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The self-spreading double bilayer

Advances in lipid membrane nanotechnology

IREP GOZEN
Department of Chemical and Biological Engineering

Chalmers University of Technology

ABSTRACT

In my thesis I describe the generation, characterization and uses of self-
spreading double bilayers. This new type of solid-supported model
membrane combines features and properties of the 2D lipid bilayer
membrane, and the 3D phospholiposome. The double bilayer membrane,
i.e., a fully closed, parallel stack of two lipid bilayers, is essentially a surface-
adhered flat giant unilamellar vesicle (FGUV) with a very small internal
volume. It possesses features of supported membranes, such as flatness, large
area coverage and high mechanical stability, and of giant vesicles, such as the
ability to encapsulate nanoparticles in its interior volume. In the
experimental work towards this thesis, I have probed the response of the
FGUV to chemical or physical cues, and studied dynamic features
reminiscent of complex cell behavior. A number of examples are discussed,
including protrusion formation as a response to a chemical gradient,
directed and reversible movement in a temperature gradient, spontaneous
nanotube formation in response to the adhesion of virus-like particles, and
repair of large area membrane pores. An important outcome of my work is
the discovery of two non-trivial pore formation modes in membranes, which
links biomembrane materials properties to fundamental properties of thin
solid materials. One of the modes displays crackling noise dynamics,
featuring sudden intermittent bursts over a broad size range (avalanches),
similar to earthquakes. I consider the FGUV to be an experimental model
system for studying various aspects of cell like behavior on intact model
membranes, as well as a nanotechnological platform, useful to construct
mesoscale membrane architectures and networks.

Keywords: lipid double bilayer, rupture, pore, self-spreading, tension,
nanotechnology, vesicle, flat giant unilamellar vesicle, crackling noise,
viscous fingering
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Chapter 1 : INTRODUCTION

The inherent complexity of the biological cell is still poorly understood.
Complexity emerges if a system, such as the cell', is composed of a large
number of interactive components, and exhibits properties which are not
apparent from the properties of the individual parts. Biological membranes
organize cellular complexity, and thus establish and promote structure in the
living world®. The responsibilities of membranes are many, for example they
compartmentalize the cell, form transport networks, organize proteins and
serve as a smart barrier for molecules and ions. The fundamental structure of
the cell membrane is the phospholipid bilayer, consisting of a large number
of individual phospholipid molecules, which organize themselves
spontaneously in a self-assembly process’*. The membrane has peculiar
characteristics, it is highly dynamic and features two-dimensional fluidity®,
and it can accommodate proteins and other functional molecules. From early
on, the dynamic features in combination with the relatively simple
fabrication by a self-assembly process, which worked also well in vitro, made
lipid bilayers interesting model systems for the cell membrane®. Moreover,
due to their tendency to form spherical compartments, which under
appropriately chosen fabrication conditions are similar in size to the living
cell, cell-like containers, or “protocells”, can be created”". This provides
plenty of opportunity for experimental exploration of selected structural or
functional aspects derived from the biological antetype. This constructive,
bottom-up approach to understanding cellular complexity has grown into a
research field of its own. Naturally, lipid membrane-based model cells are
simpler than the biological original, but can be continuously improved and
extended if required, approaching more sophisticated architectures with
abilities such as compartment formation"”, migration towards a stimulus”,
control of chemical reactions such as enzymatically catalyzed
transformations and self-replication”™. In contrast, the top-down approach
involves typically the genetic reprogramming of an existing cell. Here, the
starting point is a living cell and by knocking out specific genes, minimalistic
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cell models are created, which carry only an essential genome that can
maintain basic metabolic functions®.

The goal of my thesis work was the development and investigation of a new
type of model membrane, which combines features and properties typical for
the two-dimensional supported lipid bilayer membrane, and the three
dimensional phospholiposome, or vesicle. This “supported double bilayer
membrane”, i.e., a closed parallel stack of two lipid bilayer membranes, is
essentially a surface-adhered flat giant unilamellar vesicle (FGUV) with a
very small internal volume. The water layer encapsulated by the FGUV is
only a few tens of nanometers thick, meaning that a 100 um vesicle with a 10
nm inter-bilayer space has a volume of about 750 fL. On one hand, the
transport and exchange conditions in a cell compartment would be much
more realistically represented by such confined volume, than by a giant
vesicle of the same diameter. On the other hand, the fluidic properties of the
proximal (lower) and distal (upper) bilayer are very different. The distal
bilayer is not only more fluid than the adhered proximal bilayer, it can also
be seen as a special kind of cushioned bilayer, potentially supporting the
incorporation of fully functional membrane proteins. Thus, the FGUV is a
promising nanotechnological platform, which can serve both as model
membrane and as protocell or cell compartment. It adds new possibilities to
the current range of biomimetic membrane applications, which is populated
by supported monolayers, bilayers and tethered bilayers.

The FGUV is produced by self-spreading of lipid membrane from a
multilamellar (or onion shell) lipid vesicle (MLV) which is brought in
contact with the surface support, typically a metal oxide or a semi-metal
oxide surface. The FGUYV is at all times connected to the MLV, the tension
changes in the vesicle can therefore be compensated by the reservoir, similar
to wrinkles in red blood cells or lipid droplets in eukaryotic cells'*”. Once an
FGUV is formed on the substrate, its growth can be induced or stopped,
simply by changing the ionic content. The supported double bilayer is a
robust structure, and easily accessible by instrumental methods.
Manipulation and stimulation are easily achieved by various means,
including microinjection needles, local heating techniques, and microfluidic
tools. In my experimental work, I have probed the response of the FGUV to
chemical or physical cues, and captured dynamic features reminiscent of
complex cell behavior. Examples discussed in the text, and presented as
original research publications, are protrusion formation in response to
chemical gradients, directed and reversible movement in a temperature
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gradient, spontaneous nanotube formation as a response to the adhesion of
virus-like particles, and repair of membrane pores. One of the most
important outcomes of my work is the discovery of two non-trivial rupture
modes in biological membranes, which links biomembrane materials
properties to fundamental properties of thin solid state materials.

In chapter 2 I explain the concept of surface energy, surface tension,
interfaces and the wetting phenomenon. Wetting of surfaces by lipids can be
seen as the basis for the FGUV formation on solid supports.

In chapter 3 I introduce the biophysics of lipid membranes in greater detail.
The interpretation of the phenomena observed and reported in this work
benefits from a detailed understanding of the underlying chemical and
physical aspects.

In chapter 4 I discuss the two newly discovered rupture modes and their
relation to flow in porous media. One of these two rupturing modes, fractal
ruptures, connects the properties of solid state materials with fluid
membranes.

In chapter 5, I provide background on the artificial cell concept, as one of the
motivations behind my work. I present current approaches in artificial cell
research and address the aspects connected to my work.

In chapter 6, I describe in a nutshell the methods used in the experiments,
including light microscopy imaging, fabrication and characterization of
surfaces, and microfluidic technology.

In the final chapter the published and submitted papers are summarized.
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Chapter 2 : SURFACES, INTERFACES and
WETTING PHENOMENA

2.1 Surface free energy

Solid surfaces are an important aspect of the work presented in this thesis.
Supported lipid membranes are fabricated on surfaces, and many of the
membrane properties depend on the surface properties, such as surface
charge, material or roughness. The wetting phenomenon observed in double
bilayers only occurs on solid high energy surfaces, for example SiO, or AL,O,
films. In the following section I will briefly explain why surfaces have energy
and why they can be categorized as high or low energy surfaces.

The reason for surface energy lies in the interactions between the individual
molecules within that surface. If the attraction of a group of molecules to
each other is stronger than thermal agitation, those molecules transform
from the gas to the liquid phase, a denser although still disordered,
condensed state in which the molecules attract one another’®. For that
reason, a molecule in the bulk of a liquid experiences favorable cohesive
interactions with its neighboring molecules; while by contrast a molecule at
the surface of the liquid experiences disrupted unsatisfied cohesive
interactions (Figure 2.1 A). As a result surface atoms possess energy which
they tend to reduce. This energy is called surface free energy or surface
tension .

The creation of a unit area with an unsatisfied cohesive layer of atoms can be
visualized as the separation of a block of solid material into two pieces with a
half unit area each (Figure 2.1 B). In this case molecular bonds have to be
broken, which requires work (W). This work will be proportional to the
amount of molecules on the created surface area (4) and the surface energy
or surface tension (0). g is the free energy that must be supplied to increase
the surface area of a medium by one unit area. This can be formulated as™*’:

=—W 2.1
7712



Irep Gozen, 2013

Figure 2.1 Surface free energy. (A) The molecules in the bulk vs. at the surface of a
liquid. The molecule in the bulk of a liquid experiences favorable cohesive interactions
with its neighboring molecules; while the molecule at the surface of the liquid
experiences disrupted, unsatisfied cohesive interactions. (B) Separation of a block of
solid material into two pieces requires the breakage of molecular bonds, requiring work
(W). As a result of both (A) and (B) surface atoms possess energy which they tend to
reduce. This energy is called surface free energy.

Note: The unit of surface energy for solid surfaces is energy per unit area
(J/m*). Surface tension (o) is the tangential stress (force per unit length:
N/m) on the surface layer. This stress should be counteracted by the external
forces or volume stresses in the body. For example, if a needle is placed on a
water surface, it will float because of surface tension. The needle applies a
force F, (its weight) to the surface.

The water will counterbalance it with tangential surface tension forces F
(Figure 2.2).

F F

5 5 Figure 2.2 Surface tension. The
\ / black circle represents the cross section
of a needle floating on water. The

weight of the needle depresses the

l liquid (F,) and is counterbalanced by
surface tension forces (F;) on both
FW sides.

The relation between surface tension ¢ and surface free energy (F) is written
21
as ™
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oc=F+ A(Z—Z) 2.2

High energy surfaces (6 > 500 mN/m®) are composed of atoms or molecules
which are attached to each other with chemical bonds (covalent, ionic or
metallic). A few examples are metals, diamond, (silica) glasses, and ceramics.
The molecules of low energy surfaces (0 < 50 mN/m?™) are attached to each
other with Van der Waals interactions or hydrogen bonds. It is evident that
the intermolecular forces which determine the surface energy of a substance
also determine its latent heat and boiling point. Therefore substances such
as metals with high boiling points (T > 2000°C) usually have high surface
energies™.

2.2 Interfaces and wetting phenomena

Surfaces tend to minimize their surface free energy, and do so by different
means. One of these means is surface relaxation, the rearrangement of
surface atoms inwards, mostly observed in liquids since solid atoms are more
rigid®. A daily life example is wet hair: when dry, hair is likely to be straight
and thick and when wet, it sticks together and curves. Other means are to
rearrange dangling surface bonds into new chemical bonds”, further surface
energy reduction through physical or chemical adsorption, i.e., forming
covalent bonds between surface atoms and reactive chemical species.
Hydroxy groups on the surface of silicon, and hydrogen atoms terminating
carbon atoms at a diamond surface are examples”. Weaker bonds like Van
der Waals or hydrogen bonds with a liquid interface are the dominating
means to reduce the surface energy of a substrate, known as surface
wetting'®>. Wetting refers to the tendency of a liquid to spread on a solid
surface’®***, Wettability depends on the chemical nature and the roughness
of the surface. Density and structure of OH™ groups on solid surfaces, such as
silicon or silica, have significant influence on the wettability**. Simulations
on silica have shown that the degree of wettability is linked to the amount of
hydroxyl groups present on the surface™.

The wettability of a surface can be quantified by a ‘contact angle’, the angle
of a liquid-vapor interface meeting a solid surface. At the edge of the droplet
there are three interfaces, the interface between liquid and solid surface
(yLs), the interface between liquid and vapor (y,, ) and the interface
between solid and vapor (ysy ) (Figure 2.3).
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Figure 2.3 Contact angle. (A) A water droplet wetting a solid surface. Surface
tensions at the 3 different interfaces, liquid-vapor (y.y ), liquid-solid (y,s) and solid-
vapor (ysy ) determine the contact angle 6. (B) Water droplet on a hydrophobic surface.
0 > 90° (C) Water droplet on a hydrophilic surface. 6 < 9o° (D) Water droplet on a
SiO, substrate (Contact angle instrument: Theta, Biolin Scientific, Sweden). The surface
line is marked with the yellow dashed line. 0 is below 5°.

Young’s equation”® is the simplified energy balance of the three vectors of
surface free energies at three different interfaces around the droplet (Figure
2.3 A). The force balance can be expressed as below:

Ysv = Vis + Vv cosO 2.3

The contact angle of hydrophobic surfaces are above 9o° (Figure 2.3 B) and
for hydrophilic surfaces the contact angle is below go°(Figure 2.3 C and D).
Interfacial surface free energy is not the only parameter which influences the
contact angle. Roughness can have a more significant impact on the
observed contact angle, which was originally reported by Wenzel in 1936 *°.
According to Nychka et al.*, if the value of roughness is below 0.2 mm, the
surface can be considered to be completely flat, and the roughness is not
expected to affect the observed contact angle. However, extreme surface
texture, as investigated by Cassie and Baxter, is an important feature which
also influences the contact angle”. On such surfaces, extreme roughness is
created by using artificial, micro- or nanofabricated pillars. Due to these
pillars, the surface texture becomes so high that air is entrapped between the
droplet and the substrate, and only a fraction of the solid interface becomes
exposed to the droplet. With this extreme texture, a hydrophilic surface can
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be transformed into a super-hydrophobic surface®*®. By this mechanism,
many biological species (including self-cleaning lotus leaves) are capable of
controlling wetting. Various commercial products such as self-cleaning
paints and non-sticky containers, which benefit from these extreme textures,
are available today™**.

The spreading of a fluid lipid film on a surface can be perceived in terms of a
wetting phenomenon, which occurs upon formation of the surface-
membrane interface, and is driven by the resulting gain in free energy **>*. If
a source is available, which is capable of providing a continuous supply of
lipid molecules, membranes can draw material from the source and spread
laterally, expanding the membrane-solid interface. The available surface area
becomes increasingly covered by the membrane. Most of the experimental
work described later in this thesis involves wetting of a silicon dioxide
surface with a continuously spreading double bilayer lipid film. The details of
the formation of this membrane will be discussed in the next chapter.



Irep Gozen, 2013

10



Chapter 3 : BIOPHYSICS OF LIPID
MEMBRANES

3.1 The lipid molecule

Lipids are amphiphilic molecules, which contain both a hydrophilic (polar)
and a hydrophobic (non-polar) moiety in their molecular structure. They are
categorized as polyketides, acylglycerols, sphingolipids, prenols, or
saccharolipids®, based on the chemical nature of their backbone. Among the
glycerolipids are phospholipids, which are the main constituent of biological
cell membranes. When fully hydrolyzed, phospholipids break down into
smaller units: fatty acids, glycerol, a phosphate, and a small organic
molecule constituting the headgroup, such as choline®. The hydrophobic
part of a phospholipid molecule consists of fatty acid chains, which are
organic hydrocarbons without any charged moieties. The simple polyol
glycerol, together with the negatively charged phosphate group and the
charged or neutral headgroup, constitute the hydrophilic part of the
molecule.

