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Abstract

Acoustic waves are discussed as the physical foundation of action potentials. Such
waves have been confirmed in lipid mono- and bilayers. However it is unclear, if
these observations can be transferred to biological tissues. Therefore, this thesis
uses stacked lipid layers to investigate emerging waves in a tissue model.
Thermodynamic forces - namely temperature and electric fields - were used to excite
stacked lipid layers. For temperature an emerging wave at the phase transition tem-
perature was observed in bright-field and fluorescence microscopy. A non-diffusive
propagation characteristic was found for this wave (z o t, with 0.8 < a < 1.8).
The response of the stacked lipids to electrical fields changed distinctively upon pas-
sage of this wave. Its speed is in the range of 2mm/ min — 15 mm/ min.

The morphological similarities of the model with biological tissues suggest that
observed phenomena in the lipid layers are expected to be found in real tissues,
too. Indeed, the speed of spreading depression (SD) waves is similar (2mm/ min —
9mm/ min). SD waves are associated with migraine and a breakdown of transmem-
brane ion gradients [1]. As well as a depression of spontaneous activity 2] in grey
matter.

This substantial change of membrane properties during a SD wave is similar to the
change of membrane properties during the waves presented here. Those changes im-
ply that the lipid layers undergo a phase transition.

A physical foundation of waves which propagate in a tissue-like model has been
presented. This makes it likely that similar waves propagate in biological tissue.
The potential relation to spreading depression was discussed and could be critically
tested by recording the lipid phase state in grey matter during a SD wave.

Kurzfassung

Akustische Wellen stehen in der Diskussion Aktionspotentiale durch einen rein
physikalischen Ansatz erkldren zu konnen. Sie wurden bereits in Lipidmonolagen
und Lipiddoppelschichten gefunden. Allerdings ist nicht geklart, ob sich diese Ergeb-
nisse auch auf biologische Gewebe iibertragen lassen. Deswegen wurden in dieser
Arbeit Wellen in Lipidstapeln untersucht.

Die Lipidstapel wurden mit thermodynamischen Kréften - elektrischen Feldern und
Temperaturgradienten - angeregt, mit dem Ziel eine Welle anzulésen. Im Falle eines
Temperaturgradienten konnte eine propagierende Welle nihe des Phaseniibergangs
im Durch- und Fluorszenzlichtmikroskop beobachtet werden. Die elektrische Erreg-
barkeit der Stapel dnderte sich deutlich mit dem propagieren der Welle. Aufer-
dem zeigte sich ihr nicht diffusives Verhalten (z oc ¢, mit 0.8 < a < 1.8). Die
Geschwindigkeiten lagen im Bereich von 2 mm/min — 15 mm/ min.

Lipidstapel zeigen eine groke morphologische Ahnlichkeit zu biologischen Gewebe.
Entsprechend ist es naheliegend, dass Phanomene, die in diesem Modell entdeckt



werden, mit grofser Wahrscheinlichkeit auch in biologischen Gewebe zu finden sind.
Tatséchlich, werden dhnliche Geschwindigkeiten 2mm/ min — 9 mm/ min) bei soge-
nannten Streudepolarisationswellen (SD Wellen) beobachtet.

SD Wellen werden in Zusammenhang mit Migréane gebracht und ein Zusammen-
bruch des Transmembranionengradientens [1] ist beobachtbar. Zusétzlich wird eine
Depression der spontanen elektrischen Aktivitat [2] in der grauen Substanz gemessen.
Diese tiefgreifende Anderungen der Membraneigenschaften wihrend der Welle sind
vergleichbar mit den Anderungen in den Lipidstapeln wihrend der Propagation der
hier beobachteten Welle. Die Eigenschaftsinderungen legen nahe, dass es sich um
eine propagierende Phasenumwandlung handelt.

Die prasentierten Phasenumwandlungswellen sind vollstandig durch einen physikalis-
chen Ansatz erkldrbar. Es ist wahrscheinlich, dass vergleichbare Wellen auch in
biologischem Gewebe zu finden sind. Der Zusammenhang, der zu Streudepolarisa-
tionswellen gefunden wurde, konnte in zukiinftigen Experimenten kritisch iiberpriift
werden. Dafiir sollte der Phasenzustand der Lipide in der grauen Substanz wahrend
einer SD Welle gemessen werden.
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1 Introduction

Describing and understanding nature were the goals of physicists ever since. Many
ground breaking results in physics have helped improving our understanding of the
world around us and made our daily lives more comfortable and save. Using physics
to explain biological systems is comparatively new. The first time the term bio-
physics was introduced was in 1892 [3]. From this point on many achievements have
been accomplished in biophysics by researchers from many different backgrounds.
One famous example is the attempt to describe communication in nerve cells with
electric pulses by Hodgkin and Huxley in 1952 [4]. They measured changes in the
electrical potential of membranes and interpreted these observations in a fully elec-
tric model. In this context the term action potential is used, allowing to describe
the typical all-or-none behaviour, the velocity and the propagation of the electrical
potential changes. For these changes ion-specific molecules are assumed that allow
ions to pass the membrane. For their groundbreaking work Hodgkin and Huxley
were awarded the Nobel Prize in Physiology or Medicine in 1963.

Recent research has shown that a fully electric model is - at least - insufficient as
not only changes in the electric potential of the membrane can be measured but
also reversible heat changes [5], changes in optical [6] and mechanical 7] properties
have been recorded during an action potential.

At this point the idea of describing this phenomenon in a different way came up.
Thermodynamics offers a description that is able to reproduce not only the electrical
results, but also includes the changes in many different properties. Using thermody-
namics seems to be reasonable because “it is the only physical theory of universal
content which I am convinced will never be overthrown.”, as Einstein states in his
autobiographical notes [8]. The laws of thermodynamics are able to describe a very
broad range of phenomena. Especially for biological systems a thermodynamic ap-
proach seems promising as these systems strongly depend on a wide range of different
variables such as temperature, pH, pressure and other stresses.

Applying this approach to 2D lipid bilayers Konrad Kaufmann argued that action
potentials are propagating pulses, similar to sound in 2D [9-11]. These pulses are
excited near a transition and hence able to show the typical ’all-or-none’ behaviour.
Since the description of action potentials as acoustic density pulses, this group al-
ready performed many experiments on mono- and bilayers and could reproduce the
predictions of this theory [12-14].
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One main reason for working with monolayers is that they represent a controllable
interface. Interfaces are dominating in cells and biological tissues. At this point the
question occurs if these findings are also observable in tissues or organs. The idea
is to stack lipid bilayers to mimic the behaviour of tissues.

