the pore center should be considered for analysis. After careful analysis

of the force indentation curves (shown in the appendix of this chapter), only four force
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indentation curves performed in the middle of each pore were used to analyze the results.

Histograms obtained from both experiments are compared in figure 3.44.
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Figure 3.44 Comparison of k,,, obtained from (a) individual force indentation curves where kyp,: 2.22 £
0.12 mN m™ and (b) from force volume images where kapp: 2.1 £0.2 mN m’

The average kap, calculated from individual force indentation curves was of 2.22 £ 0.12
mN m™ while the average kapp from force volume mapping was of 2.1 £ 0.2 mN m™. The
relative error of 9.5 % associated with force volume mapping is significantly higher in
contrast to individual force indentation curves where the relative error is of 5.4 %.
However, given the increased number of force curves that can be obtained from force
volume experiments together with the visual result in the form of an image while still
remaining within acceptable error range, force volume experiments have been judged a
valuable alternative to individual force indentation curves. Force volume mapping has
been used to investigate the effect of external variable on the mechanical response of

pore-spanning membranes and is presented in the following section.
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3.2.5.1 RELEASE OF TENSION BY ADDITION OF ISOPROPANOL

Short chain alcohols are known mediators of bilayer tension playing an important role
in many membrane processes such as fusion, drug delivery and general anesthesia.”* The
suitability of the new pore-spanning membrane model system to conduct membrane
alcohol exposure studies was investigated in the following experiment. Pore-spanning
lipid membranes ware formed and subsequently, isopropanol was added to the measuring
chamber. Force volume images of the membrane covered pores before and after addition

of isopropanol were acquired.

The decrease of membrane tension was measured after the addition of short chain
alcohols which are believed to reversibly insert in the head-group region of the
membrane. Figure 3.45 shows typical force indentation and retraction (relaxation) curves
performed on pore-spanning bilayers prepared from POPC GUV spreading on
functionalized porous substrates. Increasing volume fraction of isopropanol was added to

the buffer surrounding the sample.

300 Ajii) Oii) pore-rim
250
200
150 -
100 -

Force | pN

50

[ I | [ [
-800 -600 -400 -200 O 200
Indentation / nm

Figure 3.45 Typical force indentation curves obtained on (i) a pure POPC bilayer, (ii) on the same POPC
bilayer in the presence of isopropanol (0.67 M) and (iii) in the presence of 1.28 M isopropanol. Hysteresis
between the indentation (full markers) and relaxation (open markers) curves becomes more apparent with
addition of isopropanol (ii versus iii)).
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The alteration of the mechanical response of the pore-spanning to the indentation is
clearly distinguishable in figure 3.45, where the k,,, decreases as the concentration of
isoproanol is increased.

Values of k,pp calculated from the experiments performed on the pore-spanning
membranes before and after addition of isopropanol are depicted in the histograms of
figure 3.46. In comparison to the initial 1.6 + 0.3 mN m™, and 0.6 + 0.2 mN m™ in 0.67 M
isopropanol, a tension release of one order of magnitude, down to 0.19 + 0.07 mN m™,

was detected by force spectroscopy after addition of isopropanol (1.28 M).
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Figure 3.46 Histogram of k,,, shows the gradual release of tension as isopropanol is added to the POPC
bilayer where k,,, POPC: 2.2 + 0.4 mN m', k,,, of POPC in 0.67 M isopropanol: 0.9 £ 0.3 mN m™ and k,y,
of POPC in 1.28 M isopropanol: 0.3 £ 0.1 mN m™.

Conceptually, it is possible that isopropanol molecules partition preferentially into the
free-standing bilayer due to its slightly dilated state and as a consequence reduce the

residual pre-stress in the bilayer over the pores (Figure 3.47).
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Figure 3.47 In (a), the interaction of isopropanol with the unperturbed pore-spanning lipid bilayer is shown
with some of the isopropanol molecules (green) inserting into the lipid bilayer. In (b), the insertion of
isopropanol into the bilayer is facilitated by stretching and moving the bilayer in response to indentation by
the AFM tip as represented by lipids with hollow head groups moving into the center of the pore.
Indentation is thus proposed to increase the spacing between lipid molecules, allowing for facilitated
isopropanol insertion, a process which reverses on retraction of the AFM tip.