Currently it is known that the variation of head groups and aliphatic chains
allows (potentially) 100,000 lipid species to exist in eukaryotic cells***. In
recent analytical studies nearly 600 individual lipid species were detected
and quantified®® in human blood serum. Such a large variety should serve a
great number of functions®”. Although lipids abundantly exist in biological
organisms, for many years they were believed to be the most inert molecules,
acting only as an energy source and as a barrier for cells or organelles. Today,
we are still far from having a complete picture, but some more crucial
functions of lipids have been acknowledged: membrane trafficking,
regulation of membrane proteins, facilitating signal transduction and
molecular recognition *. Such involvement of lipids in metabolic functions
have lead to the emergence of the research field of lipidomics, which studies
how the diversity of lipids correlates to certain metabolic roles in biological
34353 To give one example, the malfunctioning of sphingolipid
catabolism was recently linked to Alzheimer’s disease®.

organisms

11
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Considering the large structural diversity of lipids, one can predict that there
are also many possibilities of lipid interaction with proteins or other lipids.
Probably the most important of them is the ability to ‘self-assemble’ into
mesoscale membrane structures.

3.2 Self-assembly of lipids

When placed in an aqueous solution, lipid molecules spontaneously self-
assemble to form lipid bilayers. By means of self assembly, the individual
lipid molecules adopt an ordered arrangement, which has different physical
properties than the individual molecule. Self-assembly of lipids is a
thermodynamically driven process. When water molecules come in contact
with a non-polar molecule, H-bonds between water molecules are lost *°. If
the molecule is small, water molecules salvage the lost H-bonds by packing
around it without terminating any bonding, forming clathrate cages. This
restructuring mechanism is known as hydrophobic solvation/hydration. The
high desire of water for keeping H-bonds will thus be satisfied, however, the
order of water molecules will increase enormously. Hydrophobic hydration is
the main driving force for the self-assembly of lipids.

If one single lipid-like molecule (a hydrocarbon chain) is placed in water, a
water cage will form around the hydrophobic entity of the molecule (Figure
3.1). This is a very rigid configuration with a high degree of order and
naturally leads to decreased entropy. During self-assembly, the change in the
Gibbs free energy (AG) of the system is

AG = AH — TAS 3.1

where AH is the change in enthalpy and TAS the change in entropy. The
system will always tend to increase its entropy and minimize its free energy.
Self-assembly is a favored process, as it removes lipid molecules from
exposure to water and restores hydrogen bonding, which increases the
system entropy and accordingly reduces the free energy. As a result of this,
lipid molecules spontaneously self-assemble into more organized structures.
The morphology of such assemblies varies greatly, depending on external
conditions such as temperature and lipid concentration. This will be
discussed in greater detail in section 3.5 Lipid polymorphism.

One of the most important self-assembled lipid structures is the bilayer. A
lipid bilayer consists of 2 leaflets of self-assembled lipid molecules, where the

12
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A

Figure 3.1 Water caging around a
single lipid-like molecule. (A) Side
view and (B) top view of the first
coordintation shell of water around a
lipid-like molecule (blue), which was
optimized using a  semi-empirical

geometry optimization (PM3), by means

of the Gaussian o9 software package <
(Gaussian Inc., CT, USA). The hydrogen C'?‘
bonding of one water molecule with the

three other neighbouring water molecules
is depicted with yellow dashed lines in
(A). The water molecules posess a
tetrahydral arrangement with 4 H-bonds.
The 4" H-bond (not shown) is pointing
out of the page plane, interacting with
one of the water molecules in the second
layer.

hydrophobic tails face each other, and the hydrophilic parts of the molecules
face outwards. Water is essentially excluded from the hydrophobic regions
and is in contact only with the hydrophilic moieties. The sheets of the bilayer
are held together by hydrophobic interactions, the strong attraction forces of
hydrophobic molecules in water. For molecules such as methane,
cyclohexane or benzene, the magnitude of the hydrophobic interactions is
approximately 350 times stronger than the Van der Waals interaction
potentials™.

Another term in the Gibbs free energy equation 3.1 is the enthalpy AH. In the
liquid state, each water molecule participates in 3-3.5 H-bonds. However,
around a non-polar solute molecule, water can have a higher coordination of
4 H-bonds (yellow dashed lines in Figure 3.1 A) which leads to a lower AH.
This contribution is rather small, it constitutes only 15% or less of the total
free energy change™.

13
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3.3 Membrane mechanics

Lipid membranes are only a few nanometers thick, while in the other 2-
dimensions they can extend to hundreds of micrometers. The lipid
membrane can be treated as an infinitely thin elastic sheet, for which the
elastic energy F is described as

F={[dA [E (c1+ €3 — €p)* + Kcicy + 0] 3.2

The first term inside the integral refers to the bending of a lipid membrane.
dA is the surface area element, k is the bending rigidity, c; and c, are the two
principle curvatures of the membrane. ¢, is the spontaneous curvature
accounting for a possible asymmetry between the two monolayer leaflets.
This term becomes important if, for instance, the membrane is composed of
different lipids in the inner and in the outer monolayer leaflet.

The second term is the Gaussian curvature term kKc,c,, where Kis the
Gaussian modulus. This term becomes only important if the membrane
topology changes, i.e., a spherical vesicle forms a donut shaped vesicle. For a
flat lipid membrane which only undergoes simple shape changes, this term is
omitted. The importance of bilayer membrane bending for the studies in this
thesis will be explained in next sub-chapter 3.4 Formation of vesicles from
membranes.

The first and second term inside the integral were described in 1973 by
Helfrich*® as membrane curvature energy.

The third term ¢ is the membrane tension. Membrane tension can be
dissected into two terms for low (entropic) and high tension (stretching)
regimes. Figure 3.2 depicts shape forms of lipid membranes under these
tension regimes.

The lipid membrane under low tension is caused by thermal undulations
(Figure 3.2 A) and the relation between tension and area expansion is:

2 81K AA
0 ~ Klmin®exp [r ] 33

14
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Figure 3.2 Tension of phospholipid membranes as a function of stretching.
(A) Schematic of the cross sectional profile of a phospholipid membrane under low
tension. The membrane bends as a result of thermal fluctuations. (B) Schematic of the
cross sectional profile of a phospholipid membrane under high tension. The membrane
is free of undulations. (C) A stretched phospholipid membrane. The distance between
individual lipid molecules is increased. (D) Representative log-plot of membrane tension
vs. membrane stretching. The membrane experiences different tension regimes which
are depicted on the left panels. Each phase is marked with the corresponding letters. A
dashed line helps to identify the transition from regime A to B.

NN X
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where A, is the initial area of the membrane and A — 4, is the expansion of
the membrane due to mechanical stretching. g, is the cut-off wave vector
of the membrane fluctuations:

21

Amin =

Amax 34
where 1,4, is the largest wavelength of the membrane. If the membrane is
continuously mechanically pulled in lateral direction, it will become flat and
free of fluctuations (Figure 3.2 B). Once flattened, continuous mechanical
stress will initiate the stretching of the membrane, i.e., the distance of the
individual lipid molecules from each other will increase (Figure 3.2 C).
Under these conditions, the membrane tension is linearly proportional to the
area expansion:
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where K is the stretching modulus.

Rawicz, Evans et al. * have experimentally investigated tension in the

membrane as a function of stretching. By aspirating a lipid vesicle with
Evan’s micropipette, the lipid membrane is stretched. The aspiration
pressure acts as the source of lateral tension, and area expansion as a
response is measured from recorded micrographs. A representative graph
adapted from their findings showing the relation of membrane tension and
membrane stretching is depicted in Figure 3.2 D.

The plot reveals initially non-linear entropic and subsequently linear
elasticity of the lipid membrane. Entropic elasticity is typical behavior for
any type of soft matter, e.g. rubber *. According to the findings of Rawicz et
al.*, the lipid membrane can be stretched up to 5% (AA4/A, = 0.05). In other
words, lipid membranes are reluctant to stretching.

3.4 Formation of vesicles from membranes

Until now, I have covered the formation of flat lipid bilayers due to
hydrophobic interactions. However, the plasma membranes of living cells or
lipid vesicles are spherical membrane structures with a defined internal
volume. The answer to the question why membranes form closed
compartments is related to the interplay between bending energy (Ejenq)
(mentioned above in sub-chapter 3.3 Membrane mechanics) and the edge
tension energy (E,q4) of the bilayer®.

Assume that we have a flat circular patch of a bilayer. Lipid molecules at the
circumference of this disc-shaped membrane (Figure 3.3 A) will arrange
themselves in a way that the hydrophobic parts of the molecule will avoid
water, and form a micelle-like (cf. 3.5 Lipid polymorphism) membrane
edge (inset in Figure 3.3 A), which is characterized by an edge tension. The
edge energy of the membrane is:

Eeage = 2mry 3.6

where r is the radius of the open circular membrane patch, and y is the edge
tension (5-10 pN*"*). The bending energy of the membrane is
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Epena = 41 (2K + K) 3.7

where k and kK are the bending and Gaussian moduli of the membrane,
respectively. A typical value for x is 10 — 20 k,T**. (kTroom= 4 x 10 ~21]).

The Gaussian modulus K is in the same order of magnitude as x and
47-48

negative

Figure 3.3 Formation of vesicles from a flat membrane. (A) A schematic drawing
of a circular flat bilayer lipid membrane with radius r. In reality the edges of such a
planar bilayer would be curved to a structure reminiscent of micelles (inset). (B) The
closure of a flat membrane to a spherical vesicle. The energy gained by reducing the
edge length is greater than the energy cost of bending.

Vesicle formation will occur (Figure 3.3 B) if the edge tension energy is
greater than the bending energy cost of curving a flat membrane to a vesicle.
The ratio Eyeng/Eeqge Will determine the critical vesicle radius. If this ratio is
smaller than 1, a vesicle will form.

Ebend <1 47 (2K+K) <1lor> 2 (2k+K) 3.8
Eedge 2nry 4
S 20k,T . .
This implies that v must be larger than 10pr (~ nm). The minimum vesicle

size (minimum aggregate radius) is therefore estimated to be on the order of
a few nanometers. This means that any lipid bilayers with dimensions larger
than a few nanometers is shape-instable and will form a closed membrane,
i.e., a vesicle”. This effectively means that all freestanding (unsupported)
bilayer membranes exist in the form of vesicles.
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3.5 Lipid polymorphism

In the previous section, I have discussed the energetic situation associated
with the transformation of a flat membrane into a spherical vesicle. These
vesicles consist of a single bilayer membrane encapsulating an interior
volume of the solvent they are suspended in, which is typically an aqueous
buffer. Due to the single membrane boundary, the vesicles are referred to as
unilamellar vesicles or liposomes (Figure 3.4 A). Biological cells consist of an
interior volume of greater complexity than a vesicle, but they are also
surrounded by a unilamellar (plasma) membrane decorated with membrane
proteins and other structural elements. Due to this structural similarity,
liposomes are useful as biomimetic model systems to study certain
membrane-related cell properties and behavior. Another form of spherical
lipid assembly is the multilamellar vesicle (Figure 3.4 B), in which multiple
sheets of bilayer membranes are stacked, similar to the cell layers in an
onion (onion shell vesicle). In later sections of this chapter I will describe the
conditions under which a unilamellar vesicle can be dynamically extracted
from a multilamellar vesicle. The multilamellar vesicle is used as a lipid
reservoir, compensating for the tension changes of the unilamellar vesicle
and supplying lipids accordingly. Similar lipid-rich reservoirs do exist in
biological cells. Lipid droplets® or wrinkled fragments of plasma
membranes” act as lipid sources balancing the membrane tension.

Vesicles are, however, not the only type of self- assembled structure
composed of surfactant molecules. There are various geometries that
surfactant assemblies can assume, depending on different factors, but most
dominantly, the structure of the individual surfactant. This shape-related
dependency can be defined by a surfactant packing parameter™*®: V/(Al),
where V is the volume of the hydrophobic domain of the surfactant
molecule, A is the interfacial area between hydrophobic and hydrophilic
domain, and [ is the length normal to the interface, i.e., the length of the
hydrophobic chain. Many commonly used phospholipids have a packing
parameter around 1. This entails that they assemble in bilayer membranes
(Figure 3.4 A and B). Surfactants with bulky head groups (packing
parameter< 0.5) prefer to form micellar structures (Figure 3.4 C), whereas
those with large hydrophobic tails (packing parameter > 1) form reversed
crystal phases (Figure 3.4 D).

Besides the ratio of the hydrophobic to hydrophilic moiety, there are other
factors which affect the packing parameter. Ionic strength, pH, temperature

48,50

or saturation level of the hydrocarbon chains are among these factors*~°. In

the presence of a solvent, a lipid assembly will adopt certain structural
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arrangements, referred to as lipid phases. Such phases can be categorized
based on the morphology of the individual layers, as lamellar and non-
lamellar phases. Lamellar phases involve a bilayer membrane as shown in
(Figure 3.4 A and B). Non-lamellar phases can contain micelles (Figure 3.4
C), hexagonal phases (Hy) (Figure 3.4 D) or more complex arrangements
like porous cubic phases”. Seddon and Templer*® have listed 23 different
phases of lipids, of which only the fluid lamellar phases (L,), are used in the
content of this thesis.

Figure 3.4 Lipid polymorphism. (A) Unilamellar vesicle. A spherical volume of
water is surrounded by a single intact bilayer. (B) Multilamellar vesicle. Lipid bilayer
membranes are arranged in an onion-shell like fashion. (C) Spherical and tubular
micelles. (D) Inverted hexagonal structures (Hj phase)48. Each hexagon consist of 7
cylinders. Note that in this arrangement, the hydrocarbon chains of the lipid
molecules face outwards, and lipid headgroups inwards. The magnifications in C
and D show the cross sections of each individual structure.
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3.6 Supported membranes

So far, I considered only the behavior of free-standing lipid membranes in
bulk solutions. In this section I will discuss the self assembly of lipid
membranes on solid surfaces. When lipid aggregates interact with a flat solid
interface, they self-organize and form supported membranes®***. The
details of this formation will be provided in 3.7 Formation of supported
membranes. Solid-supported membranes are of large practical interest as
model systems to study the features of the plasma membranes of biological
cells. They have advantages over other types of model membranes such as
vesicles or Langmuir-Blodgett films: The solid surface support provides
greater stability, membrane fabrication is more versatile and controlled, and
a broader range of instrumentation for imaging and analysis is available®.