It will become clear that a property all tissues have in common is their constitution.
Most tissues are built up by stacks of cells, justifying to use this model in a first
approach. Here the stacks of lipid layers are excited by thermodynamic forces. The
reactions are recorded with a microscope. This method reveals information about
the ongoing processes and underlying physical principles. One major point will be
an emerging wave accompanied by a transition (similar to an ordered-unordered
phase transition) during heating and cooling the lipid multilayers. This wave has
so far not been observed in a tissue-like model. It shows characteristics similar to
the so called spreading depression [2]. Spreading depression is a phenomenon in the
human cortex that is associated with migraine.

Comparing the waves found here with this example, it will be shown the immanent
possibility to explain phenomena in living systems with basic laws of physics. Ad-
ditionally, in another example supercooled water will be investigated. The idea is
to apply the same physical approach that explains biological functions in spread-
ing depression, in order to show the universality of propagating perturbations. It
will be pointed out that the similar mechanisms are appropriate to describe the
phenomenon, although not every question can be fully answered in this thesis.
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Here the argumentation for the found waves in lipid layers will be motivated. There-
fore a few theoretical considerations have to be taken into account. First the un-
derlying principles of thermodynamics and its implications will be presented before
the focus will be put on the biological aspects. An introduction to lipids and their
characteristics in layers will be given. Furthermore lipid layers as a simple model
for tissues will be exemplified.

2.1 Thermodynamics

Looking at biological systems from a thermodynamic point of view is a promising
approach for understanding and describing organisms, and life in general. The idea
is that physical laws are universal and hence apply to biology in particular. Many
findings do not take thermodynamics as a physical basis into account to explain the
respective phenomena. An example is the phenomenon of action potentials in nerve
pulses, which are described in an all electrical model. This thesis will start from the
second law of thermodynamics in the interpretation of Clausius:

fds = 0. (2.1)

This means that entropy S can formally be interpreted as a conservative physical
potential. Consequently, entropy only depends on extensive variables as for example
volume V', energy E or charge ). For simplification entropy will only depend on
one external variable S(x) in the following, but can easily be extended to multiple
variables. Expanding entropy around its maximum at z = = 0 as a Taylor series
gives

oS 1028 ,

S~Sy+——x+

Since entropy is expanded at its maximum, its first derivatives disappear (0S5/0z =
0) and the second derivatives are negative (025/0z? < 0). This mathematical claim
has a physical explanation. Entropy is maximal at equilibrium meaning no resulting
forces act on the thermodynamic system, this can be found in the disappearing
first derivatives as they represent thermodynamic forces. The second derivatives do
not disappear, meaning that even at equilibrium fluctuations can be observed and
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thermodynamic properties are changing (slightly). Now entropy can be expressed
as

1
S =5Sy— 55#, (2.3)

with 8 = 22739 as a positive constant. In the next step this equation will be combined
with Boltzmann’s statistical description of entropy:

S =kplnw, (2.4)

where kp is the Boltzmann constant and w is the probability of the system being
in a defined state. The major challenge of this Boltzmann’s description is to find a
complete molecular model to calculate the probability w. Without this molecular
model the equation does not fulfill a purpose as Einstein pointed out 1910 [15]. But
the equation can be inversed (Einsteins inversion [15]) to:

w = const. x 5@, (2.5)

enabling to measure the thermodynamic susceptibilities of a system. Those suscep-
tibilities are linked to entropy, making it possible to calculate the probabilites for
single states. Substitution of eq. 2.3 in eq. 2.5 gives a probability distribution [16]:

w(z)dx = Ae— 2P dz, (2.6)

with the normalization constant A, which can be determined to A = \/3/27 by
integration over all probabilities [ w(z)dz = 1.

This distribution has the form of a Gaussian distribution, so eq. 2.6 can be rewritten
as

w(z)dr = ¥6_2<”2> dz, (2.7)
2m (22)

with the mean square fluctuation <x2> = [ 2?w(z)dz = B! At this point
the consequences of these considerations are shortly discussed. Starting from the
second law of thermodynamics it was shown that entropy can be expanded as a
potential leading to a Gaussian distribution of a thermodynamic variable z. This
Gaussian distribution already implies fluctuations which are inherently present and
that can be determined mathematically. Consequently, in every thermodynamic

system fluctuations appear and might be measured. the magnitude of fluctuations

can be seen in the shape of the distribution. Small fluctuations <$2> are found

with a sharp maximum of w and vice versa. Most importantly the variable x can
be any extensive variable of interest, e.g. charge @), volume V or even the internal
energy U. This leads to a full description and understanding of complex biological
systems. The right set of thermodynamic variables allows to model the influences
on the biological system by pH, electric fields, magnetic fields, temperature and so
on. This full description cannot be provided by any other known theory in means
of fundamental validity and applicability.
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2.2 Lipids

Coming from the fundamental laws of thermodynamics now the more experimental
components are described. The first component are lipids, which are the building
blocks of membranes. In the context of this thesis phospholipids are of special inter-
est because they are the most prevalent lipids in the membrane [17].

2.2.1 Structure of phospholipids

Phospholipids are esterified lipids with a phosphoracid group [18]. Figure 2.1 shows
the chemical structure of the two phospholipids used in this thesis. On top there is
dimyristoylphosphatidylcholine (DMPC) shown and on the bottom dipalmitoylphos-
phatidylcholine (DPPC) is displayed.

0]
1]
NN NN ~P~ _
O/Y\O ! O\/\N+
\/\/\/\/\/\/YO H 0 |
0]
o}

Figure 2.1: Chemical structure of the phosopholipids DMPC (top) and DPPC
(bottom) [19].

DMPC and DPPC show a similar structure. They both have a phosphoracid group
with a negatively charged oxygen ion and a positively charged choline group. Those
two local charges make those phospholipids zwitterionic, which means that they do
not show an overall charge but are locally charged. The only difference of DMPC
and DPPC is the length of their fatty acid chains. Where a DMPC chain consists
of 14 carbon atoms, 16 carbon atoms are found in a DPPC chain. This difference
is displayed in the melting temperatures Ty, of the lipids. DMPC has a melting
temperature of TOMPC — 24°C, whereas the melting temperature of DPPC is
TOPPC — 41°C [19]. Phospholipids show the special characteristic of being am-
phiphil, which means that one part of molecule is hydrophobic and the other part
is hydrophilic. In these cases the phosphate group is the hydrophilic "head’” and the
fatty acid chains are the hydrophobic ’tails’ [17]. When in aqueous media the lipids
build special aggregates as liposomes, micelles or bilayers (see figure 2.2).



2 Theory

Liposome

Figure 2.2: Cross section of different aggregates of phospholipids in an aqueous
medium. The white spheres represent the hydrophilic head groups and the yellow
tubes represent the hydrophobic tails of the phospholipid [20].

The formation of aggregates with a distinct structure is called self-organization
and states a major difference to e.g. proteins. There no self-organization is found.
Those aggregates can be found in the human body. Bilayers are employed as cell
membranes, liposomes are used for intercellular transport of molecules as so called
vesicles. Micelles form for digestion and absorption of fat. In the human body these
aggregates often have a more complex structure with linked proteins or sugars. But
in principle they are built up by lipids.