Interestingly, the addition of isopropanol also produces severe viscous losses inferable
from the strong hysteresis between indentation and relaxation curves (Figure 3.45, iii).
This hysteresis is attributed to either an increased inter-bilayer friction due to the presence
of short chain alcohols that disturb the order of the leaflet structure or an increasing
partitioning of the isopropanol into the bilayer during indentation of the bilayer (Figure
3.47b), an effect which is reversed upon the retraction of the AFM tip. The indentation
and relaxation curves turned out to be reproducible and the influence of isopropanol on

the membrane tension reversible.

3.2.6 DETERMINATION OF BENDING MODULUS THROUGH TETHER ANALYSIS

The bending modulus k of phospholipid bilayer membranes is a mechanical property
which is challenging to obtain because of its relatively small values (typically between 10
and 100 k,T) in comparison to thermal noise.” In flicker spectroscopy, « is determined
from thermally induced shape undulations of vesicles, while micropipette aspiration
technique relies on the analysis of the relative change in area under aspiration pressure to

calculate k. These are two well established methods to determine k experimentally.'®>%

Although these techniques provide reliable values, their use is restricted to very large
vesicles and the k values obtained from such experiments describe global rather than
local properties of the bilayer. Ultimately, local bending modules are desirable quantities

but their access requires new experimental strategies. One approach would be to indent
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elastically decoupled pore-spanning bilayers. However, as it was mentioned in the
previous section, the contribution of membrane bending to the mechanical response
during indentation is negligible due to the large pore radius. Nevertheless, membrane
bending information can be gained from force indentation experiments by analyzing
membrane deformation during the retraction of the AFM tip. As the AFM tip is moved
away from the surface, membrane tethers can form. These tethers are nanotubular
structures that are pulled out of a bilayer as a result of applying localized forces.”® These
hollow tubes persist between the AFM tip and the membrane until either their rupture is
caused by depletion of lipid reservoir from which the tether is formed (i.e. bilayer
membrane) or by loss of an adhesion point between the tether and the AFM tip.** ®
Because tether formation requires changes in the shape of the underlying membrane, the
formation of such structures is strongly dependent on the membrane’s mechanical

proper‘[ies.59 The force needed to pull a tether Fiemer depends on the intrinsic mechanical

properties of the bilayer such as bending modulus, tension and shear viscosity.

Experimentally, tether formation is observed as a plateau of constant height in the
retraction curve (Figure 3.48). The height of the plateau corresponds to the force required

to pull out a tether out of a membrane.
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Figure 3.48 Typical force curve acquired during a force indentation experiment on a pore-spanning
membrane showing an indentation of the membrane (k,,, of 0.001 N/m) and a plateau (approx. 50 pN in
height)
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Tether formation of takes place during AFM tip retraction away from the surface, after
tip-membrane interaction. Such adhesion interactions can be induced the by
ligand/receptor approach, in which case the AFM tip is functionalized with ligands and
the membrane is functionalized with receptors. Upon contact, the membrane can attach to
the tip through the ligand/receptor interactions and a tether is pulled out. This approach
was previously shown in colloidal force microscopy, optical and magnetic tweezer
experiments.®”** However, it has also been shown that tether formation can be initiated
by prolonged (2-30s) contact of a non functionalized AFM tip with the membrane.®
Tether rupture is characterized by an instant decrease of tether force to zero, which
appears as a sharp step in the retraction curve (Figure 3.48) and the height of this step

represents Fiether.

In contrast to membrane indentation where the bending is negligible (Figure 3.49b),
during tether formation, the membrane experiences a high bending at the anchoring point

between the tip and the tether (Figure 3.49c).

a) 'AFM tip

membrane

porous substrate

]

Figure 3.49 Schematic representation of an indentation experiment where (a) AFM tip is far away from the
pore-spanning membrane, (b) AFM tip is indenting the membrane, red squares indicate areas where
membrane experiences slight degree bending (c) a tether is pulled out as of the membrane as the AFM tip is
retracted, square indicates area where membrane experiences high degree of bending.
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This fundamental difference between indentation and retraction experiments allows for
quasi-simultaneous determination of membrane tension and membrane bending modulus
form force indentation experiments followed by tip retraction from the surface.
Membrane tension o is calculated using k., obtained from the slope of the indentation

curve and bending modulus k can be calculated according to:

K= 1( Eether )2
o)

27 Eq.3.11

where Fiemer 1S force needed to pull out a tether. The inclusion of the viscous loss into the
equation is omitted since it is too small (> 0.001 pN s um™)® to be captured
experimentally by AFM at velocities generally used for force indentation experiments

(0.5-5 um s™).