Depending on the surface properties of solid supports, the membranes self-
assemble in different ways. On hydrophobic, low energy substrates such as
photoresists or fluorinated polymers, e.g. SU-8, EPON, Teflon AF, the lipids
self assemble as monomolecular layers, where the hydrophobic chains of a
single layered lipid film face the substrate (Figure 3.5 A)”. Although
monolayers do not represent plasma membranes very well, as they consist of
only half a bilayer and cannot incorporate proteins, they have unique
advantages: indifference to the ambient buffer composition, long shelf life of
hydrophobic supports, further structural simplicity and versatility.

The most commonly studied type of supported membranes, which are well
suitable as mimics for the cell’s plasma membrane, are supported bilayers
(Figure 3.5 B) %33
energy surfaces: metals, metal oxides, semi conductor oxides and nitrites,

. Lipid bilayers can be formed on many hydrophilic high

quartz, mica and borosilicate glass. These surfaces are mostly optically
transparent and are therefore compatible with optical microscopy
techniques. A closely related variant of the supported bilayers are the
tethered, or cushioned, bilayers®>* (Figure 3.5 D). These lipid films feature
spacer molecules (tethers), which establish a larger gap between the solid
surface and the bilayer than observed in conventional supported bilayers.
The spacer molecules are usually polymer chains (e.g. polyethylene glycol
(PEG), branched polyethylene imine (PEI), dextran), which provide an elastic
cushion for the membrane. The main purpose is to allow for incorporation of
membrane proteins, for example ion channels or receptors, which protrude
from both sides of the membrane. Tethered bilayers offer interesting
possibilities, but also disadvantages. The lateral mobility of both the lipids in
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the bilayer, and of the integrated proteins, is reduced due to the grafting of
the lipid-anchored polymer to the substrate.

B Figure 3.5 Solid supported
%§§§§§§§§§§%§ 55 membranes. (A)  Solid-supported
monolayer. The hydrophobic tails of the

Eﬁ%????%???%?% lipid molecules face the solid support.
—— (B)  Solid-supported  bilayers. A

=* spreading bilayer is sliding on the solid

support. (C) Solid supported double
— bilayer. The membrane is rolling on the

G support by a tank-thread motion. The
%5%;’?55%%5 é?gfgr'éggp lower (proximal) bilayer is fixed on the
$ J‘_.'_r{P substrate while the upper (distal) bilayer
;§§§§§§§§§§§%§%’. slides over the proximal bilayer and rolls

e onto the solid substrate. (D) Tethered

""1‘%. bilayer membrane. Note the large
spacing between the bilayer and the

i%%ﬁ éi:%% éi %il %it %i% % é%. solid support.

An alternative approach to membrane assembly on high energy surfaces is
the double bilayer spreading®” (Figure 3.5 C). In this variant of
phospholipid film formation on a solid support, two connected lipid bilayers
are stacked, with a thin water layer in between them. The experimental work
on double-bilayer phospholipid membranes is the main theme of this thesis,
which conceptually connects the individual studies.
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3.7 Formation of supported membranes

There are various means to form or pattern supported membranes. Two

classic methods are the Langmuir-Blodgett®>

and the Langmuir-
Schaefer*°® (a variant of the first) deposition, where the lipid molecules at
an air-water interface are forced to migrate onto a submerged substrate.
Another abundantly used method involves vesicle rupture. A vesicle
suspension is deposited onto a surface, followed by adhesion and rupture of
the vesicles, forming small bilayer patches. The edges of the flat bilayer
patches merge into a continuous bilayer film”. There are also means to
fabricate micro- and nano-patterned supported membranes with high spatial
precision. A recent review by Czolkos et al.”* is discussing various aspects of
these methods in detail.

In my experimental work I have fabricated double bilayer membranes by
means of circular self-spreading of a multilamellar reservoir. I exploited that
a double bilayer spontaneously emerges from a surface adhered
multilamellar (onion shell) liposome by a surface wetting mechanism (2.2
Interfaces and wetting phenomena). Very little detail is currently known
about the internal organization of a MLV, but it is clearly difficult to picture
double bilayer spreading from a perfect, i.e., defect-free, MLV (Figure 3.6 A).

Figure 3.6 Internal organization of bilayers in a multilamellar vesicle
(MLV). (A) A schematic representation of a defect-free multilamellar vesicle. The
individual bilayers are not interconnected. (B) Cross section of an alternative
structure of a multilamellar vesicle, which shows that the onion-shell layers are
connected to each other via handle-like defects. Note that the drawing is simplified
and an actual MLV consists of hundreds of bilayers.

Such a mechanism would require rupturing of the layers of the MLV, and re-
assembly into a pair of bilayers. The evidence in the previous studies by Leng
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et al.”® or Paper V in this thesis, points to a different situation. These findings
suggest that the layers are rather connected to each other by nanochannels
(Figure 3.6 B), which can be perceived as handle-like pores, semi-pores or
micelle like defects. The MLV does not have to rupture in order to supply
membrane in this way, and can spread on a substrate as a continuous
double-bilayer membrane.

The spreading of lipids from a MLV can be described assuming tension
driven flow, which is often referred to as Marangoni flow®*®: it is the
convective flow of lipids driven by a surface tension gradient. The driving
force for such a flow would be a free energy gain in the system. This energy
gain emanates from the difference in surface tension at two different
interfaces: the substrate wetted with the aqueous buffer (o,) and the
substrate wetted with the lipid film (o;) (Figure 3.7). For lipid spreading to

be favorable the latter should be lower. The overall tension (o) then is:

Os =04 — 0y 39

The MLV from which the lipids are drawn also has an internal tension (gy),
which opposes the spreading. The spreading power (S) can thus be
formulated as the difference between the energy gain by wetting and the
tension of the reservoir:

S=o05—0y=04—0,— 0 3.10
For S > 0 the wetting is favorable. In this case g5 > ¢, and g, < g.

An important factor contributing to the surface adhesion of the lipid film is
the presence of fusogenic agents. On hydrophilic, negatively charged
surfaces the adhesion of the membrane to the surface is known to be

facilitated by buffers with high ionic strength®®*®®, in particular when
multivalent ions, e.g. Ca*, Mg™, Eu’*, are present, which screen the negative
charges of the lipids and the surface. This also indicates that the lipids are
not directly in contact with the solid substrate, but separated by a thin layer
of water. Divalent cations, especially Ca®" in low millimolar concentrations,
are known to have a dramatic effect on the surface potential. Compared with
monovalent salts, divalent cations are already equally effective at about a 100
times lower concentrations™.
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Figure 3.7 The surface tension during double bilayer lipid spreading. The
substrate wetted by the lipid has a lower surface tension (o) than the substrate wetted
by the aquous solution (o,). The system gains energy by wetting the surface with a lipid
film, i.e., the free energy of the system is reduced.

In most experiments described in this thesis, I used multivalent cations, Ca*
or Eu’’ to enhance wetting. Furthermore, even if the bulk concentration of
Ca™" is relatively lower than the concentration of monovalent salts in a
solution, the local concentration of Ca® on the surface can be much higher™.
On negatively charged surfaces such as SiO,, divalent ions often bind
chemically to available functional groups (e.g. Si-O’) and reduce the surface
charge density. Ca®* concentrations of a few mM, or 10° M of trivalent ions
such as La*", are enough to efficiently neutralize a negatively charged surface
and can even result in charge reversal, i.e., a build-up of positive surface
charges as cations continue to adsorb onto the surface™.

The experimental foundations for single and double bilayer spreading and
the theoretical foundations for single bilayer spreading from a lipid source
were previously established by Sackmann®, Radler* and Nissen®. Nissen et
al.*” identified different spreading modes for single bilayer membranes with
varying cholesterol, cationic lipid content or temperature. These modes
could be distinguished by a kinetic spreading coefficient (8) (m®/s), which is
related to the membrane velocity v(t)

(©) = \/% 3.11
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The spreading power S, which quantifies the driving force for the spreading
process, is related to the spreading and the friction coefficients:

ﬁ = i 3.12

In order to obtain the spreading coefficient for a double bilayer membrane, I
adapt a one-dimensional model which was developed by Radler for single
bilayers. Figure 3.8 is a schematic drawing of the propagation of a single and
a double bilayer. According to a study by Radler, Strey and Sackmann, a
single bilayer propagates (in most cases) by a sliding motion, while the
double bilayer propagates by a tank thread motion. This localizes the
effective friction between bilayer and surface for the first case, and between
the two stacked bilayers in the second case.

A Vv
= 22
essmsenimriusenes %ﬁﬁ%%ﬁé%%

s sl 0

Figure 3.8 Spreading coefficient for a 1D model. (A) A sliding single bilayer. The
membrane velocity is depicted as v. (B) A spreading double bilayer membrane. The
membrane velocity at the rolling edge is half the velocity of the membrane. The length
of the spread is R (between the reservoir and the spreading front). Note that the
spreading coefficients are effective in different regions for each spreading mode:
friction is effective between the bilayer and the surface in (A) and between the two
bilayers in (B).

Some assumptions are valid for both the single and the double bilayer
membrane model:

i) The tension gradient (Vo) drives the spreading process and it is balanced
by the frictional stress.
do

(U=V0‘3(U=E

313
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where v is the membrane velocity. For a single bilayer, { represents the
friction coefficient between the surface and the bilayer. For a double bilayer
membrane, { is the friction coefficient between the proximal and distal
bilayer.

ii) In a first degree of approximation, the membrane is incompressible**™":

. dv
"v=0>=>—=0 3.14
dx

Combining equations 3.13 and 3.14 leads to:

d%c

dx?
o(R)= 05, where o5 is the tension due to the adhesion to the surface.
0(0)=0,, where g, is the tension of the multilamellar reservoir.

=0=>o0c=ax+b 3-15

O0s — 0y

o= x + 0y 3.16

Combining equation 3.13 with 3.16 leads to:

_9%5 "% 317
v=—""p

Re-arranging equation 3.17 gives (VR = dg — 0, showing that the membrane
flow caused by the tension difference over radius R is opposed by the
friction. From this point on, bilayer and double bilayer spreading have to be
considered separately. The velocity at the spreading edge of the double
bilayer vy will be half the velocity of the membrane v, since the spreading
edge of the double bilayer exhibits rolling motion, where only half of the
membrane material is laid upon the substrate.
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Single bilayer membrane (1D) Double bilayer membrane (1D)
(Figure 3.8 A) (Figure 3.8 B)
_dR _ 4R
V= 3.18a v=eéaar 3.18b

Inserting equation 3.18a and 3.18b into equation 3.17 leads to

dR

dR
ER =05 — 0, 3.19a (2—R =05—0 3.19b

¢ dt

Integrating the left side of equations 3.19a and 3.19b, from R(o) to R(t )and
the right side of the equations from t=o to t gives

(3 R0 = (g~ )t 3208 (R®) = (05— o)t 3.20b

The radius of the spread at t=o0: R(0) = 0. Rearranging equations 3.20a and
3.20b gives:

R(t) = 2(os ; op)t 3.212 R(t) = (o5 _Zao)t

The derivative of R(t) in equations 3.21a and 3.21b with respect to t is the
velocity of the membrane v:

dR _ |(g5 — 0p) 3.22a v dR _ |(g5s — 0o)

== |=_7% =— = 3.22b
dt 20t dt 47t

v

The spreading power S = g5 — g, is the product of the spreading coefficient
and the friction coefficient:

S 2
g = 3.23
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Inserting equation 3.23 into equations 3.22a and 3.22b will give the spreading
coefficient 8 for single and double bilayer spreading, respectively:

B 3-24a v B 3.24b
2

Note that for a single bilayer membrane, the velocity of the spreading edge is
the same as the membrane velocity. For a double bilayer membrane, the
velocity of the spreading edge at radius R (vg) is half the membrane velocity

(cf Figure 3.8).

Now I proceed to a 2D model to describe double-bilayer membrane
spreading of a circular patch (Figure 3.9).

Figure 3.9 2D spreading coefficient. A laser scanning confocal fluorescence
micrograph of a circular lipid spread (top view). The multilamellar reservoir is the
bright spot (high emission intensity) in the center of the circle. Two arbitrary circles are
drawn with the multilamellar reservoir as their center, having radiuses r; and r,. R is
the radius of the entire spread. vy is the velocity at the spreading edge, and o is the
tension caused by adhesion to the surface. 1y is the radius of the multilamellar reservoir
and a, is the reservoir tension.
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Imagine an arbitrary ring on the circular lipid spread with an inner radius r;
and an outer radius r, (Figure 3.9). During spreading, the number of lipid
molecules in this ring should be constant. This requires, according to the law
of mass conservation, that the flux (J) of lipid molecules at r; or r, must be
equal.

=1 3-25

The lipid molecules coming from the multilamellar reservoir will pass
through r, with velocity v, and subsequently r, with velocity v,:

27Ty pUy, = 2T1, PV,
v, = constant

The velocity v, of the lipid molecules at any arbitrary circle of radius r can
be related to the velocity vy of lipids at the spreading edge.

v, = Rvg 3.27

. . . R . .
Rearranging equation 3.27 gives v, = —vg. Due to the differences in the

velocity parameter, from now on the model will again differ for single and
double bilayer membranes.

2D spreading coefficient of a circular 2D spreading coefficient of a
single bilayer membrane patch circular double bilayer membrane
RdR RdR
=—— .28a =2—— .
[ 3 =2 T dt 3-28b

The radial tension gradient drives the spreading process. It is balanced by
the frictional stress (3.13):

v =Vo > _do

Where { is the friction coefficient between the surface and the bilayer (left
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column), or between the proximal and distal bilayers (right column),
respectively.

Inserting equation 3.28a and 3.28b into equation 3.13 gives:

_ RdR_da »oa _ZRdR_da »ob
Sor = rdt dr e CUT_(rdt_dr 3-29

Integrating equations 3.29a and 3.29b from R, to R gives

R

dR R
{R—1In (—) =05 — 0y 3.30a 2{R Eln (R_o) =0,—0, 3.30b

The spreading power (S = g5 — g;) is the product of spreading coefficient
and friction coefficient. Equations 3.30a and 3.30b are therefore rearranged
to obtain the spreading coefficient:

R gg — 0y

dR
28 3.31a REIH (R—O) =~ - 2P 3.31b

It has to be pointed out that the assumptions made in the beginning are not
necessarily fully satisfied in the experimental system. For instance, we
assume that the reservoir tension is constant, while it is in fact likely
changing over time. As discussed above, the internal structure of the
multilamellar reservoir is rather complex, and the formation and
accumulation of defects might lead to an increase in reservoir tension over
time. Additionally, the spreading coefficient will be affected by the instant
inter-bilayer lipid transfer of the membrane through fusion or hemifusion
pores. The presence of such pores in double bilayers was investigated and
confirmed in Paper V. Another variable parameter is the thickness d of the
interbilayer space. This is relevant for the friction coefficient { = n/d, where
7 is water viscosity. Local changes in surface roughness or inhomogeneities
of the substrate will influenced, which accordingly alters the friction
coefficient.
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3.8 Modes of lipid transport between bilayer membranes

3.8.1. Inter-bilayer transfer

Lipids can migrate between bilayers across the aqueous phase by i) monomer
transfer, ii) transient collision and iii) insertion, a variant of ii)®. These direct
modes are slow, occurring on the order of minutes. We observed
experimentally the rapid transfer of lipids from isolated patches, or islands in
the distal (upper) to the proximal (lower) bilayer of a stacked double bilayer
on the millisecond timescale (Figure 3.10).

isolated island
4= on distal membrane

pore(defect) mmmmmm—

. ,,,,,,,,, 4444
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\\\s\\\\\s\\\\§

Figure 3.10 Inter-bilayer flow from distal to proximal membrane through a
pore(defect).