2.2.2 Phase transition in lipids

Lipids in aggregates as presented in figure 2.2 behave as thermodynamic systems. In
general thermodynamic systems can undergo phase transitions, especially for those
lipid aggregates presented this is well known [21,22]. Here the connection of the
thermodynamic approach to biological systems (section 2.1) and phase transitions
in lipids is made. The thermodynamic system of lipids can be described by the
entropy potential. If it shows phase transitions, this implies a special shape of the
potential where multiple maxima are present. Each maximum represents a different
phase. By letting thermodynamic forces (= first derivatives of entropy) act on the
system, the position in the potential can be changed leading to phase transitions.
Most notable is the behaviour of thermodynamic susceptibilities at phase transition.
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Thermodynamic susceptibilities are measurable quantities representing the fluctua-
tions of entropy. They are expressed through the second derivatives of entropy and
connected to the fluctuations by

, 025\ "
@)=k (23] (25)

analogous to the mean square fluctuations in equation 2.7%, with kg the Boltzmann
constant. The thermodynamic susceptibility heat capacity at constant pressure C),
will be given as an example to show the behaviour of fluctuations at phase transitions.
The associated energy to C), is the enthalpy H which can be expressed as:

H=C,T

where T' is the temperature. With the little trick of setting v = 1/7 it can be
followed that

or

solved for Ci:

, OH

Cp:—’}’ 87’)/

oo\ L afoas|\_ L[S
. \em|,) T 7 \emom|) T \om?

Combining this result with equation 2.8 leads to

p

2
= 1) "

The heat capacity for constant pressure is a measurable variable to directly deter-
mine the fluctuations of enthalpy. Looking at the results from calorimetry measure-
ments [23] the characteristics of fluctuations can directly be observed. Figure 2.3
shows the temperature dependency of the heat capacity of vesicles made from dif-
ferent mixtures of DMPC:DPPC. For the respective transition temperatures of the
pure lipid vesicles (see subsection 2.2.1) maxima of ¢, = Cp/N, with the Avogadro
number N are noticeable. These maxima show that at phase transition the fluc-
tuations behave highly non-linear. Also, the absolute values of the (specific) heat
capacity have their maximum at phase transition, as well.

'the factor kp is included in the constant of equation 2.5, and therefore not explicitly presented
in equation 2.7.
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Figure 2.3: Specific heat capacity ¢, (kJ/molK) versus temperature T (°C) for
lipid vesicles of different mole fractions of the lipids DMPC:DPPC, modified from
[23].

To illustrate the universal validity analogous calculations lead to the electric ca-
pacity Cg; as the thermodynamic susceptibility for the fluctuations of the charge
q [24]:

2
Ca = ;}Z% (2.10)
This shows that thermodynamic susceptibilities are not limited to mechanical quan-
tities but can cover all physical observables. The most important feature of the
fluctuations is their non-linear behaviour as it opens many possibilities to new phe-
nomena at phase transition.

One major finding in the context are acoustic pulses in lipid monolayers [25-27].
They are able to explain complex biological processes with thermodynamics. This
work will show that another interesting process can be found in lipid layers which
has not been described so far.

At this point it should be clearly stated that for the findings the term phase tran-
sition is used for convenience. At no point it will be discussed what kind of special
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transition is observed (first order, second order etc.) and there is no necessity to give
these processes a specific name. The main point is a non-linear change in observables
that are directly connected to fluctuations.

2.2.3 Diffusion and waves

In this part the description of transportation processes in lipid layers in particu-
lar and biological systems in general will be discussed. In biology transportation
phenomena a distinction is made between two cases, transport can either be active
or passive. An active transport includes an adequate infrastructure and a constant
energy supply. An example might be motor proteins in the cell that need adenosine
triphosphate (ATP) to move along microtubules. Those proteins are thereby able
to move cargo actively in the cell. Passive transport is generally described by dif-
fusion. Diffusion is the movement of particles caused by be the likelihood of their
current position |?]. Analogous to the idea in section 2.1 the position of particles in
an ensemble fluctuates. If particles are externally pushed into a unlikely state (e.g.
by adding a drop of ink to water), they will start moving in order to reach a more
likely state. This behaviour can be mathematically described by Fick’s Law

j = —Dgradpy, (2.11)

with ; the particle flux, D the diffusion constant and py the particle density. With
the help of the continuity equation
IdpN

— T divj =0, (2.12)

where t is time, the diffusion equation can be derived

OpN
—— —DApy =0 2.13

with the Laplace operator A. Solutions in three dimensions of equation 2.13 are of
the form:

1 3 2242452
p(z,y,2,t) = (zmm) e (2.14)

This equation has the form of a Gaussian distribution. The width of the curve is
determined by 4Dt, which implies an increase of the width by time. At the same
time the value at the centre decreases with ¢t=3/2. Looking at the time development
of a point following this dynamic process the typical behaviour can be seen [28]:

z o VDt (2.15)
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The relation makes it possible to decide whether a process is diffusive or not. There-
fore it is necessary to plot the distance x on a double logarithmic scale as a function
of time t. Calculating the slope of the resulting line gives information about the
diffusive behaviour:

log(x) = log (\/ﬁ) = %log (t) + b, (2.16)

with b = log (v/2D) = const.? and the slope m = 4. If the measurable slope is of a
2

different value than %, the process is not diffusive.
Taking the results of this group on acoustic waves in lipid monolayers [25-27], the
concept of using waves for explaining communication in cells seems to be appro-
priate to be further explored. Since the phenomena found here are waves in lipid
multilayers, a brief introduction to waves will be given.
A wave is a periodically propagation of a disturbance in space and time. In the case
of linear propagating disturbances in one dimension the wave equation is given by
2 2

gu_ CQQ, (2.17)

ot2 Ox?
with the speed of sound ¢, time ¢, dimension x and the disturbance u. The math-
ematical form of this equation differs from the the diffusion equation The speed

of sound does not depend on time but is characterized by ¢ = 1/ 3p7 with pressure

p and density p. Comparing these waves with diffusion in the double logarithmic
plot, it can be seen that the slope is different. Diffusive processes show a slope of
m = 0.5, whereas linear waves lead to a slope of m = 1. This makes it possible to
decide whether the wave is of diffusive or ballistic nature:

log(x) = log(ct) = log(t) + b, (2.18)

with b = log(c) = const. and the slope m = 1. As an example for a linear wave, an
acoustic wave in air will be given. With the premise of small pressure perturbations
p, equation 2.17 can be transformed to:

0%p 0%p
a2 (2.19)

In the case of constant temperature the velocity is calculated to:

8p RTO
ap ,/ ~ 290 m/s, (2.20)

with R = 8.314472J/(mol K) the ideal gas constant, 7y = 293.15K the ambient
temperature and M = 0.028 965 kg/mol the molecular weight of air.