Preliminary experiments were performed on fluid pore-spanning bilayer membranes
with the goal to obtain both: k., from the indentation curves and plateau height (Ficther)
from the retraction curves. The experiments were performed such that the AFM tip
(without any functionalization) indented the membrane and was kept in contact with it for
~ 15 seconds before it was retracted. From the few tethers that were observed on pore-
spanning POPC lipid bilayer, the value of k was calculated following equation 3.11 and
was of 2.8 x 107" J.  Although the value of k pore-spanning POPC membrane is slightly
higher than the values reported in literature (~ 1 x 10™'° J),*”® it should be kept in mind
that these are only preliminary results obtained from very few tethers. Furthermore,
several tethers were also observed during the force indentation experiment where
isopropanol was added to the measuring chamber containing pore-spanning POPC
membranes (see Section 3.2.5.1). The value of « calculated from that experiment was of
1.09 x 10" J. The detection of « value change after addition of isopropanol to the
environment of the pore-spanning membrane proves the effectiveness of the experimental
approach based on the analysis of tether force in order to determine bending moduli of
membranes. Additionally, the experimental result seem to follow the trend determined Ly
et al. where the effect of short-chain alcohols on SOPC liposomes was monitored by

micropipette aspiration experiments.®” " Similarly to the result obtained here, Ly et al.
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showed that the bending modulus of the SOPC membranes decreases with increasing

alcohol concentration.

In conclusion, the importance of the tether force analysis approach to determine k is
that it allows for determination of local k values from pore-spanning membranes, a task
which is not possible with flicker spectroscopy or micropipette aspiration experiments.
These techniques probe entire surfaces of vesicles whereas force indentation curves can
be performed on defined areas of a pore-spanning bilayer membrane. Furthermore, when
combined with fluorescence microscopy and AFM imaging, force indentation curves can
provide lateral membrane tension and bending modulus values with relation to protein

content and distribution in the membrane.
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3.2.7 APPENDIX

Force volume experiments were performed on pore-spanning lipid membranes and the
kapp calculated from the force indentation curves were compared. Based on the results
compiled in the table below, it was determined that based on the diameter of the pore
(here 1200 nm) and the average number of force curves performed across each pore
(approximately 4), only the 4 curve performed in the middle of each pore should be

considered for analysis.

Pore 2

700

650

600

550

nm

500

450

400

Pore 2 Pore 3 Pore 4
Slope (N/m) Curve Slope (N/m) Curve Slope (N/m) Curve
0.00212 L6_pt 2 0.00290 L4_pt_7 0.00160 LO_pt_3
0.00179 L6_pt.3 0.00139 L4_pt_8 0.00183 Lo_pt_4
0.00137 L7_pt_2 0.00140 Y 0.00156 ot 2
0.00125 L7_pt_3
0.00145 = 0.00165 L5 pt_7 0.00129 L1_pt_3
0.00259 L8 pt 1 0.00128 L5_pt 8 0.00129 L1_pt_4
0.00136 L8_pt_2 0.00129 L5_pt.9 0.00187 L1_pt_5
0.00127 L8 pt_3 e Loy 0.00156 L2_pt_2
0.00143 L8 _pt 4 L Ko g 0.00131 L2_pt_3
0.00170 Lo_pt 2 0.00144 Le_pt_9 0.00140 L2_pt_4
0.00154 L9_pt_3 pe——— B
0.00140 L9 pt_4 0.00170 5 ot 3
0.00210 L3_pt_4

Figure A3.1 Force volume image showing 3 membrane-covered pores. Each pore has been probed
repetedly and the kapp calculated from the slope of the indentation curves are shown in the tables below the
image. The values of kapp seem to be similar when the force curves are acquired in the middle of the pore.
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4 (CONCLUSION AND OUTLOOK

The free-standing character of the pore-spanning polymer and lipid membranes that
were prepared allow for the study of membrane mechanical properties by indentation
experiments which are unrestricted by the underlying substrate. The simple and reliable
preparation techniques of solvent-free, mobile, robust, pore-spanning membranes were

described in this thesis.

In contrast to pore-spanning membrane preparation techniques, where the membrane is
reconstituted by painting lipid or polymers dissolved in an organic solvent over pore
apertures,"” % the pore-spanning membranes prepared in this work have been formed by
giant vesicle rupture. Pore-spanning membranes formed in this manner offer the
advantages of being solvent-free, not tethered to the surface and reflect the composition

of the vesicles.