The study provided evidence that fast transfer of lipids can occur through
pores interconnecting two bilayers. Such pores are known to exist in
multilamellar reservoirs®® or form due to tension, shear stress, or protein

. . 64-6
interactions .

Isolated islands are patches in the proximal bilayer
membrane which were entirely separated from the main distal membrane,
such that no connection to the MLV remains. Occasionally, we observed
spontaneous tearing of such distal island, but did not find any associated
area increase. Instead, we observed an area increase of the proximal bilayer,
and concluded that lipid transfer between the bilayers must occur. Direct
lipid transfer through the aqueous interlayer, as mentioned above, could be

ruled out (Paper V), leaving pore mediated transfer as an alternative.
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In this model, we assumed a single circular pore accommodating the flow
from an isolated distal membrane island towards the proximal layer, and
compared the magnitudes of two modes of dissipation during the transfer.
Dissipation is the energy loss due to friction or viscous flow during
spontaneous surface free energy optimization of the membrane. One
pathway of dissipation is due to the friction between the two stacked
membranes, the other one is due to friction at the interface between the
substrate and the proximal membrane. While the proximal bilayer is
spreading, these two friction regimes will cause some energy loss. The
second pathway of dissipation is due to the viscous flow of the membrane,
which in the vicinity of the pore could greatly differ from the more remote
membrane areas. If the viscous dissipation is at the same order of magnitude
or lower than the sliding friction, one pore would be enough for the lipid
transfer. On the time scales we observe if the viscous dissipation is higher
than the sliding friction, then one pore would not be enough to
accommodate the lipid flow.

In the following we compare the viscous (Stokes) dissipation to the
dissipation caused by the sliding friction in order to estimate the number of
pores needed to accommodate membrane transport. To get a semi-
quantitative measure of the dissipation we consider an isolated patch with a
single defect connecting to a larger circular patch representing the lower
bilayer (Figure 3.10). The dissipation (TS) function for 2D membrane
incompressible flow (Stokes flow) is”:

av; avk>2 332

TS=2yfdA(a—xk+axi

where v is the membrane velocity and p is the membrane viscosity, and v;
and vy are the components of velocity. x;, x; are components of position,
where i and k change from 1 to 2 in a 2D membrane. If we assume radially

. " . .
symmetric membrane flow, v = ?pvp around a pore, and integrate equation

3.32 from 7, to R, we obtain

. on\®  v\2 Rdr
_ — ~ 3-33
TS =2u ferm‘ [(61") + (;) ] = 8muvpr} frp i 4mpvy
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where v, is the membrane velocity in the defect. Note that the integral 3.33
converges rapidly, as R increases. This means that the viscous dissipation is
concentrated to the pore area.

Taking into account the dissipation on both the proximal and the distal
bilayer side of the pore, we obtain

TS = 8muv? 334

The sliding friction dissipation is composed of two parts, the sliding between
the upper and lower patch, and the sliding of the lower bilayer on the
surface:

. R R
TS = 2n{ (2v,)*r7 In (—) + 2 v2r2 In (_5> 335
T'p rp

where C is the sliding friction coefficient between the two bilayers, and {; the
coefficient between the proximal membrane and surface. R is the radius of
the island patch, R the radius of the spreading proximal bilayer, and 7, the
pore radius (Figure 3.10). The 2D membrane viscosity (p) is on the order of
the water viscosity 7,,. Note that, in contrast to dissipation caused by the
Stokes flow, dissipation due to sliding friction is not very local. In fact, the
sliding friction around the pore does not converge, but depends
logarithmically on the size of the membrane patch. The membrane sliding
friction is not a material constant; its value depends on the amount of water
trapped between the bilayers, and the degree of adhesion, respectively. Using
experimentally determined values for the membrane dimensions and the
flow velocity, and assuming reasonable values for friction coefficients and
pore diameter, we found in Paper V that the Stokes dissipation is of the same
order or lower than the sliding friction. Hence, the dissipation around a
defect is spatially localized and high, but it is not expected to exceed the
dissipation of sliding friction of membrane patches, therefore only one pore
is necessary to accommodate the rapid lipid transfer.

To support this argument, a characteristic length scale L indicating the
relative significance of viscous and frictional forces can be determined. This
is similar to the Reynolds number in fluid mechanics, a number which
determines the ratio of inertial forces to viscous forces, quantifying the
relative importance of these two forces for given flow conditions. Low

33



Irep Gozen, 2013

Reynold numbers represent laminar, high Reynolds numbers turbulent flow.
Above the critical length scale the membrane is under the influence of
frictional forces. Below it, the viscous forces are more effective.

In the following I present an estimation of the characteristic length scale at
which the frictional forces are of the same order as the viscous forces.

Vo = (U — V2o 3.36

The first term in 3.36 describes the frictional forces for the supported
membrane, while the second term describes the viscous forces. The
difference determines the tension gradient in the membrane. I am looking
for the length scale, where the frictional forces are of same order as viscous
forces:

14
(V ~ ﬂL—Z, 3-37

Where V is the characteristic velocity. The cross-over lenght scale is:
L.= |% 3.38

The viscosity p of the membrane (102 dyn s cm™)” is on the order of the
water viscosity 7,, (8.9x10° dyn s cm™).

The friction coefficient® is

_w
{= d, 339

where d,, is the thickness of the water layer, on which the bilayer is sliding. If
we assume that d,, is 1 nm, we obtain a characteristic length of ~30 nm.
Above this length scale sliding friction is more important than viscosity.
Since the pore size (~10 nm, Paper V) is smaller than 30 nm, the pore vicinity
will highly likely be under the influence of the viscous forces; hence it is
correct to take the viscosity into account when we consider dissipation.
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3.8.2. Bilayer-internal lipid transfer

The formation of pores is not limited to local, nanometer-sized defects.
Larger pores are known to be stable for seconds in bilayer membranes”.
However, the area covered by a pore cannot be infinitively large, since the
enlarging pore edge gives rise to an opposing force, known as pore edge
tension y. Details on the formation of large area pores, having lateral extents
of up to ~100 pum, will be covered in the next chapter. In this section I discuss
pathways of lateral lipid migration within a bilayer membrane, as membrane
material is re-positioned to close such a pore via bilayer or monolayer
sliding. In Paper VI, hypotheses were formulated and tested, involving two
intra-bilayer transfer mechanisms of lipids: i) bilayer sliding directly from the
MLV towards the pore region (Figure 3.11 A), and ii) monolayer sliding from
the lower membrane towards the pore region (Figure 3.11 B).

When the distal bilayer is directly connected to the lipid reservoir
(MLV)(Figure 3.11 A), the lipid migration leading to the closure of the pore is
most likely occuring by bilayer-on-bilayer spreading from the MLV towards
the pore region. In this case the dissipation (TS) is caused by the bilayer-to-
bilayer sliding friction.

. 1
TS =f dAzivz 3.40

With the integration interval from R, to R, , where R, = dRp/dt, equation
3.40 will give

C N2

Rs 1 RpRp _ 2 .2 &
pr 2mrdr ¢ (—T ) = n{r; 75 ln(rp) 3.41
where { is the sliding friction coefficient between the distal and the proximal
bilayers, v is the velocity of the sliding proximal bilayer, R, is the cut-off
characteristic length scale and comparable to the size of the spread,
assuming that the pore is centered.

I use this value instead of R because it is difficult to make a calculation for a
pore at an arbitrary position in a circular spread since the flow field is not
radial.  is the friction coefficient between the two bilayers.
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Figure 3.11 Intra-bilayer transfer mechanisms involved in pore closure.
(A) The pore is located on the distal bilayer, there is a connection between the
reservoir and the pore region via the distal membrane. (B) The pore is located
around the reservoir such that the distal bilayer enclosing the pore has a
connection to the reservoir solely via the proximal bilayer.

The dissipation will be balanced by the edge tension energy (E) of the pore.

E= 2my T, 3-42

. . . . . d
where y is the pore edge tension and 7, is the pore radius (7}, = %). The

dissipation caused by the bilayer-to-bilayer sliding friction is balanced by the
edge tension energy of the pore:

TS+ E=0 3-43
Inserting equations 3.41 and 3.42 into equation 3.43 will give:

. 1 (Re .
{r; 7, ln(g)= =2y 3-44
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We can rearrange equation 3.44:
r2 7 ln(&) =-Z (¢ = dﬁ)
PPy, ¢ VP at

2y

dr, dr,
r2In(Rs) . rpzln(rp) Fraaie 7

Integrating the left side of equation 3.44 from 7,=R,,(pore radius at t=o, i.e.
initial pore radius)to 7,=0 and the right side of the equation from o to 7 (the
time required for the pore to relax) gives

0 0 T 2]/
f r2ln(Ry)dr, —f rpzln(rp)drp = —f dt?
R 0

p Rp

1 1 1
—§Rp3 In(R,) + §Rp3 In(R,) — §R¥3’ = —?T 3.45

Rearranging equation 3.45 and isolating 7 from the equation gives

1 R 1 2y
—=R2In(=)+=R,>=—
3% n(Rp>+9 » {T

3
¢ Ry
Y

2 [ln(g—;) 3]~ 3.46
Note that the size of the membrane R; is only a logarithmic factor. This
means 7 is only weakly dependent on size of the membrane, but strongly
dependent on the size of the pore R,,. With experimental values of r;,, T and y
from Paper VI, the friction coefficient for the bilayer sliding of the distal
bilayer can be calculated as in equation 3.39. This value is then used to
determine the water layer thickness for the sliding to make a comparison
with earlier reported values®.

In some instances, the pore surrounds the MLV entirely (Figure 3.11 B). In
this case the pore can only be repaired by supplying lipid material through
the distal bilayer. Since we observed that the perimeter of the proximal
bilayer is not changing, it is evident that the vesicle is strongly adhering to
the surface. Reverse bilayer rolling to close the pore is therefore unlikely, and
lipids would rather be transported to the pore area by monolayer sliding. The
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monolayer friction coefficient can be calculated using a dissipation function,
similar to equation 3.40.

. 1 1 .
TS =f, dA-Gnvi + [, dAZ V] 3-47

Indices I and II refer to the surface area of the proximal and distal bilayer,
respectively. TS is the dissipation due to sliding friction, {,, is the coefficient
of monolayer sliding friction (sliding friction between the leaflets of the
bilayer) and v is velocity of the sliding monolayer.

Using integral intervals for the proximal bilayer from R, (effective radius of
the lipid source, R,~R,) to Ry (radius of the spread), and for the distal
bilayer from R, (pore radius) to R; with equation 3.47 gives

; R 1 RDR R 1 RDR
TS = fRLS 2mrdr -8y (2 %)2 + fR: 2mrdr -8y (2 pr £y
where R, = dRp/dt, and further

. . Rsz
TS = 4m{mRER; In(ﬁ) 3.48

The (time dependent) line tension energy (E) of a pore is:

E =2myR, 3-49

where y is pore edge tension. Equating 3.48 with 3.49 (TS = E) gives

Som R R, In ( Rs® )=1 350
Y RLRp

The friction coefficient of a sliding monolayer was calculated from equation

3.50 (Paper VI) to be 10° to 10° Ns/m. Typical values for inter-leaflet

monolayer friction coefficients have been reported as 10° to 10° Ns/m”7*,

Simulations have shown that (,, can in some circumstances be situated in

the area of 10° Ns/m, so we do not rule out monolayer friction as a transport

mechanism.
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3.9 Lipid nanotubes

Lipid nanotubes are peculiar, high-aspect ratio embodiments of bilayer
membranes (Figure 3.2 A). They are hollow cylindrical membrane
structures with diameters of only ~ 100 nm, but can reach a length of
hundreds of micrometers. Membrane nanotubes are commonly observed in
cell cultures in vitro, where their individual properties are rather
heterogeneous. Little is known about their role in vivo. It was only recently
discovered that membrane nanotubes form transient connections between
individual cells, and can possibly facilitate intercellular communication”.
Accordingly, investigation of their basic physical and chemical properties,
their function in vivo, and their fabrication and application in man-made
biomimetic systems are of growing interest. In Paper II we report a new
contact-free fabrication technique for nanotubes, and in Paper III we studied
the nanoparticle-induced formation of lipid nanotubes from double bilayer
patches. Membrane nanotubes are known to form spontaneously from and
between biological cells, but it remains a challenge to understand the
formation mechanism, and how long-range material and information
interchange occurs via nanotubes.

For a lipid nanotube, the Helfrich curvature energy (3.2) is written as:

K
Fnanotube = fdA[z (cr+c— CO)Z + 0]

Integrating equation 3.2 (without spontaneous curvature ¢,) gives F as a
function of the nanotube radius r and length [:

Franotube = grlz 2nrl + o2nrl = 2nrl (% + 0) 3.51

The surface energy of the nanotube per unit length f;,,n0tupe 1 thus

K
franotuve = 211 (ﬁ + O-) 3.52

If we minimize the energy of equation, 3.52 with respect to r, an equilibrium
tube radius will be determined as:
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Figure 3.12 Phospholipid
nanotubes.

(A) A section of a phospholipid
nanotube. The tube wall is a curved

single  bilayer. (B) A  flat §§§§§§§§§§§§§§§§§§§§§§
phospholipid bilayer membrane with i@?%ﬁ?%%
slightly curved particles adhering to

one of the two monolayer leaflets.
The membrane bends along the
curve of the particles. (C) A
cylindrical nanotube emerging from
a flat membrane. The neck where
the nanotube connects to the

membrane features a high curvature
(inset).

Teq = Py 3-53

Equation 3.53 implies that the radius of a tube is a force balance between the
bending modulus and the vesicle surface tension.