>The proportionality constant in equation 2.15 is taken from Einstein [?].

10
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2.3 Tissues

In the introduction it was stated that the focus of this work is to investigate the be-
haviour of lipid layers under thermodynamic forces. These lipid layers are employed
as a simple model for tissue. It will be shown that tissues are generally built up by
stacks of cells, which is why this model is employed. This is done analogously to the
model of mono- and bilayers mimicking single cells.

In general a tissue is an ensemble of similar cells that is held together by an extra-
cellular matrix and intercellular contacts [29]. In the following different tissues will
be described to emphasize the structural constitution of tissues as stacks of cells.
A general distinction is being drawn between four groups of tissue: muscle tissue,
nervous tissue, epithelial tissue and connective tissue.

2.3.1 Muscle tissue

Muscles are needed every day for simple movements as well as for complex motions.
Muscle tissue can be divided into three groups a skeletal muscle, b cardiac muscle,
and ¢ smooth muscle (figure 2.4).

Intercalatad dise Glycogen )
pEranching Stnations4 }Nu-cleus-| —Nuclei

b Cardiac muscle © Smooth muscle

Figure 2.4: Light microscopy of muscle tissue and schematic drawings for expla-
nation. a shows a skeletal muscle with large fibres that have multiple nuclei and
the typical striation (magnification 200x). b shows a cardiac muscle with its ir-
regular branch structure being connected by intercalated discs and glycogen that
is stored in the muscle (magnification 200x). ¢ shows a smooth muscle with its
fusiform characteristics where every cell has a single nucleus and no striations
(magnification 300x). The dense intercellular packing can be recognized by the
small amount of extracellular connective tissue. Modified from [30].

11
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In light microscopy it can be directly seen that muscle cells are closely connected to
each other, showing a stacked-like constitution. Considering the fact that muscles
show this structure in all 3 dimensions, for example to build the human heart, it
can be easily followed that muscle tissue is a great example of stacks of cells and
fibres. This result confirms the assumption of using lipid layers as a model for muscle
tissue.

2.3.2 Nervous tissue

The brain plays a major role in the understanding how the human body works
and how different parts of the body communicate with each other. The concept of
communication via neurons sending electrical signals is well understood and widely
accepted. Nonetheless not all communication is moderated electrically as for exam-
ple hormones play an important role in cell communication, too. The brain can be
histologically divided into two parts, the grey and white matter [31]. In most cases
grey matter is the superficial part as it can be seen in figure 2.5.

Figure 2.5: Section of the human brain. Arrows indicate grey and white matter
(substantia grisea and substantia alba). Arrow pointing to the right indicates
white and arrow pointing to the bottom indicates grey matter, modified from [32].

12



2.3 Tissues

Grey matter itself can be categorized into different layers as presented in figure 2.6.
This categorization already supports the idea of using lipid multilayers to mimic the
behaviour of tissues. It can be seen that a low orientation of cells already satisfy
the requirements for a tissue. From this it can be derived that a high orientation of
lipid layers is not strongly necessary. Those lipid layers might also be embedded in
a not oriented surrounding.
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Figure 2.6: Layers in grey matter shown in different stains. From left to right:
Golgi stain, Nissl stain and myelin stain. The different layers are I molecular
layer, II external granule cell layer, III external pyramidal cell layer, IV internal
granule cell layer, V internal pyramidal cell layer, VI multiform layer, modified
from [31].

13



2 Theory

2.3.3 Epithelial tissue

Epithelial tissue is the most impressive example to show the layer-like constitution
of a tissue. A schematic drawing of the different types of epithelial tissue is shown
in figure 2.7.

Simple Simple Simple Pseudostratified
squamous cuboidal columnar
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Stratified squamous Stratified squamous  Stratified Transitional
(non-keratinized) (keratinized) columnar

Figure 2.7: Schematic drawings of the different kinds of epithelial tissue. A gen-
eral distinction is made between cells of single layer (simple) and multiple layers
(stratified). Also the epithelium might have an extra layer of keratin (keratinized)
to protect it from abrasion or other stresses [33].

The epithelial cells are always attached to a base membrane and are connected
to each other by different types of junctions. Differences can be found in the num-
ber of layers. The simple form consists of one layer of cells, whereas the stratified
form has multiple layers. The pseudo forms of each general constitution can be
found in the body, too. An example is the pseudostratified form, that is present in
the respiratory tract. Cells of different heights are found there but only the tallest
cells reach the free surface.

Additionally, a layer of keratin gives extra protection against abrasion and other
stress factors in keratinized epithelium. The special case of stratified epithelium
cells clearly shows the idea of using multiple lipid layers to mimic tissue constitu-
tion. But also the simple forms are covered by the model because they are attached
to a basement membrane, which is built up by layers of lipids, as well.
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2.3 Tissues

2.3.4 Connective tissue

Connective tissue is a difficult case to show a general constitution, as its components
and specific forms vary widely in the body. In all cases three main components can
be found: fibres, cells and the ground substance. The ground substance is a gel-like
substance in the extracellular space. Here the example of bone tissue will be given
to illustrate the constitution of connective tissue.

Periosteum
(fibrous layer)

Periosteum /

(cellular layer)

Osteocyte
in lacuna

Figure 2.8: Schematic drawing of bone tissue. The outer structure of a long bone
is shown. Additionally the periosteum which covers the bone matrix is displayed.
The bone matrix is built up by osteoblasts, that secret collagen to build the bones.
In this process the osteoblasts get captured in the matrix in little oblong spaces
(lacunae). When they cannot move, they switch to their inactive form and are
called osteocytes, modified from [34].

In figure 2.8 the periosteum is shown in a schematic drawing. The periosteum con-
sists of layers of fibres on top of layers of cells, that cover the actual bone matrix.
These extra layers of cells show the stack-like constitution of a tissue.

It should be mentioned that the bone matrix itself does not consist of layers of lipids.
Nonetheless, the periosteum is found in all bones which makes it an important fea-
ture of bone tissue and cannot be left out. Therefore the model of using lipid layers
to mimic tissues can be confirmed.
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2 Theory

2.4 Fluorescence microscopy

In this section the basics of fluorescence are explained and the specific characteristics
of fluorescence microscopy are illustrated by the example of Texas Red.

2.4.1 Fluorescence and its application

Fluorescence is a special case of luminescence. Luminescence describes the process
of an electronically exited system, that relaxes under the emission of light [35]. This
emission can either start directly (reaction time 7q < 1078s) with maximal inten-
sity or might take some time (rg > 10~%s) and the intensity increases over time to
its maximum value. In the first case the luminescence immediately stops as soon as
the excitation stops. In the latter case the material is still emitting photons after
the excitation has stopped. Fluorescence is described with the first case. Phospho-
rescence is the latter case.