Atomic force microscopy (AFM) force indentation results were used to elucidate
mechanical properties of the membranes. AFM force indentation experiments are an
alternative to micropipette aspiration technique since the latter technique is limited to
entire vesicle studies. More importantly, AFM indentation experiments can be performed
at defined areas on the pore-spanning membranes, which allows the extraction of local
mechanical constants of the membrane in comparison to the global values obtained form
micropipette aspiration experiments of whole vesicles. Additionally, the use of substrates
with a defined pore array allows for membrane decoupling and the possibility of
performing of multiple experiments on a single substrate. Force volume experiments
generate images based on the mechanical response of the membrane to indentation in

addition to collecting hundreds of force indentation curves in a short time frame.

Force indentation experiments on pore-spanning membranes prepared from PB-b-PEO
polymersomes provided membrane mechanical constants such as area compressibility,
elastic modulus and energy dissipation. Chemical modification of the polymer membrane
through cross-linking of the PB hydrophobic core and the subsequent study of
modification effects was performed. The results showed that polymer chain entanglement
was responsible for membrane viscoelasticity and confirmed that the AFM force

indentation experiments can be a reliable tool to investigate membrane mechanics.
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Moreover, pore-spanning lipid membranes can be used as model systems where the
porous scaffold mimics the effect of the cytoskeleton found in native plasma membranes.
A two step functionalization procedure of the porous substrates was developed to
successfully prepare solvent-free, laterally mobile, robust pore-spanning phospholipid
membranes by giant phospholipid vesicle rupture. The sensitivity of the AFM force
indentation experiments to discern changes in the mechanical properties of pore-spanning
membranes was shown by measurement of membrane lateral tension before and after
addition of isopropanol to the membrane environment. Membrane tension release of
about one order of magnitude was detected after increasing the isopropanol content of the
aqueous environment to 1.28 M. Additionally, preliminary results providing membrane

bending modulus were obtained by membrane tether formation.

As it has been shown here, vesicles can be forcefully ruptured over porous substrates in
order to use the pore openings as probing zones. In particular, the pore-spanning
preparation procedure and the subsequent mechanical investigation could be applied to
study the recently prepared giant phospholipid/block copolymer hybrid vesicles.’
Although  micropipette  aspiration experiments were performed on these
lipopolymersomes, the pore-spanning membrane and AFM force indentation approach
proposed in this thesis could yield information about membrane tension and bending with
respect to the exact membrane composition at a given location. Such precise information
could be instructive in terms of further incorporation of membrane components into these
hybrid  vesicles. = Furthermore, investigation of gold nanoparticle-loaded
phosphatidylcholine vesicles where nanoparticles aggregate in a Janus fashion® could
benefit from a localized force indentation experiments to provide information about the

nanoparticle-induced changes in the mechanics of the membrane.

In terms of more biologically relevant studies, Shchelkovskyy et al. recently reported
on the membrane bending rigidity decrease with increasing concentration of HIV-1 fusion
protein in phospholipid membranes.’ The authors have reported deviations from average
values which they attributed to inhomogeneous distribution of the peptide in the vesicular
membranes. By investigating fusion protein containing-membranes by AFM imaging and
force indentation experiments, one could possibly detect the presence of protein
aggregates and perform mechanical investigation experiments in both, protein poor and
protein rich areas of the membrane in order to determine the effect of protein aggregation

on membrane bending modulus.
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In conclusion, the formation of solvent-free pore-spanning membranes formed by giant
vesicle rupture was discussed in this work. Pore-spanning membrane formation was
controlled by varying external stimuli. In the case of polymer vesicles, osmotic stress
induced vesicle rupture. Liposome rupture was performed by tailored porous substrate
functionalization. Although the formation of pore-spanning membranes by vesicle rupture
demands optimization of external stimuli to induce vesicle rupture and formation of pore-
spanning membranes, the prepared membranes offer the benefits of being solvent-free
and are not tethered to the porous support, furthermore, the membranes reflect the
composition of the vesicles used for their formation. In addition, characterization of pore-
spanning membranes through AFM imaging and force indentation experiments was
proven to be an experimental approach sensitive enough to investigate subtle changes in

the mechanical properties of the pore-spanning membranes.
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