So far we have neglected the spontaneous curvature ¢, in Equation 3.2. The
spontaneous curvature accounts for the asymmetry between the monolayer
leaflets of the membrane, for example in case of structural differences
between the lipids in each leaflet. Increasing the spontaneous curvature will
reduce the surface free energy and favor tube formation. In Paper III, we
show experimental evidence, and argue that if one leaflet of the monolayer is
invaded by nanoparticles with slightly curved morphology (Figure 3.12 B or
C), lipid nanotubes spontaneously form.

A theoretical model in which nanotube formation in cell membranes was
induced by the adhesion of small protein aggregates was previously
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presented by Ewers”. According to this model, which couples the
thermodynamics of phase separation to the mechanics of membrane
deformation, tubulation is governed by the free energy difference (AFy)
between the particle-adhered flat membrane and particle-adhered tubes. The
energy difference (AFy) in the model refers to the energy difference between
these two bound states.

AFy = Eneck — N(KT log g, + Ae) 3-54

where, E, .., is the energy of the toroidal neck connecting the tubule to the
membrane, N is the number of particles, Ae is the energy gain and kT log¢,
is the entropy loss, when the particles migrate from the flat membrane into
the tubule. ¢, is the surface fraction, which is defined as the product of
concentration and area of the particles on the membrane, and kT is the
thermal energy (2.5 kJ/mol). I mentioned earlier in section 3.3 Membrane
mechanics the relation between the free energy and the bending energy of
the lipid membranes. If slightly curved particles adhere to a flat bilayer
membrane, the membrane will bend along the particle curvature (Figure
3.12 B), which increases the bending energy of the membrane, compared to
the particle-free flat membrane. When tubulation occurs, the particles that
are adhered to the planar membrane migrate into the tubes (Figure 3.12 C).
On one hand, since the tubes already have highly curved side walls, there
will be a gain in energy (Ae) for the particle-adhered planar membrane if it
joins a tube. On the other hand, an increasing number of adhering particles
will also cause a loss of entropy. On the flat membrane particles can diffuse
freely, but inside the tube they will switch to a more ordered arrangement.
This will cause a decrease in entropy which in turn increases the free energy
of the system. The term kT log ¢, refers to this entropic loss. The energy gain
has to overcome the entropy loss to favor tube formation. Note that when
tube formation occurs, the curvature at the interface where the tube
connects to the planar membrane (a toroidal neck) will be high (inset in
Figure 3.12 C), which requires energy (E,,.c;)- Even though tube formation is
favored with increasing number of particles N, a critical number of particles
N. has to accumulate to reach this barrier.

In 2012, Saric et al.”” cited Paper III in a report, in which the results of Monte

Carlo simulations confirmed the effect of colloidal particles on nanotube
formation. The study shows that adhering particles produce the nucleation
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seeds for tubulation by lowering the free energy barrier, as predicted by the
model of Ewers et al.”.

In Paper III we briefly considered the possibility of nanotube formation by
hydrodynamic drag as an alternative tubulation mechanism. Thermal
convection caused by water evaporation from the open observation cell
could exert a force on the membrane of the FGUV. The hydrodynamic drag

force on a nanotube is F = {yvL with friction coefficient {; = where 1

_2mn_
In(L/r)’
is the water viscosity, L is the tube length and r the tube radius. The flow
velocity around a nanotube (v) was estimated from the velocity of nearby
free-floating vesicles. For sufficiently long tubes, the drag force is expected to
overcome the critical force f. (~ 10 pN”®) needed for mechanical tube
extrusion. The critical length, which is the length required for hydrodynamic
fe

ﬁ .
mm, which is much larger than the observed tube length in any of the

drag to contribute to tube elongation, is L, = L. was calculated to be 4

experiments.
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Chapter 4 : NON-TRIVIAL RUPTURE
MECHANICS

4.1 Membrane ruptures

Plasma membrane ruptures, e.g., the forceful opening of large area pores, is a
widespread form of biological cell damage. Even under normal physiologic
conditions in vivo, up to 20-25% of mammalian skeletal and cardiac muscle
cells and 6% of skin cells are in a damaged state due to stretching and
shearing” ™. Moreover, irreversible rupture of muscle and cardiac muscle
cell membranes (due to the lack of the membrane supportive protein

dystrophin) leads to muscular dystrophy, an incapacitating disease® ™. I

n
addition to causing health concerns, controlled rupture, or pore, formation
in plasma membranes is of importance for advanced medical applications

83-84 85-86

such as gene therapy™~ " and drug delivery

Incisions in lipid membranes can occur as a result of exposure to chemical
agents, for example, detergents®’, proteins®, cationic lipid particles®, or due
to intrusive physical procedures like electroporation®, osmotic stress®’,
ultrasound®® and strong adhesion to substrates”?".

Before we discovered two new rupture modes in lipid bilayers (Paper IV), %,
only circular pores were known to form in biological membranes, as pore
edge tension y favors circularly shaped pores*7>>* When a pore opens in a
lipid membrane under lateral tension (¢), the energy per membrane unit
area is reduced proportionally to the pore area. For example, by nucleation of
a circular pore radius 7, in the membrane, the energy reduction will
be: —omr,?. This drop in energy will be opposed by the pore edge tension,
which is proportional to the pore perimeter. For a circular pore, the opposing
energy is 2mt7,)y. The total energy E of the pore is therefore

E = 2mryy — omr,? 41
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Figure 4.1. depicts the relationship between the pore energy and the pore
radius 7;,, at constant membrane and pore edge tension. Initially, when the
pore nucleates in the membrane, there will not be a gain in free energy. This
is due to pore edge tension, which counteracts the growth of the small pore.
When the pore reaches a critical size 7, the energy gain due to the reduction
of membrane tension outgrows the energy loss due to growing pore edge
tension. Membrane tension is reduced by the area gain of the pore.

Figure 4.1. Total energy of a
pore(E) as a function of pore
radius(r,). At a constant membrane
(o) and pore edge tension (y), the pore
initially (right after nucleation) loses
energy, due to the pore edge tension.
Above a critical radius (7.), the
r membrane  tension overcome the
opposing edge tension. In practice, the
membrane ruptures when 1.~nm, i.e,

as
I
Al=

o~y/nm.
Above 7, the pore will grow.

It is reasonable to assume that a pore will tend to adapt a shape where the
pore area is maximal and the perimeter is minimal, to provide the largest
energy reduction for the membrane. Among 2D geometries, the area to
perimeter ratio is maximal in a circle. Therefore circular pores are
energetically the most favorable.

In free standing vesicles, tension will be gradually reduced after opening of a
pore, due to equilibration of osmotic pressure. In supported membranes
tension is caused by surface adhesion and remains constant after opening of
a pore. This can lead to large pores in supported membranes or FGUVs.

In Paper IV we have reported two types of irregular pore morphologies in
biological membranes. Figure 4.2. shows the new membrane ruptures we
observed, which exhibit two distinct pore shape patterns: floral (Figure 4.2.
A) and fractal (Figure 4.2. B). These patterns highly resemble those observed
in ‘viscous fingering’; a phenomenon which is observed during flow in porous
media. In the next chapter I will introduce the concept of viscous fingering
and lay out the analogy of dynamics of membrane ruptures to the dynamics
of this phenomenon.
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—
50 pm

Figure 4.2. Irregular pore morphologies. Confocal fluorescence micrographs
of supported double bilayers (top view) featuring (A) a rupture of floral and (B) of
fractal morphology.

4.2 Viscous fingering in porous media

If in a porous medium, such as packed microparticles within a fluidic
confinement, a second fluid of lower viscosity is forced through the particle
bed to displace the first fluid, a morphologically instable interface of these
two immiscible fluids results. This instability is known as ‘viscous
fingering®, since the boundary displays very typical, complex fingering
patterns. These patterns strongly resemble the membrane ruptures we
observe (Figure 4.2). Porous media are abundant in nature; examples are
soil, zeolites, and also biological materials such as bones, wood, and cork. A
number of man-made products such as cements and ceramics are also
considered as porous media. Viscous fingering is in the focus of several
important technical applications, for example oil recovery®, fluid mixing®”,
soil physics®®, and biological tissue and organ engineering® ™.

Interfaces of fluids are known to exhibit instabilities’®. Membranes are also
(two-dimensional) fluids, and it is conceivable that the membrane flow can
cause edge instabilities. Here I show that in addition to the similarity of
patterns there is a direct mathematical analogy of the equations used to
describe the dynamics of viscous fingering and the rupturing of biological
membranes (Paper IV).

The flow dynamics of a fluid bilayer membrane sliding over a supported (and
therefore immobile) membrane is described by the local force balance (3.13):
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v =Vo

This is in fact the same as the Hele-Shaw equation, a form of the Darcy
equation which is used to describe a Hele-Shaw flow. A Hele-Shaw cell is a
specific experimental set up which simulates in 2D the flow in 3D porous
media"” (Figure 4.3 A).

colored

water
/
e

glass plates

glycerol
/

——

A
N
syring

viscous
fingering

C

B

Figure 4.3 Hele-Shaw Cell. (A) Experimental set-up of a Hele-Shaw cell. Two
glass plates are placed on top of each other, separated by a small distance, and a
tiny injection port in the upper plate. Glycerol, a highly viscous fluid is injected first,
depicted by the circular white area in the blue cell. Subsequently, a less viscous
liquid, such as water, depicted in green, is injected. The injection causes viscous
fingering patterns. (B) Images of Saffman-Taylor Instabilities by Toth-Katona et al.
'“* and (C) Invasion Percolation Clusters by Lovoll et al. ' from actual experiments.
For (B) a liquid-crystalline substance doped with a dye was used as a defending fluid.
Air was used as an invader. For (C) the defending liquid is 90%-10% by weight
glycerol-water solution dyed with 0.1% Negrosine to increase the contrast between
the colored fluid and the invader (air). Note that in Experiment C, the inlet is not in
the center of the plates, but on the left side. Images in (B) and (C) are reproduced by
permission, © American Physical Society.
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The cell consists of two parallel flat glass plates separated with an
infinitesimally small distance h. If h is small, the incompressible flow
(V¥ = 0) inside will be laminar at all velocities.

A Hele-Shaw flow is a 2D form of Darcy flow defined as below:

hZ
b=——VP 2
LT 4

where ¥ is the velocity field. In fluid dynamics, this vector mathematically
describes the motion of the fluid, and the length of the vector field is the
flow speed. h is the distance between the two plates, pu is the viscosity of the
fluid and VP is the pressure gradient.

At the moving boundary of a fluid in the Hele-Shaw flow, the inviscid edge is
balanced by the pressure of the invading liquid:

P =-yc 4.3

where P is the pressure, y is the surface tension, and c is edge curvature. The
membrane is in a first degree of approximation also incompressible (V¥ = 0).
At the boundary of a rupture, or membrane pore, the membrane tension o
balances the line tension stress y:

o=yc 4-4

where c is the edge curvature of the rupture. The instability of a pore edge,
with the pore void representing an inviscid fluid, can therefore be considered

equivalent to a Saffman-Taylor instability'**

occurring at the interface of two
fluids in a Hele-Shaw cell (Figure 4.2 A and Figure 4.3 B). Table 4-1.
summarizes the analogies between membrane flow properties and the

Saffman-Taylor instabilities.

In a plain Hele-Shaw cell the porosity is regular. By inserting grains (for
example glass beads') randomly, it is possible to create inhomogeneous
porosity, leading to irregular permeability. In this case the capillary forces
are more effective and cause displacements with fractal morphology.
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Table 4-1. Analogies between membrane flow and the Saffman-Taylor
instabilities.

Membrane flow Saffman-Taylor instability
L 12p
{v=Vo - ?U =VP
V=0 Vv=0
4 14
== p=—°L
TR R

The appearance of fractal displacements”"® (Figure 4.3 C) is different than
in Saffman-Taylor type of fingering°**°(Figure 4.3 B) in which the viscous
forces are dominant. These fractal form of displacements resemble invasion
where the invading fluid chooses the ‘path of
least resistance’, taking the shape of a percolation cluster that entraps islands
of the displaced fluid. The invasion occurs in characteristic burst, know as

. . 8 . . . .. . .
Haines jumps'®. Percolation does not require fluid injection. Invasion of a

percolation clusters' ™"’

highly viscous fluid by a fluid with lower viscosity can be also observed
during the drainage of a less viscous fluid (air) through a fluid with higher
viscosity (water)®® which is one of the common setups for invasion
percolation experiments.

It is not necessarily easy to understand why a lipid membrane flow upon
rupturing would follow flow dynamics of a porous medium. During the
formation of floral ruptures (Figure 4.2 A) (Saffman-Taylor analogous), thin
threads of membrane, which are indicators for membrane-surface pinning,
were consistently observed at the pore edge. Pinning can contribute to the
instability of the floral pores (Paper IV). Roiter et al. have shown by means of
atomic force microscopy (AFM) how particles of ~20 nm diameter create
incisions in supported membranes'®. The AFM scans of the SiO, surfaces in
Paper II and VI have revealed the presence of grains of comparable
dimension. Pinning of parts of the distal bilayer to such grains by means of
Ca™ ions would locally reduce the fluidity of the membrane. The flow of
lipids during a rupture event can essentially be viewed as flow through a
two-dimensional porous medium, where fluid membrane interacts with
immobile areas. This percolation dynamics could equally arise from Ca*'-
mediated pinning points between the bilayers®.
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Invasion percolation dynamics also occurs in avalanches with broad size
distribution. Briefly, avalanches are sudden increases in the response of a
system to stress. Both the patterns of fractal ruptures (Figure 4.2 B) with
trapped membrane islands, and the avalanche statistics are consistent with
invasion percolation dynamics observed in fluid displacement experiments.
In addition, the fractal dimension (c.f. 4.3 Fractals & fractal dimension) of
the fractal ruptures, D =1.71, is lower than the theoretical value, D=1.83, but
comparable to typical values of invasion percolation clusters

110-111

We have not yet been able to provide a clearly defined analogy between the
fractal ruptures and the invasion percolation instability, as we did for floral
ruptures with respect to Saffman-Taylor instabilities. However, it is possible
to determine a characteristic length scale for membrane pores, in which they
are not expected to exhibit instabilities.

The time scale to relax a pore shape modulation () follows a simple scaling
argument. It is known that in a free-standing vesicle, pore flow dynamics is
governed by the membrane viscosity (u)”*. Consider a periodic membrane
edge modulation u = ¢ (t)sin (gx). The wavelength L and peak amplitude &
of this modulation is depicted in Figure 4.4.

Figure 4.4 A periodic membrane edge modulation with wavelength L and
amplitude A.