In life sciences fluorescence is more convenient. The instant and specific emission
of photons makes it possible to track the activity of for example enzymes. A fluo-
rescent dye is characterized by its excitation and emission spectra. The fluorescent
dyes used here are Laurdan and Texas Red. An example of the spectrum of Texas
Red is shown in figure 2.9.
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Figure 2.9: The excitation (dashed curve) and emission (orange curve) spectra of
Texas Red. Additionally the used exitation filter (530 nm — 550 nm) is shown in
green [36]. Additionally a 590 nm long pass is employed as an emission filter, that
is not displayed.

Most significant is the fact that the dye is excited by a different wavelength than it
emitts. This phenomenon is called Stokes shift, named after its discoverer George
Gabriel Stokes in 1852 [37]. Its cause is the loss of energy to different vibrational
states in the molecules [35].
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2.4 Fluorescence microscopy

Nonetheless, the excitation and emission wavelengths overlap partly, which is why
filters are employed to distinguish the signals. In the set-up used here the sample is
excited by light of wavelengths between 530 nm — 550 nm causing the dye to emit
photons. In order to register only the photons that were emitted a 590 nm long pass
emission filter is employed.

The resulting image is either observed directly with a microscope or recorded with a
spectrometer. It was shown that dyes couple to the lipid layers, changing according
to changes in the stack [12]. This is required since the changing properties of the dyes
are investigated to observe the behaviour of the lipid layers in different situations.

2.4.2 Generalized polarization

The flourescence polarization of biological samples is a key feature that is investi-
gated in many studies [38-40]. It deploys information on the different states of the
lipids in a bilayer [41]. To measure the polarization equation 2.21 is employed [35]

_h-4
I||+IJ_’

(2.21)

where [ and I, are the intensity of the parallel respectively horizontally polarized
emission and P is the polarization. A huge drawback of measuring the polarization
is that for every point in the image a whole spectrum has to be recorded to obtain
information about the phase of the lipids in the bilayer. A way to avoid this is to
introduce the generalized polarization

_Ip—1Ig

GP = ,
Ip + IR

(2.22)

where Ig and I are the fluorescence intensities measured for two different wave-
lengths. The indices indicate the wavelength of the respective intensity. The index
(B) denotes a wavelength in the blue part of the spectrum and the index (R) denotes
a wavelength in the red part of the spectrum. General polarization represents the
emission spectrum in a single parameter [35].

Its definiton is analogous to the flourescence polarization in (2.21), so it fulfills im-
portant properties of the classical polarization [41]. Other advantages of general
polarization are that it does not need calibration [42] and it is independent on
fluorescence dye concentration in the sample [43]. By calculating the generalized po-
larization of a dye phase transitions are indicated in lipids, which will be investigated
later (see subsection 4.3.2).
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3 Material and methods

3.1 Lipids and dyes

The lipids, used in the experiments, are dipalmitoylphosphatidylcholine (DPPC)
with a transition temperature of 41 °C and dimyristoylphosphatidylcholine (DMPC)
with a transition temperature of 24 °C [19]. All lipids (purity > 99 %) were purchased
from Avanti, USA in a chloroform solution with a concentration of 25 mg/mL. This
stock solution is further diluted with chloroform (purity > 99.8 % for HPLC amylene
stabilized) from Sigma-Aldrich, Germany to a final concentration of 10 mg/mL. The
employed dyes are 6-Dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan) from
Sigma-Aldrich, Germany with a purity of > 97 % (HPLC), Texas Red DHPE from
Thermofisher, USA diluted in chloroform.

For the production of some lipid multilayers (see section 3.3) 2,2,2-Trifluorethanol
(TFE) with a purity of > 99.8 % from Carl Roth GmbH & Co. KG was employed.

3.2 Experimental set-up

The experimental set-up consists of a chamber that is clipped to a copper block.
Two square (25 mm x 25 mm) indium tin oxide coated glass slides (ITO slides) are
used as a substrate. The ITO slides are taken to allow electrical stimulation of the
lipid layers. Hence, the conducting sites of the ITO slides have to face each other. In
order to build a chamber, a separator or spacer for the ITO slides is needed. Figure
3.1 shows the employed separator. It is made from Polytetrafluorethylen (PTFE)
and has a height of 2mm. Additionally, two inlets of 0.4mm (denoted as shaded
‘tubes’ in figure 3.1) are drilled into the spacer. The idea is to use these inlets to
fill the chamber with a buffer solution to mimic the conditions in the human body.
Another characteristic of the spacer are the two 4 mm x 4 mm gaps which are used
to attach alligator clamps to the I'TO slides. This is necessary for the production of
vesicles on the surface which will be further explained in section 3.4.

In order to stabilize this set-up the chamber is clipped into a copper block that can
be heated and cooled with an thermoelectric element (Peltier element). This Peltier
element is attached to the large copper area (see figure 3.2). For heating or cooling
currents of different polarity are employed.
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3 Material and methods
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Figure 3.1: PTFE separator of the experimental chamber. All dimensions dis-
played in mm.

The heating respective cooling rate varies significantly with different ambient temper-
atures. Also in most cases an extra cooling/heating of the Peltier element was done.
Therefore it is impossible to give a specific value. All temperature recordings are
done with a MAX6675 thermocouple attached to an arduino or a TENMA 72-7715
thermometer. The thermo sensitive sites are placed on top of the upper I'TO slide
for measuring the temperature. All observations are recorded with a Hamamatsu
DCAM camera employed in a Olympus [X71 inverted fluorescence microscope. The
software HoKaWo 2.10 is used to save pictures and videos of the samples. For record-

ing every 200 ms or 500 ms a pictures is taken.

Figure 3.2: ITO slides and PTFE separator clipped into the copper block. No
dimensions shown for better overview.
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3.3 Preparation of multilayers

3.3 Preparation of multilayers

Different methods are used to produce multilayers of varying layer numbers. For
many multilayers (a few hundred) the solvent evaporation procedure of Seul and
Sammon [44] that was enhancend by Khattari [45] is used. For approximately 9-17
mulitlayers Spin-Coating described by Mennecke and Salditt [46] is employed. In
both cases ITO slides with a resistivity of 702/sq-100€2/sq from sigma-aldrich are
used as a substrate.

To clean the substrate it is sonicated for 30 minutes in isopropanol and after that
sonicated for another 30 minutes in bidistilled water before it is dried under a stream
of Na. Cleaned substrates are stored in Petri dishes in the refrigerator at 4 °C.