The excess energy compared to a straight edge (u=0) over one wavelength is

2

E=yf0de< 1+(Z_Z)2_1)szode§(%)2=n2y% 4.5

The edge modulation will normally relax to produce a straight edge, but it
will take some time due to dissipation. In a free standing membrane the
dissipation comes from the 2D Stokes flow of surfactants in the membrane
(Equation 3.32):
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TS = 2 fdA(avi av")z
= oK axk 6xl-

We integrate over one wavelength L, the dissipation scales as

2

. Vv
TS~ L2 (E) ~UV 2~ pg? 4.6
Balancing the excess edge energy with dissipation gives equation 3.43:

TS+E=0

from which (on a scaling level) the relaxation time can be determined:

) 1
E~——¢ 4.7
T
where the relaxation time is
u
T~— L .8
Y 4

In a supported membrane this timescale is much longer, and increases
rapidly with the wavelength of the modulation: the dissipation due to sliding
friction (calculated over one wavelength) scales as (3.40):

TS =f dA%(v2~ZL2V2

Balancing dissipation and energy gain (as above for 3.42) gives:

T~§ L3 4.9

where { is the friction coefficient between the proximal and the distal
bilayers.
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A rupture propagating at velocity v exposes a membrane edge length L in
time T:

L
T=-
v 4.10
Equating 4.9 and 4.10 gives a characteristic length (L,):
4
L. = {_v 4.11

For modulations larger than L, the relaxation of edge shape modulation will
take more time than the rupture process itself. This leads to the possibility of
an unstable edge. When the values we estimate from the time series of the
rupturing membrane in Figure 3 of Paper IV are introduced into this
equation, we obtain a characteristic length (L.) ~0.1 pm.

4.3 Fractals & fractal dimension

“Why is geometry often described as ‘cold’ and ‘dry?’ One reason lies in its
inability to describe the shape of a cloud, a mountain, coastline, or a tree.
Clouds are not spheres; mountains are not cones, coastlines are not circles,
and bark is not smooth, nor does lightning travel in a straight line.” Benoit

112

Mandelbrot, the father of fractal geometry (1924-2010)"".
Fractals are complex patterns which are self-repeating regardless of
magnification. For example, any branch of a tree will resemble the entire
tree. Clouds, lightening, snowflakes, mountain ranges, branching pattern of
rivers, broccoli, fern, butterfly wings™, the bronchopulmonary system",
bacterial growth patterns”, self assembled proteins™, the structure of
chromosomes" and DNA sequences"® are other examples of fractals in
nature. In the field of lipid membrane research, membrane domains as well

as the growth patterns of liposomal aggregates™ or spreading films** have
been shown to exhibit fractal patterns™*™.

The development of fractal geometries in nature offers distinct advantages to
the organisms. A notable advantage of the fractal morphology of some
internal organs of mammals is the efficient use of genetic material, saving

2

additional code for every single sub-structure™. In physiology, fractal

passages of airways in lungs have been shown to provide the maximum
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possible surface area for gas and nutrition exchange at the smallest occupied
volume™, and minimum transport distance 2. Furthermore, the fractal
morphology of these structures has been interpreted as an evolutionary
benefit, providing the organism with advantages such as greater error
tolerance and adaptability™*.

Fractal analysis is the determination of the fractal characteristics of data. It
comprises methods to assign a fractal dimension and other characteristics to
data which originate either from a model dataset, or is obtained from natural
or technical phenomena. The time lines of weather patterns, and ocean
temperatures, also of sleep apnea and of the stock exchange™* are examples
of phenomena that exhibit statistical self-similarity.

A fractal dimension is an index, quantifying the complexity of a fractal
pattern as a ratio of change in detail to change in scale"
fractal dimension describes how an object fills vacant space over different

. In other words, the

scales. The fractal dimension of a geometric object is an integer, but for a
fractal object it is a fractional value (fractal). The topological dimensions in
regular (Euclidean) geometry are defined such that a point has a dimension
of zero, a line has a dimension of 1, a plane has a dimension of 2 and a cube
has a dimension of 3. These dimensions, however, are not sufficient to define
for example a line with a complexity, e.g., a line which has a kink or many
kinks in it. If we divide a straight line into 3 equal segments, each segment is
a miniature of the entire object (the line), and each segment has a length
which is 1/3 of the original object. The regular dimension (D) is defined as
below:

N =SP 412

where N is number of segments and S is scale of each segment. For a
segmented straight line, N=3 and S=1/3 therefore, the regular dimension of a
straight line will be:

log3
T
log(3)

log N| _

=1 .
log S 413

The result will not change if N increases. The number of segments and the
scale will be proportional; therefore the dimension will always be 1.
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In Figure 4.5, a line of higher complexity is illustrated. This line is a part of
the “Koch snowflake”’, named after the Swedish mathematician Helge von
Koch, who first conceived this structure. A dimension D = 1 will not exactly
define the Koch curve in Figure 4.5, even though it is a line and not a plane.
Fractal geometry, a non-conventional geometry, can define an intermediate
dimension between a line and a plane, assuming a fractal dimension of non-
integer value.

1+ iteration 2 jteration 3" jteration

_N_
A
A am

> 7

o5 m -
Figure 4.5 Fractal dimension of a Koch curve. First a straight line is divided into 3
equal segments. The middle segment is deleted and has been transformed into a

triangular kink. This division is iterated on each new segment 3 times. The final state
consists of 4 segments, each of which is a product of earlier iterations (bottom panels).

=)

To illustrate the determination of the fractal dimension of the Koch curve, it
is created from a straight line and then divided into 3 segments of equal
length. The middle segment is deleted, and two segments with a joint
connection point, forming the top of a triangle, are drawn (first iteration).
For each segment this procedure can be iterated.

For the Koch curve in Figure 4.5, the final state of each iteration will have 4
segments (N=4) each of them a replica of the original segment, but of
reduced size. The length of each segment will be 1/3 of the precursor length
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(S=1/3). Therefore, the fractal (non-integer) dimension of the Koch curve
will be (4.13):

_ logN _ log4
logs  log(3)

=1.231

7 each of

There are different methods to determine the fractal dimension"”
them most suitable for a specific set of problems. We used the box-counting
method ® in Paper IV to determine the fractal dimension of membrane
rupture areas from an acquired image of the fracture. Box counting was
performed by placing the fractal image into a grid (a plane divided into
“boxes”) consisting of an array of squares of equal size. The boxes completely
occupied by the fracture area were counted. Afterwards the box size in the
grid was decreased, and the number of fully filled boxes was counted again.
The fractal dimension is a measure based on the relation between the change
in the number of the boxes which are occupied (filled with a fraction) and
the box size.

Imagine that the object is a 1 dimensional unit line. If we cover this line with
smallest number of boxes N which has a side length dimension of §, then the

relation between N and § will be N (8):%

square we expect N (5):(%)2. Similarly, if it is a 3-dimensional unit cube,

If the object is a 2-dimensional unit

N (6):(%)3. It is not a coincidence that the number of dimensions becomes
the power of such a relation. For more complex fractal shapes, a power law
N(8) = k(%)D can be helpful to establish a relation between N(8) and 1/8.

In order to obtain D I take

1
log N(8)=log [k(3)"] 414
and re-arrange equation 4.14:

log N(8)=logk + D log%

1
logN(8) logk Dlogs

1 1 1
logg logg logg
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Solving 4.14 leads to

_ . logN(6) | logk
D=lm 7 "I 415
log (3) log

If § becomes successively smaller, the approximation will greatly improve. If

. . 1 logk . .
§ is approaching o, 5=, log o0 =00, and term lil — 0. D will remain as

0g5

log N(6)

416
1
log (3)

D = lim
5-0

If such a limit exists, it will be the box-counting dimension of the fractal™.

Limit 4.16 converges very slowly, thus a more practical approach is a
logarithmic regression, using a log/log plot of N(§) vs. %, which should yield
a straight line with slope D and y-intercept log (k)*°. This approach was
used in Paper IV to obtain the fractal dimension of rupture areas in the distal

bilayer of the FGUVs.

4-4 Avalanches and crackling noise

The dynamics of complex systems often occurs in terms of avalanches, rather
than following a smooth gradual path. An avalanche is a sudden response of
a system to a slowly applied stress. The name ‘avalanche’ (but not the
dynamics!) originates from a snow slide phenomenon observed in nature.

Crackling noise arises when a system responds to a slowly applied external
force through discrete, burst-like events, spanning a broad range of sizes”".
In other words, crackling noise events appear intermittently and each of
them has a different magnitude ®*. A typical example is earthquakes: the
response of tectonic earth plates to the frictional stress. If the magnitude of
earthquakes in a region of the world could be in some way recorded over
many years, and played as an audio signal with 10 million times accelerated
speed, it would sound much like the sound generated by the slow crumpling
of paper, or the noise generated by a burning log of wood, which are two
other typical examples of crackling noise. Other examples are the failure of
mesoporous materials under compression, the reorientation of magnets in
a changing magnetic field®, or front dynamics of adhesive tapes™*. Not all
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systems under tension crackle. Sethna et al.® explain the distinction of
crackling noise from other responses to changing external conditions with
two distinct examples: One is the popping of pop-corn when it is heated.
The elements (the pop-corn bits) of the system respond individually with
similar strength. The other is the snapping of chalk when it is mechanically
stressed. Here, the grains of the chalk are very strongly connected; they
respond to external stress all together at once. The peculiarity of systems
which exhibit crackling noise dynamics is that they are consisting of
individual elements which are connecting to each other stronger than the
pop corns and weaker than the grains of chalk. This intermediate level of
connection present in those systems results in a wide distribution of distinct
burst sizes, displaying crackling noise dynamics. The complete
understanding of crackling noise has still not been achieved. Deeper insights
would, besides describing a fundamental physical concept in the world
around us, probably help with practical problems, predicting earthquakes, or
the dynamics of the stock markets.

Here I present an unpublished analysis based on fluorescence intensity
measurements of the confocal micrograph series of the rupturing lipid
membrane in Figure 3 of Paper IV (Figure 4.6). The analysis reveals that the
fractal avalanche ruptures of the model phospholipid membranes are
exhibiting crackling noise dynamics, in analogy to seismological phenomena
(Figure 4.6 B and F). The data not only exhibit crackling noise
characteristics, but also follow the Gutenberg-Richter law known from
seismology, which characterizes the abundance and magnitudes of
earthquakes™: The number of earthquakes Ng with a magnitude S in a
defined region over a sufficiently long period of time decreases with
increasing values of S according to N, o S, Log N, « -b Log S. In other
words, among a distribution of sizes of earthquakes over time belonging to a
specific region, the big ones will be rare, and the small ones will be frequent.
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Figure 4.6 Avalanche rupture statistics of double bilayer membranes. The data
is taken from Figure 3 of Paper 1V (A) Histogram showing the number of avalanche
ruptures (N) versus avalanche size. (B) Histogram showing the frequency of the
earthquakes (N) versus earthquake magnitude. (C) Log/log plot of data points in (A).
These analyses reveal that the biomembrane ruptures follow the Gutenberg-Richter Law
of earthquakes: the power law formulating the inverse relation between the frequency
and the size of the earthquakes. (D) The plot of earthquake magnitude versus time. (E)
Plot showing the avalanche size versus waiting time before the next avalanche. Please
note the strong correlation between the avalanche size and the waiting time before the
next avalanche (regions marked with dashed lines). (F) Plot of rupture avalanche size
versus time. Spikes represent a wide variety of avalanche sizes appearing over time in
an intermittent manner, featuring crackling noise dynamics. Note the resemblance to
(D). Panel (B) and (D) have been adapted from Sethna et al.”'. Reproduced with
permission, © 2001 Nature Publishing Group.
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Chapter 5 : ARTIFICAL CELL CONCEPTS

“What I cannot create, I do not understand”

Richard Feynman, Physicist (1918-1988) (as quoted in The Universe in a
Nutshell by Stephen Hawking)

The first embodiment of the idea of an artificial cell is nearly 50 years old™.
From the point of view of synthetic biology”, the definition of the artificial
cell (or artificial life in its smallest unit) is rather ambitious, containing a
dozen challenging requirements, including self-assembly of a boundary from
simple molecules, the ability to capture and transform energy, self-sustained
production of catalysts, and error correction during replication. These
requirements can currently not be met; to build an artificial cell by these
criteria is technically not feasible®®. However, one can relax the criteria and
look at the artificial cell from a more practical perspective, defining the
artificial cell as a cell-sized particle, which is created in the laboratory in
order to mimic certain functions of the living cell®?. Until today, the
majority of engineering approaches to an artificial cell have produced exactly
this: packages which are able to mimic certain structural or functional
aspects of the biological cell. A term used to describe this kind of approach is
the protocell”®**°™ or hypothetical precursors of the first biological cells.
Protocells consist of chemical components which do not require living

content. Another practical term, the minimal cell®™*

, represents a model
with the smallest possible genome. This minimal cell should maintain basic
metabolic functions and replicate, similar to symbiotic single cell organisms

which do not have to synthesize all their own nutrients.

Contemporary artificial cell research primarily aims for a detailed
understanding of how the cell works. On the way towards such a minimal
cell model, interesting conclusions can be drawn. For example, a study in
2004 by Chen et al."*® has shown that RNA, simply placed in a fatty acid
vesicle, creates an osmotic pressure along the membrane by RNA-associated
ions, which leads to the swelling of vesicles, followed by fatty acid uptake
and vesicle growth. According to the same article, isotonic vesicles do not
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grow under the same conditions. This indicates that if the membrane of
prebiotic organisms did consist of similar molecules, they had an advantage
in replication over the isotonic assemblies. Such results provide clues about
Darwinian evolution at very early stages.

The ability to produce minimal cells leads, and has led in the past, to
beneficial practical applications mainly in the medical and pharmaceutical
fields, but not exclusively there. For instance, the controlled release of the
drug doxorubicin was reported during compartmentalization studies with
membrane coated microgels*’. Another example is the production and
usage of artificial red blood cells for oxygen therapy '’. A technical example
is the development of biobatteries/biofuels. Xu et al. *** achieved a protocell
bio-battery which can convert chemical energy (energy stored in a
concentration gradient) to electrical energy, using a hybrid system of natural
ion channels and pumps incorporated into supported lipid membranes. One
other potential benefit of protocells is cell-free protein synthesis'®. A
declared long-term goal is the development of synthetic cell culture models.
Current toxicity tests on human liver cells are suitable only for short term
toxicity caused by high doses, not for chronic toxicity. Moreover, with
synthetic cell lines, toxicity tests could be performed in earlier stages of drug
development, avoiding animal based clinical trials”.

There are two common approaches to the creation of artificial cells. The top-
down approach involves the genetic reprogramming of existing cells”.
Starting point is a complex biological cell. By knocking out “unnecessary”
genes, a minimal cell model containing a fraction of original genome is
created, which is just sufficient to maintain the basic cell functions. In
contrast, the bottom-up approach aims to develop a cell starting from
biomimetic containers. Subsequently, the desired additional structural and
functional elements are step by step constructed and assembled
BOUOSY (Figure 5.1).

The bottom-up construction of a cell begins with the container, defining a
semi-permeable boundary. Abundantly used in this context are vesicles or
liposomes (Figure 5.1 A), assembled from phospholipids, which are also the
main components of plasma membranes®’. An alternative is to start from
highly elastic polymerosomes, which are vesicles assembled from
amphiphilic block co-polymers™'. A few other candidates are protein, peptide
or amino acid assemblies"®, The next step forward is shown in (Figure 5.1
B).
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» »

Figure 5.1 Bottom-up approach for artificial cell construction. (A) The liposome
as a biomimetic container. (B) Construction mimics: implementation of cytoskeleton
components and compartmentalization. (C) Communication and exchange mimics:
Signaling, intra-, and extra- cellular trafficking. (D) Cell-free metabolic processes:
enzyme synthesis and replication.

It entails the reinforcement of the container with endo- and exo-
cytoskeleton elements providing shape and stability; as well as
compartmentalization and motility. Cell cytoplasm contains compartments
of organelles which are surrounded by a single or double bilayer membrane.
Each compartment is isolated and can achieve a unique concentration of
solutes, pH or enzymatic activity. This feature, referred to as
compartmentation or compartmentalization, gives the cell the opportunity
to perform various (potentially incompatible) metabolic activities
simultaneously. One experimental strategy is to exploit phase transitions and
separations of encapsulated soluble polymers in response to external stimuli.
A few examples are poly-(N-isopropyl acrylamide)™®, synthetic
polyelectrolytes 7 or binary PEG-dextran®® mixtures. The third step in the
bottom-up approach is about mimicking cell properties which play a role in
the chemical communication of a cell with its external environment (Figure
5.1 C). This involves processes such as signaling, endo- and exocytosis. A
successful model for artificial exocytosis of vesicles has been achieved by
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means of microinjection techniques, involving the release of
. .. . 16
neurotransmitters from lipid vesicles ™.

The final step in constructing a minimal cell would be completed by
performing enzymatic catalysis and replication (Figure 5.1 D). As mentioned
further above, critical requirements are metabolic functions and self-
reproduction. Currently there are a variety of studies reporting on cell-free
transcription, translation and protein expression using biomimetic
containers™*'. However, these studies have not yet been merged with other
steps to accomplish a complete artificial cell model.

With my own research, I have touched a number of aspects, which I consider
related to artificial cell engineering. In the following I summarize these
aspects mainly related to cell-like behavior, which have been observed or
experimentally established in this work.

The FGUYV as a biomimetic container:

One major step in artificial cell research is the establishment of a biomimetic
container. For the living cell this container is the plasma membrane, an
intact, semi-permeable fluid lipid membrane, integrated with proteins and
other molecules. The majority of model studies employ liposomes assembled
from phospholipids as fluidic and elastic containers. The elasticity of the
plasma membrane is essential, since cells can undergo shape changes which
must be compensated'®”. Giant unilamellar vesicles can undergo minor shape
transitions, but if the membrane is under tensile stress, they rapidly break™®.
Lipid membranes have a very low tolerance to tension (stretching). Cells
overcome this problem by utilizing lipid reservoirs. Lipid droplets® or
wrinkled fragments of the plasma membrane” act as lipid sources, balancing
the plasma membrane tension. The FGUVs used in various parts of my work
(Figure 5.2), add this additional aspect to liposomal biomimetic containers.
The FGUVs are at all times connected to MLV reservoirs. If the tension
influences the membrane, more lipids from the reservoir can be supplied to
the unilamellar vesicle and the stress is balanced. Previously reported
nanotube-vesicle networks were based upon a similar connection between a
multilamellar vesicle and a giant unilamellar vesicle. Due to the much
smaller internal volume, the FGUV system is less sensitive to osmotic stress,
and has the benefit of a solid support.
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Figure 5.2. Confocal fluorescence micrograph of a FGUV (top view). The
bright spot in the center of the circular double bilayer spread is the MLV. The FGUV
is connected to the MLV at all times.

Tube formation:

Caveolae which are abundant membrane invaginations particularly in
muscle cells, adipocytes, and endothelial cells, have come in recent years
into focus of cell mechanistic studies'®®. These invaginations are primarily
utilized to buffer the mechanical stress in the plasma membrane in an ATP-
independent manner. The caveolae formation is reversible. During stressful
conditions the caveolae disappear, merging into the membrane, and when
stress is released, they form again'®. This is reminescent of the reversible
tubulation in FGUVs, observed in Paper III (Figure 5.3). If the membrane is
under conditions of relatively low tension, the tubes form due to the
spontaneous curvature induced by the nanoparticles (Figure 5.3 A). When
adhesion to the surface is increased significantly, controlled by means of Ca*
concentration, the membrane tension increases, and tubes retract (Figure
5.3 B). The forming and retracting tubes can be interpreted as a second lipid
reservoir for the FGUV, in addition to MLVs.

The caveolae form due to the increase in spontaneous curvature in the
plasma membrane, caused by a caveolar serum deprivation protein'®. This is
similar to the formation of invaginations in plasma membranes due to the
adsorption of virus capsides’. In Paper III, we encapsulated nanoparticles in
FGUVs to induce tubulation. Unlike the invaginations in cell membranes,
the tubes were created outwards. This was expected since the nanoparticles
were adhering to the interior of the proximal bilayer of the FGUV.
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Figure 5.3. Formation and retraction of nanotubes. Inverted confocal
fluorescence micrographs of a FGUV, exhibiting tube formation and retraction. (A)
Encapsulated nanoparticles inside the FGUV increase the spontaneous curvature of
the membrane and facilitate the formation of nanotubes in the low tension regime.
(B) Due to high membrane tension, the tubes retract, except for a few which become

anchored to the surface during tubulation.

The nanoparticles used in the study were comparable in size to the virus
particles which stimulate tube formation in the plasma membranes. This
similarity is of significance, since the occurrence of tubulation is sensitive to
the ratio of bending energy to the particle size”.

Pore formation and repair mechanisms:

A number of papers in this thesis (Paper IV, V and VI) focus on pores or
ruptures in lipid membranes. Our observations in Paper III show
resemblance to rupture repair in biological cells (Figure 5.4). The pore
closure aspect is reminiscent of the “exocytotic reduction mechanism” for
large area pores in biological cells, one of the three currently discussed cell
repair mechanisms'®. It requires that sufficient lipid material is supplied to
the membrane regions surrounding the pore, and that the adhesion to the
underlying support is simultaneously reduced. Ca** pinning in our system
initially prevents the pore from enlarging. This corresponds well to the role
of the cytoskeleton, which protects the cell membrane from further
rupturing, and aids the membrane in resealing.

In Paper IV, the observation of irregular ruptures in FGUV membranes led us
to examine a possible analogous response in cell membranes. Experiments
performed in Chinese Hamster Ovary (CHO) cells under similar conditions
led to the formation of fractal ruptures in spreading cell membranes. This
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Figure 5.4. Repair of large area pores (~100 pm in length) in supported
membranes. The 3D fluorescence intensity micrographs of a large area pore in the
proximal bilayer of a FGUV, which is repaired due to the pore edge tension,
controlled by the removal of pinning sites at the pore edge.

study showed that observations on FGUV can lead to the discovery of
unknown behavior of cells.

Chemo-, Thermo- and Haptotaxis:

Living cells continuously probe their close-range environment and move
accordingly in order to adjust to physical or chemical stimuli. Examples of
such stimuli are a chemical concentration, temperature, or adhesion
strength gradient. Movement in these gradients (referred to as chemotaxis,
thermotaxis or haptotaxis, respectively) benefits the cells in a particular way,
by improving access to nutrients, creating connectivity, evading undesirable
environmental conditions or others. Cell movement is a key mechanism in
the function of immune system cells, sperm cells, wound healing and cancer
cell metastasis.

The molecular machinery behind cell movement is complex. It involves a
cascade of signaling events, constructional elements, i.e., cytoskeleton
filaments and motor proteins, as well as coordination of extreme shape
dynamics of the cell. There is a variety of studies which, in vitro and without
the involvement of biomimetic containers, approach the organization of the
machinery involved in cell motility. A review by Schwille et al. summarizes
these efforts **. Only a few examples employ biomimetic containers in
addition to the molecular machinery to study cell movement. These include
studies on encapsulated actin filaments'®, electrostatic and adhesive
interactions of vesicles with an underlying bilayer ', and some theoretical
works*™*. The investigations leading to Paper I and Paper II have been
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driven partly by the motivation to establish control over the movement of
surface adhered membrane containers (giant or flat giant unilamellar
vesicles) in chemical or thermal gradients, respectively.

In Paper I, using a FGUV, and Ca®" as a point source of chemo-attractant, we
have probed several aspects of cell migration as a response to chemical
stimuli. These aspects were ligand binding, polarization of FGUV towards
the chemo-attractant, and protrusion formation with high aspect ratios
(Figure 5.5). Complementary experiments showed a reversible attractive
response of suspended nanotubes towards the Ca** source. This particular
finding indicates that the phenomenon is not necessarily surface dependent,
but originates from the interaction of Ca*" ions with the membrane.

A C

10 um

8 um
—

Figure 5.5 Motility of FGUVs. (A-B) Protrusion formation in a FGUV vesicle
directed by Ca® supplied via a micro injection needle. Similar protrusions are
observed in cells during chemotaxis. (C-D) Artificial thermomigration of a FGUYV,
driven by a moving hot spot. The membrane container evades the high temperature
stimulus, producing a trailing nanotube.

Similar to chemotaxis, cells can direct their movement along temperature
gradients. Temperature-directed migration of various types of cells has been
established, some examples are bacteria, amoebae, C. elegans or sperm. The
lipids in the membrane matrix of slime mold were reported to act like
thermosensors, and the fluidity and re-structuring of membrane lipids were
found to be effective in thermotactic behavior®*®. Rearrangement of the
membrane lipid composition in the Paramecium cell membrane due to
temperature gradients was also reported to be essential for thermotactic
motion”’. These findings indicate that lipids in the plasma membrane are
involved in thermosensory transduction. However, currently, not much is
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known about the molecular mechanisms and the role of lipids in thermotaxis
of cells.

In cell haptotaxis, motion occurs based on selective-adhesion interactions
between the cell and discrete cell matrix constituents”. In Paper II, we
reported on a temperature gradient-defined movement of surface adhered
vesicles. In our study on smooth oxide surfaces, the vesicles do not
selectively control adhesion. The adhesion is rather controlled by the locally
generated temperature gradient, which causes a corresponding adhesion
gradient. This adhesion gradient over the surface distance covered by the
FGUV causes the vesicle to migrate towards the region of high adhesion. Our
study represents the first example of an experimental implementation of
thermotaxis/haptotaxis of supported model membranes.
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Chapter 6 : METHODS

6.1 Fluorescence and confocal laser scanning microscopy

Most of the work in this thesis involved optical microscopy to visualize the
various phenomena in supported biological membranes. Both the
membranes and the solid supports utilized in my experimental work are
transparent to visible light, and therefore well suited for optical microscopy.
The thickness of a bilayer membrane is only ~4-5 nm, which is a size range
below the diffraction limit of light microscopy. Therefore direct observation
is not possible. Instead, fluorescence microscopy techniques were utilized in
all imaging experiments throughout my thesis work. Fluorescence
microscopy requires fluorescent labeling of the bilayer, which can be
conveniently achieved through incorporation of fluorophore-conjugated
lipids in the membrane. Fluorophores absorb light of one wavelength
(excitation) and emit it at a slightly larger wavelength within 107 to 10° s. A
small portion of the excitation energy is dissipated internally, so that the
emitted light is of lower energy than the incident light. If the absorbed
photon introduces more energy than necessary for a simple electronic
transition, the excess energy is converted into vibrational and rotational
energy. Figure 6.1 shows a simplified “Jablonski’-diagram”*, which is
commonly used to represent the various absorption-emission relationships
for a given molecule. Many related, and in other branches of optical
microscopy and spectroscopy important aspects, such as intersystem
crossing to the triplet state, internal conversion between singlet states, non-
radiative relaxation, quenching and phosphorescence, are omitted in the
figure for clarity.

In the different experiments two types of optical fluorescence microscopy
techniques were used; laser induced fluorescence (LIF), and confocal
microscopy. The experimental setup shown in Figure 6.2 was developed in
our laboratory for combined multi-wavelength LIF wide field imaging and IR
laser spot heating.
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Figure 6.2 Schematic drawing of the optical setup used for laser-induced
fluorescence (LIF) microscopy imaging. The green and red lines represent the beam
paths from the two diode lasers. The actual setup contains another 488 nm laser, which
is omitted in the drawing. The beam paths of the 633 nm the 532 nm lasers are drawn
separately until the shutter, from there on their paths are identical, and only
represented by the green colored line. The orange beam path represents the additional
IR laser line, utilized in the spot heating experiments.

70



The self-spreading double bilayer

The system contains a commercial Leica DM-IRB differential interference
contrast microscope, equipped with an in-house developed fluorescence
imaging setup. It features three individual diode lasers (488 nm, 543 nm, 633
nm), and a 1470 nm diode laser, which will be described further down, as
well as a high performance CCD camera for image recording. The visible
laser beams pass a diffuser, which reduces the typical speckle pattern which
is produced by the mutual interference of the wavefronts in the laser beam,
and a mechanical shutter. Then the beams are expanded in a telescope and
finally focused by the back aperture lens onto the fixed focal plane of the
objective. From there it diverges and produces a homogenously illuminated
field of view.

Today’s high numerical aperture optics in commercial wide field
microscopes achieve a resolution of 250 nm. The best resolution can be
obtained with a homogeneous refractive index, high fluorescence intensity,
and low background signal. An improvement is achieved by deconvolution of
wide field image z-stacks, using a computational post processing to
construct the most probable object depending on the “point spread function”
(PSF)'”. The PSF is determined experimentally for each optical setup. This
technique removes the out-of-focus light and enhances contrast.

Confocal laser scanning microscopy further advances image quality, and can
be used to render three-dimensional fluorescence images. A tightly focused
laser beam scans the sample, and a pinhole aperture allows collecting light
from only one focal plane, so that much of the out of-focus light is
eliminated. Due to the reduction of laser light back-scattered from the
surface, confocal microscopy is very suitable for thin fluorescent surface-
based samples, such as biomembranes or phospholipid bilayers. A
disadvantage of scanning confocal microscopy is the relatively poor time
resolution. A high resolution scan takes milliseconds to seconds, which has
proven to be too slow to capture, for example, the finer details of the very
rapid avalanche rupture events occurring in a bilayer membrane.