3.3.1 Solvent evaporation

For the solvent evaporation the lipid concentration of the sample is set to 10 mg/ml
in a solution of (1:1 vol/vol) chloroform and TFE. Further more 1 %o of the respec-
tive dye is added. Different volumes (200 pl-500 pl) of the final solution have to be
pipetted on the conducting side of an ITO slide. At the point of pipetting the glass
slide has to be as plane as possible so the lipid solution can distribute equally all
over the slide to form homogeneous lipid stacks. Right after applying the solution
the ITO slides have to be covered (e.g. with a cake dome) to avoid fast evaporation
of the solvent. After 1.5h the ITO slides have to be put in a vacuum over night
evaporate the remaining solvent. To observe the lipid stacks an ITO slide with the
dried lipid layers and a clean ITO slide are built to the chamber as described in
section 3.2. When clipped into the copper block the lipid layers are rehydrated with
bi-distilled water applied by a syringe through the inlets until the chamber is flooded
with water.

In some cases after the rehydration the lipid layers went under electroformation (see
section 3.4) to produce giant unilamellar vesicles (GUV) which are attached to the
lipid stack surface. This makes it easier to observe the ongoing phenomena under
the microscope.

3.3.2 Spin-coating

For the Spin-Coating the lipid concentration of the sample is set to 10 mg/ml and
the respective dye is added with a concentration of < 1 %. Additionally to the usual
cleaning, the ITO slides are stored in 2g/1 NaOH solution overnight. The NaOH
solution enhances the hydrophilic characteristics of the ITO slide surface. For spin-
coating the spin coater SCC 200 from Novocontrol Technologies was employed (see
figure 3.3).

The ITO slide is placed on top of the small metal stage and the vacuum pump is
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3 Material and methods

turned on. A little outlet in the metal stage, that is connected to the vacuum pump
produces a local vacuum, stabilizing the [TO slide. For a uniform distribution of
the lipids during spinning it is essential to place the substrate centric on the stage.
The lipids are slowly added with a syringe in small drops with a total volume of
approximately 700 pl.

I

Figure 3.3: Front view of spin coater SCC 200 from Novocontrol Technologies. On
the right side the vacuum pump for stabilizing the substrate is shown. On the left
a part of a covering white cap is visible.

The aim is to fully cover the surface of the substrate with the lipid solution. The
rotation of the stage follows a simple protocol. The substrate with lipid covered
surface is accelerated to a final speed of 67rps in 3s. The substrate will be rotated
at the speed of 67 rps for 30s and after that slowed down to 1rps in 3s and rotated
at this speed for another 3 s before stopping. The stage and cover are cleaned with
chloroform before the first and after each coating.

3.4 Electroformation

Electroformation is a method for producing giant unilamellar vesicles (GUV). It was
first introduced by Angelova [47]|. This technique is employed with a frequency of
10Hz and 1.5V for at least 1.5h.

For electroformation two electrodes are attached to either of the ITO slides of the
chamber. On the conducting side of the bottom slide the lipids are already added as
described in section 3.3 and the chamber is filled with bidistilled water. Now 1.5V
with 10 Hz are applied for at least 1.5h.
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3.5 Spectrum analysis

3.5 Spectrum analysis

During the experiments different dyes are applied to display the ongoing processes
in the lipid layers. Those dyes also reveal information about the thermodynamic
state of the lipids as it will become clear in subsection 4.3.2. To take advantage of
this characteristic the spectra of lipid layers containing the respective dye will be
recorded.

Therefore the spectrometer ’'C10083CA Mini-spectrometer TM series’ from Hama-
matsu is used. The set-up is placed in a water filled beaker which temperature is
controlled by a water bath. The surrounding water of the set-up allows to control
temperature accurately (£0.2°C) and offers a homogeneous temperature distribu-
tion avoiding temperature gradients. The temperature of the water bath is set by
an internal control and externally checked with an external thermometer that is put
into the beaker.

After setting the respective temperature the set-up is given 10 min to equilibrate.
When the temperature is equilibrated 10 or 100 spectra with an integration time
of 100 ms for each spectrum are taken. Those 10 or 100 spectra are averaged, the
standard deviations are calculated and used for errorbars in the plots. The resulting
spectra are either plotted directly or the intensity values of a specific wavelength is
shown for different temperatures. The third possibility is calculating the generalized
polarization from equation 2.22 and display it as a function of temperature.
Generalized polarization was only employed for Laurdan, since changes in the lipids
are displayed by a shift in the spectrum. The investigated wavelengths for general-
ized polarization are Ig = 450nm and Iz = 500 nm. Those three methods reveal
more information about the thermodynamic state of the lipids layers.

In some cases live-measurements are taken. A live-measurement is performed on the
normal set-up from section 3.2. During such a measurement only one spectrum ev-
ery 100 ms is taken with an integration time of 100 ms, while the chamber is heated
or cooled. Simultaneously, the temperature is recorded as described in section 3.2.
The temperature measurement is started at the same time as the first spectrum
measurement. This allows to assign each spectrum a specific temperature.
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3 Material and methods

3.6 Automatic wave front tracking

In the next chapter (Results) a propagation of a wave will be observed. In order
to decide about the wave propagation behaviour as explained in subesction 2.2.3
the wave has to be tracked and plotted versus time. During the wave the picture
is changing locally. This fact will be used to investigate the propagation. The idea
is to subtract each picture from the precursor and only show those parts of the
resulting picture that differ significantly from each other. This process is illustrated
in an example.

Figure 3.4 shows two pictures where a wave emerges which is difficult to see in the
single picture. Therefore the difference of the pictures is presented. To calculate the
differences each pixel in both pictures is taken and compared. If the difference of
those pixels is above a certain threshold, the specific pixel is plotted white otherwise
it is plotted black. The positions of the white pixels are saved and the median is
calculated to the respective axis. A video of the movement of the differences can be
found here'. The median is chosen because the average is very sensitive to outliers.
In this case the wave emerges from left to right, so the median is calculated in means
of the horizontal (x axis) values. Figure 3.5 shows the picture a) from figure 3.4 with
the differences plotted as blue points and the calculated median in orange.
Additionally, the time development of the median is shown in a double logarithmic
plot. To verify the wave front behaviour, the slope for the measured median values
is calculated. For comparison the slopes m; = 0.5 and my = 1 are shown.

'https://youtu.be/Uv_5BZXQFxk
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3.6 Automatic wave front tracking

Figure 3.4: Two consecutive (a, b) pictures with the emerging wave. In each picture
the wave is not recognizable but when calculating the difference (c) the effect of
the wave becomes visible.
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Figure 3.5: Top picture shows the calculated median of the blue points. The blue
points represent the pixels where the difference is greater than the applied thresh-
old. The bottom picture shows the position of the median over time and the
resulting slope of a linear fit. Additionally curves for an ballistic movement (slope
m = 1) and a diffusive movement (slope m = 0.5) are shown for comparison.
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4 Results

At the beginning the results of the different preparation methods for multilayers
are presented. Then the influence of thermodynamic forces is investigated, leading
to an emerging wave at phase transition temperature of the respective lipid. It will
be shown that the phenomenon is a non-diffusive wave-like propagation of a phase
transition in the lipid multilayers.