6.2 Deposition of thin films

The high energy surfaces required for the FGUV spreading experiments were
fabricated and characterized in the Nanofabrication Laboratory MCz at
Chalmers, a state-of-the-art cleanroom for the processing of materials
required in micro- and nanoelectronics. Silicon oxide films were fabricated in
the facility and instantly used in the spreading experiments. Thin films of
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Si0,, ALLO;, required for the experimental work in Papers I-VII, were created
by reactive sputtering”* of Si and Al, using oxygen as a process gas. Briefly,
sputtering is the liberation of atoms from the surface of a solid “target”. This
is achieved in a vacuum, by showering the surface with particles of kinetic
energies far higher than the common thermal energies. Atoms transferred
into the gas phase by the sputtering technique are out of thermodynamic
equilibrium, and tend to release energy by associating with the surfaces in
the vacuum chamber. If a substrate, such as a wafer, is placed inside the
chamber, it will be coated with a film of atoms originating from the sputter
target. Sputtering usually uses argon plasma as source of energetic particles.
If a reactive gas, for example oxygen or nitrogen, is added to a small
proportion to the sputter gas, an instant chemical reaction between the
sputtered atoms and the gas leads to deposition of the reaction product. In
case of the above mentioned gases the deposited film is an oxide or nitride.
For use in thermotaxis studies (Paper II), a different strategy was chosen to
fabricate an Al,O; film. First an Al film of 10 nm was deposited by sputtering
and subsequently plasma-oxidized for a short period of time. This method
produced surfaces of similar morphology, but of very different zeta potential,
which produced adhesion conditions suitable for thermomigration of the
FGUVs.

6.3 Scanning probe microscopy

Scanning Probe Microscopy (SPM), commonly known as Atomic Force
Microscopy (AFM)>*'7>"77 is a near field surface microscopy technique which
reveals topographical information with atomic resolution. In this work, SPM
was used for surface characterization. The technique neither requires any
labeling, fixing, or coating of the samples, nor (strictly) high vacuum
conditions during measurements. The AFM image of a surface is obtained by
scanning the (nanosized) tip of a microscopic cantilever across the surface.
The cantilever is deflected according to the force interactions between tip
and sample, and this deflection is transduced via a laser spot reflected from
the upper surface of the cantilever into an array of photodiodes. There are
two main scanning modes of AFM based on tip dynamics: Static and
dynamic modes. In static mode (contact mode), the cantilever tip is
immobile and dragged continuously in physical contact (<o0.5 nm) with the
surface of the sample. A drawback of this method is the damage of the
sample by the cantilever. In the dynamic mode, the cantilever tip oscillates.
In the non-contact mode/frequency modulation (FM) operation, which is
one of the two variations of the dynamic mode, the tip oscillates 5-40 nm
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above the sample but does not touch it. Mainly attractive van der Waals
forces and electrostatic (or magnetic) forces hinder the oscillation of the tip
and reduce the resonance frequency. Changes in the frequency modulation
provide information about the sample-tip interactions. This mode of
operation is ideal for very soft/elastic samples since the attractive force
between the tip and the sample is ~10™* N. Unfortunately, high atomic
resolution in this mode is achieved only in high vacuum, because in ambient
conditions a thin water layer covering the sample tends to attract the tip.
The second dynamic mode, tapping mode, is a hybrid mode between static
contact mode and non-contact dynamic mode. Other names for tapping
mode are intermittent contact mode/amplitude-modulation (AM) operation.
Tapping mode overcomes the adverse effect of the water layer above the
sample which is experienced in non-contact mode. The tip oscillates with
amplitudes of 20-100 nm (which is a much bigger amplitude in comparison
with the amplitude of the noncontact mode [<5 nm]) and is intermittently in
contact with the sample. The oscillation amplitude (oscillation energy) is big
enough to overcome surface attraction for a wide range of vertical positions
of the cantilever, while lateral forces are eliminated completely.
Perturbations of the oscillation amplitude are detected as a feedback signal.

The tip dimensions also influence the resolution of the image. In Paper VI we
used a standard probe with tip radius of 12 nm (TESPA probe, Bruker) in
tapping mode. In Paper II a high resolution probe with a spike radius of 1 nm
(High Resolution Probe, Micromash) was used, which led to greatly
improved image resolution.

6.4 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was used for surface characterization
of solid supports in Paper II. Electron microscopy techniques use electrons
instead of photons to obtain information from their interactions with the
sample”. Briefly, the sample is laterally scanned with a focused beam of
electrons, which is interacting with the sample and produces secondary
(low-energy <50 eV) and backscattered (high energy) electrons. These
electrons are projected onto a scintillator-photomultiplier detection device
(Everhart-Thornley detector). SEM can provide information about the
surface topography and composition of the sample with 100x greater
resolution compared to optical microscopy techniques. SEM is the most
efficient for conductive samples. Semi and non-conductive samples can be
coated with thin conductive films to avoid charging effects”®.
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6.5 Microfluidics

Paper VII and Paper VIII involve the use of microfluidic devices for the
manipulation of solid supported molecular lipid films. Microfluidics™® is the
science of manipulating small volumes of liquids (10° to 10™ liters) in
channels of ten to a few hundred micrometers™"®*. Microfluidic technology
has capabilities which bulk chemistry cannot provide: the ability to handle
very small amounts of liquids, high resolution and sensitivity in separation
and detection, low consumption of sample, solvents and reagents, as well as
small footprints for analytical devices. Liquids in small channels exhibit
laminar flow, which offers a better control over the concentrations of

molecules in space and time.

The earlier utilized glass and silicon for microfluidic chips is now frequently
replaced by plastics, most widely the optically transparent soft elastomer
poly-(dimethylsiloxane) (PDMS). In Paper VII and Paper VIII PDMS was the
material of choice for fabricating the microfluidic device employed in the
experimental work to study the self-spreading of supported lipid double
bilayers: The microfluidic diluter in Paper VII provided fast and precise
dilution of calcium containing buffer solution. The Ca®* concentration
necessary to initiate lipid spreading was determined by means of this device,
which saved countless hours of preparing series of dilutions manually by
exchanging buffers.

In Paper VIII we used a multifunctional pipette **, also fabricated in PDMS,
to produce and functionalize lipid films and networks in desired patterns
and compositions. This innovative approach to membrane assembly by
direct writing exploits the hydrodynamic confinement of a small fluid
volume at the tip of a pipette-shaped microfluidic solution dispenser (Figure
6.3 A). The multifunctional pipette is essentially an ad-hoc microflow
chamber with virtual boundaries. By means of a positive and negative
pressure source, a continuously re-circulating injection volume is maintained
at the tip of the device (Figure 6.3 B and C). This effectively superfuses any
object within 5~100 pm from the pipette tip. Flow re-circulation provides a
means to maintain a stationary concentration pattern which would
otherwise rapidly dissipate. The extent of the re-circulation zone is
controlled by device parameters (mainly channel dimensions) and by varying
the outflow to inflow ratio Q, which for confinement must be lower than a
critical value Qg igical-
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Multifunctional

s pipette S

Flow
recirculation

Pipette tip Re-circulation

Figure 6.3 Microfluidic pipette. (A) Photograph of the microfluidic pipette prior to
its use in an experiment. The pipette consists of 8 wells. 4 of which are loaded with a
fluorescently labeled lipid suspension. (B) Schematic top and side view of the re-
circulation zone at the pipette tip. The color coded concentration profile, with
red=highest, and blue=lowest concentration of the re-circulated compound, was
obtained by a COMSOL simulation. (C) Schematic side view of the multifunctional
pipette under operation conditions as used to write and manipulate bilayer membranes.

An important aspect of the virtual re-circulation flow chamber is the fluid
boundary between the open volume and the re-circulation zone. Since both
are aqueous solutions, the boundary is diffusive and the width w is
determined by the exchange time ¢, i.e., the time a molecule stays in the
confined volume, and the diffusivity D, so that w =~ v/2Dt. The exchange
time is closely related to the outflow rate Q and the volume V of the re-
circulation zone. Flow rate Q = vl? and volume V = nd3/6 define
exchange time 7 =V /Q = md3/6vl?, where v is the average flow velocity,
[ is the dimension of a square shaped channel and d is the diameter of the
nearly spherical exchange volume. The experimental conditions necessary to
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achieve efficient confinement, while inhibiting diffusion across the virtual
boundary, are characterized by low Reynolds and high Péclet numbers.

6.6 Infrared laser technology for localized heating

Temperature represents the most important experimental variable for
thermodynamic and kinetic studies of many processes in physics, chemistry
and biology. Localized temperature control in microscopy experiments
appears to be of considerable interest'*>*** '®. A rather convenient approach
to heating is to use focused laser light in an existing microscope setup™’. Due
to the low absorption of biological samples in the near infrared (IR-A) range
and below, this approach is not considered to be efficient. The long-
wavelength infrared (IR-B) is a better alternative, since the absorption of
biological matter (protein and water) increases significantly above 1,450 nm
#7189 From 750 nm, the absorption of water increases over 6 orders of
magnitude with an absorption maximum at 2940 nm. Diode lasers as power
sources in this wavelength range are easily commercially available, as the IR-
B wavelength range is used for long-distance telecommunications. For the
purpose of heating a confined volume inside a buffer droplet under an
inverted microscope, we have constructed an IR-B laser setup, which focuses
the radiation from a 1470 nm optical fiber laser onto a microscope substrate
(Figure 6.2). In Paper II, we used this setup as a point heater to create a
heating spot of 20 micrometers in diameter in order to thermally manipulate
supported membrane patches of approximately the same size.
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Chapter 7 : SUMMARY & REMARKS

Paper 1. Simple features reminiscent of cell migration have been achieved by
applying a chemical point source. The point source was introduced by a
microinjection needle loaded with Ca** ions in millimolar concentrations. In
response to the stimulus, the surface adhered FGUVs polarized and formed
protrusions towards the chemical stimulus. The use of negatively charged
lipids resulted in the contractive behavior of vesicles, and oscillating shape
dynamics according to the Ca*" concentration in the vicinity of the vesicle.
Similar oscillations observed in suspended nanotubes indicate a non-surface-
based interaction.

Paper II. The migration of flat giant vesicles was achieved on plasma oxidized
aluminum surfaces, directed by locally applied temperature gradients. The
local temperature gradients were generated by surface spot heating by means
of a fiber optical IR laser. The vesicles evaded the temperature increase by
migrating along the gradients, leaving behind a trailing nanotube. We show
for the first time experimentally the thermomigration of a fluidic mesoscale
material, and present a contact-free technology for the fabrication of lipid
nanotubes and FGUV-nanotube-networks.

Paper III. Semiconductor nanoparticles of virus particle-like morphology
were inserted into flat giant unilamellar vesicles. The particles induced the
spontaneous formation of lipid nanotubes, emerging from the flat vesicles
and elongating gradually into the ambient solution. The tube formation,
could be dynamically controlled by changing the Ca® concentration in the
ambient buffer.

Paper IV. Two new rupture modes of model membranes have been
discovered. The rupture formation was found to be analogous to patterns
formed during viscous fingering in porous media. One of the modes also
displays crackling noise dynamics, featuring sudden intermittent bursts over
a broad size range. The observed model membrane rupture behavior was
successfully recreated in cells, which in the presence of Ew’* ions spread on
SiO, and ruptured in similar patterns.
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Paper V. Experimental evidence for a rapid lipid transfer mode between
bilayer membranes in double bilayer stacks was reported. An analysis of
bilayer ruptures observed on isolated membrane islands indicated that one
single fusion or hemi-fusion-like pore is sufficient to accommodate the
observed flow in the membranes. The findings indicate biological relevance
with respect to transfer of molecules through double-bilayer enveloped
organelles in cells.

Paper VI. Pore repair mechanisms in flat giant vesicles were studied. Ca*
pinning sites, which provide pore edge stability, were chemically removed by
means of chelators. The removal caused a drop in pore edge tension and led
eventually the closure of large area pores of several tens of micrometers in
size.

Paper VII. The Ca* ion concentration required to initiate the formation of a
FGUV has been determined by means of an open-volume microfluidic
diluter. The device, operating on the fluidic equivalent to pulse width
modulation commonly utilized in electronics, is capable of delivering
dilution series up to 100 fold with high linearity. By exposing a MLV vesicle
to the diluter flow, the effective concentration of Ca* to initiate lipid
spreading was determined to be 0.8 mM.

Paper VIII. The formation of supported 2D single bilayer networks was
achieved by means of a microfluidic pipette. The hydrodynamically isolated
recirculation at the tip of the pipette made it possible to directly write and
functionalize lipid bilayer membranes onto a surface, without contaminating
adjacent regions of the substrate or the ambient buffer solution. This new
nanotechnological platform was coined “lab on a membrane”, since it gives
unprecedented control over the area coverage, film geometry and
composition of solid-supported lipid bilayer membranes.

In my thesis I describe generation, characterization and use of the self-
spreading double bilayer membrane. This variant of solid-supported bilayer
membranes is in fact a flat giant unilamellar vesicle, which has only a
fraction of the internal volume of conventional giant unilamellar vesicles. It
possesses features of supported membranes, such as flatness, large area
coverage and high mechanical stability, and of giant vesicles, such as the
ability to encapsulate nanoparticles. I consider the FGUV to be both an
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experimental platform to study various aspects of cell like behavior on intact
model membranes, and a nanotechnological platform, useful for example to
build mesoscale membrane architectures and networks. In the publications
which emanated from my research I present concepts and applications from
both the scientific and the technological point of view.

[ envision several directions, in which research on FGUVs can proceed in the
future. It is evident that the double bilayer nature provides the opportunity
to incorporate membrane proteins. A significant benefit is the cushion effect
provided by the water space and the proximal bilayer, which is reminiscent
of tethered bilayers, but avoids the decrease in membrane fluidity
experienced in tethered bilayer films. Incorporation of membrane proteins
into FGUVs could allow the investigation of membrane protein dynamics
under conditions most similar to the plasma membrane. Very much related
to this concept is the desire to produce FGUVs by means other than
spreading from a multilamellar reservoir. Attempts to characterize the
spreading dynamics quantitatively (in terms of a relationship for the
spreading coefficient) with good repeatability were so far unsuccessful,
demonstrating that the spreading approach is today a rather unpredictable
process, which can hardly be developed into a model membrane technology.

In contrast, if a fabrication approach equivalent to the direct writing of
bilayers by means of the multifunctional pipette can be developed, the
potential of the FGUV as nanotechnological concept will be unlocked. A
promising direction for future research is therefore the investigation of lipid
deposition techniques for the creation of supported double bilayers. The
multifunctional pipette offers great conceptual flexibility in terms of spatial
and compositional control over the membrane source and deposition
parameters.

Research on FGUVs is truly interdisciplinary, requiring input from several
scientific and engineering disciplines, most notably chemical and physical
soft matter science, surface science, and microtechnology, which makes this
particular research exciting and challenging at the same time.
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