4.1 Formation and characterization of
multilayers

In this part the results of the formation of the lipid multilayers by the different meth-
ods described in 3.3 will be presented. Each method is investigated with bright-field
and fluorescence microscopy revealing the characteristics at the surface. In addition
X-ray reflectivity measurements are taken on the substrates by the lab of Prof. Metin
Tolan at TU Dortmund.

When conducting experiments with the different methods it became clear that the
choice of method had no significant influence on the principle outcome of the exper-
iment. Therefore, the method for displaying the results is chosen based on experi-
mental convenience.

4.1.1 Solvent evaporation
Bright-field microscopy

An image of the lipid layers under bright-field microscopy is shown in figure 4.1.
The surface is irregularly filled with vesicles. Those vesicles seem to be present in all
samples and might be produced by the addition of water to the layers. No distinct
structures can be recognized. Nonetheless the non-uniform distribution of vesicles
implies defects in the homogeneity.

In some cases an extra electroformation of the system is employed. Figure 4.2 shows
two images of a bright-field recording. The first image is before electroformation
and the second after the procedure. It can be seen that already small vesicles exist
on the lipid layer surface before electroformation but the size and number is highly
increased with the treatment.
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4 Results

Figure 4.2: Bright-field microscopy before (left) and after (right) electroformation.
Vesicles are already visible before the process but the number and size are highly
increased after the treatment.
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4.1 Formation and characterization of multilayers

Fluorescence microscopy

For fluorescence microscopy the two different dyes Laurdan and Texas Red are em-
ployed. In figure 4.3 an image of lipid layers in fluorescent light is shown. Only the
example of Texas Red is given here, since the both dyes show the same structures.
The only difference when employing the dyes is the emitted wavelength (color). The
colors cannot be distinguished with fluorescence microscopy because the camera
only records in gray scales. The dyes are employed for other important properties
than their color. They indicate a possible phase transition (see subsection 4.3.2) and
also show structures that are not visible by bright-field microscopy (see bright-field
investigations in subsection 4.1.2).

Figure 4.3: Fluorescence microscopy of lipid layers with Texas Red after electro-
formation. The gray scale does not show the color of the dye but it is able to
visualize structures that are invisible in bright-field microscopy.
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4 Results

X-ray reflectivity analysis

In order to characterize the number of lipid layers a X-ray reflectivity analysis
has been carried out by the lab of Prof. Metin Tolan. The set-up of the labor
diffractometer is described elsewhere [48] and will not be further explained in this
thesis. The results give a lipid spacing (head to head) and the total lipid layer count.
Three different samples give a spacing of d = (54.8 £0.3) A and total lipid layer
counts of 22, 23 and 28 lipid bilayers. This clearly states a difference to other authors,
where hundreds of lipid layers are expected [45]. A reason for this discrepancy will be
given in section 5.1. Nonetheless, no influence on the results are to be expected since
the idea is to investigate lipid layers with a layer count greater than one. Hundreds
of lipid layers would be helpful but not necessary.

4.1.2 Spin-coating
Bright-field microscopy

Bright-field microscopy is not employed for spin-coated system because there are
too little layers and no visible structures are recognizable.

Fluorescence microscopy

Fluorescence microscopy is able to visualize the surface structure of slides with a
few layers. A typical picture is shown in figure 4.4. A very homogeneous excitation
of light from the surface can be seen, indicating well orientated lipid layers. Single
defects that look like scratches and a few bright points are recognizable. Those
defects are due to defects in the surface and also a detachment of lipids when
flooding the chamber with water resulting in small vesicles.

X-ray reflectivity analysis

The same X-ray reflectivity measurements as for the solvent evaporation method
are carried out for spin-coated systems. One sample could be investigated with
10 mg/ml DMPC spin-coated on an ITO slide. Seven double layers of lipids were
measured. This slightly lower number of lipid layers will not have an influence on
the here found phenomenon. Nonetheless, higher differences in the layer count could
possibly influence the phenomenon. This has not been tested in this thesis.
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4.2 Effects of thermodynamic forces

Figure 4.4: Fluorescence microscopy of spin-coated lipid layers with Texas Red.

4.2 Effects of thermodynamic forces

Thermodynamic forces are employed to excite the lipid layers out of their equilib-
rium state and investigate how the systems react to those forces. Here two different
ways of exciting the system have been carried out. Nonetheless, theory predicts
further sources for exciting the lipid layers (mechanical, chemical etc.). The first
thermodynamic force is the electric field (discussion in subsection 5.3). Under the
influence of an alternating electric field the surface vesicles change their form period-
ically. In this 2D cross sectional view it appears like an expansion and compression.
The second thermodynamic force is temperature and thermal perturbations lead to
the extraordinary effect of an emerging wave that will be further investigated.

4.2.1 Electric fields

In order to to excite the lipid layers with an electric field, alligator clamps are
attached to the ITO slides (see 3.4). Alternating voltages of U =2V — 4V with a
frequency of f = 1Hz are applied. Since changes in single pictures are difficult to
see, a video! has been recorded where a periodic change in the form of the surface
vesicles according to the applied frequency can be seen.

Electric fields should be able to excite the lipid layers in terms of triggering an
acoustic wave in the medium. This could not be observed here. A discussion of
reasons and improvements will be held in section 5.3.

'https://youtu.be/Krk68gxKeTs
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4 Results

4.2.2 Temperature

To observe the effect of temperature perturbations the samples are heated or cooled.A
typical result when heating a spin-coated sample is displayed in figure 4.5. The
choice of pictures shows the sample over time while heating. In the top left picture
no systematic difference to the picture in figure 4.4 after preparation can be seen.
With increasing temperature and time a darkening starting from the bottom can
be recognized which is indicated by arrows. This subsequent darkening is observed
between T' = 24.5°C (first picture) and T' = 26.5°C (last picture). As an additional
guide the mean value of all pixels is plotted over time in figure 4.6.

The pixel values represent the brightness of the pictures because the camera only
records in gray scales. It can be seen that the intensity decreases over time sup-
porting the findings in the pictures. An excerpt of the full video can be found on
youtube?.

Figure 4.5: From the bottom of the pictures emerging wave in spin-coated DMPC
layers with Texas Red. Time development from top left (¢ = 0s) to bottom right
(t = 24.88). Arrows indicate wave front.

This subsequent darkening looks like an emerging wave. Such a wave can also
be found in systems of solvent evaporation, without the need of fluorescence light
(video?).

*https://youtu.be/bpgHhd4yk4E
*https://youtu.be/OBBIpG3SgWo
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4.2 Effects of thermodynamic forces
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Figure 4.6: Mean intensity of each picture. Additional marks for the four pictures
shown in figure 4.5. Enveloping error curves show standard deviation of all pixel
values. The high deviation is due to a few very bright spots.

In fact, in approximately 50 experiments (not presented) the temperature has been
measured when the wave enters the field of view. An emerging of a wave could be
found for both situations, cooling and heating the lipid layers.

The temperatures when the wave emerges are around (24 4+ 1) °C. Single outliers
are also observed. These values hold for DMPC, which has its phase transition tem-
perature at 24 °C [19]. This correlation implies a phase transition of the lipids with
the emerging wave.

Additionally, the influence of an electric field during wave propagation is investi-
gated in an experiment (video*). DMPC layers are already cooled below 24 °C and
the alternating voltage is applied, resulting in no motion of the surface vesicles. Sub-
sequent heating of the lipid layers leads to the known wave phenomenon at phase
transition temperature. Instantly as the wave passes, the vesicles start changing
their form periodically. This behaviour works vice versa when reversibly cooling
the lipid layers from more than 24 °C under the phase transition temperature (not
shown).

4https ://youtu.be/8FPeWfghio6Q
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4 Results

It is known that bending rigidity changes significantly when lipids undergo a phase
transition [49]. For vesicles this leads to a softening or solidifying of the lipid surface,
respectively. Depending on their respective state the vesicles might follow (more fluid
phase) the changes in the electric field or do not move (more condensed state). In
these experiments an abrupt change of motion can be seen with the emerging wave,
strongly indicating a phase transition.

4.3 Wave propagation at phase transition

Temperature measurements of the emerging wave and the excitability of the lipid
vesicles strongly imply an accompanied phase transition. In the following further
experiments are conducted to support this idea.

4.3.1 Thermal threshold of lipid chain length

In order to check if the found wave is a membrane phenomenon, the investigations
are extended to the second lipid DPPC. It has a different phase transition tempera-
ture (T, = 41°C) than DMPC [19]. If the observed phenomenon arose in the water,
it would not appear around 41 °C.

The result of cooling DPPC lipid layers can be seen in this video®. Since a wave
close to the phase transition temperature is recognizable it can be concluded that
the wave is not triggered by water.

A selection of temperatures when the emerging wave was measured in DMPC and
DPPC systems is displayed in table 4.1. All results from the table are measured in
solvent evaporated samples. Investigations in spin-coated samples give comparable
results (see for example figure 4.9). There are several factors that make it difficult
to exactly determine the temperature at which the waves emerge. This will become
clearer in subsection 4.3.2 and discussed in chapter 5. For now it can be stated that
the phenomenon does not arise from water.

*https://youtu.be/BX3FVbInLoM
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4.3 Wave propagation at phase transition

Table 4.1: Selection of temperature values when the wave emerges.
Lipid Heating/cooling Temperature T in °C

DMPC heating 24.0
DMPC heating 25.0
DMPC heating 23.0
DMPC heating 24.0
DMPC cooling 23.0
DMPC cooling 25.0
DMPC cooling 25.5
DMPC cooling 23.5
DPPC heating 40.5
DPPC heating 40.5
DPPC cooling 41.5
DPPC cooling 44.0

4.3.2 Indication by dyes

Phase transition can be observed by dyes, since their properties react to changes
in the lipids layers. Here the results for the two dyes Texas Red and Laurdan are
shown.

Laurdan

Laurdan is well known to indicate phase transitions by changes in the generalized
polarization [50-52]. To investigate the lipid behaviour with the emerging wave,
the generalized polarization is measured for different temperatures in a quasi-static
experiment (see 3.5). The generalized polarization is calculated from spectra mea-
surements. The results are displayed in figure 4.7.

It can be stated, that between 22.0 °C and 23.5°C a polarization change (=~ —0.25)
is recognizable. This indicates a phase transition around these temperatures.

In all other experiments of this thesis the set-up conditions cannot be assumed to
be quasi-static. Hence, this measurement is repeated in the regular set-up. The re-
sults are shown in figure 4.8. Again a drop in in the generalized polarization can be
recognized but the change occurs at a different temperature. Also, the form of the
curve differs from figure 4.7.

This differences can be explained with the heating rate and the measurement of
the temperature. In figure 4.7 the temperature is set to a specific value followed by
10 min equilibration. In the live measurement of figure 4.8 the set-up is continuously
heated. This leads to a different form of the curves. The temperature sensor is placed
on top of the chamber. Therefore the sensor reacts faster to heat changes than the
lipids in the water inside the chamber do.
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Figure 4.7: Generalized polarization (GP) of Laurdan in DMPC layers prepared by
solvent evaporation. The generalized polarization is calculated with the intensity

values of the

wavelengths Ap = 450 nm and Ap = 500 nm. Temperature errors are

0.2°C and GP errors in the order of a few permille.

0.30 Lo I;.;,:.\.‘.,. .
g
~ 025 e, GP = lasonm = Isoonm
o . I450nm + Isoonm
O
-~ [y
c  0.20
kel .
=
@© .
2 015 :
— . 1 -
a L
}% 0.10 Ta
N Ry
T 505 N,
o e
S 00
s
o i X
0.00 - o
.
W,
)
-0.05 A
T T T T T T T
24 26 28 30 32 34 36

temperature T in °C

Figure 4.8: Generalized polarization (GP) of Laurdan in DMPC layers made by
solvent evaporation with rising temperature. The temperature is a linear interpola-
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tion between

the first temperature 7" = 21 °C and the last temperature T' = 36 °C.

The drop of GP is located at a temperature of T / 30 °C. Errors are not displayed
since error sources are identified with the help of this graph.



4.3 Wave propagation at phase transition

Texas Red

Texas Red is usually not employed to display phase transitions in lipids. Nonethe-
less, the intensity of Texas Red changes non-linearly with the emerging of a wave
(see figure 4.5 for example), which indicates a possible phase transition. In order
to quantitatively investigate the behaviour, a spectrum analysis is conducted when
the waves emerge. Spectrum analysis is chosen because it reveals more information
about the ongoing processes than just e.g. integration of the intensity values. A shift
in intengities might not be detected by an integration of intensity values. The results
for a spin coated system are shown in figure 4.9. In the top graph the spectra for a
set of different temperatures are shown. It can be seen that the intensity decreases
significantly between 22 °C and 24 °C. The bottom graph shows the maximal inten-
sity values - which are at 609 nm - for different temperatures. The corresponding
values can also be found in table 4.2. From these values a clear drop of intensity of
approximately 19 % can be recognized between 23.0°C and 23.5°C. Compared to
the change in intensity between 20.0°C and 23.0°C, which is ~2 %, this confirms
the results that have been observed in microscopy.
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Figure 4.9: Measurement of Texas Red spectra in spin coated DMPC layers
(top). Intensities at 609 nm for different temperatures indicating phase transition
(bottom).
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Table 4.2: Intensities at 609 nm for different temperatures. Values taken from spec-
tra measurements of spin-coated DMPC slides with Texas Red. Intensity errors
are too small to be seen.

Temperature T in °C  Intensity I in a.u.

20.0 6640
21.0 6593
22.0 6570
22.5 6529
23.0 6479
235 0273
24.0 5167
25.0 2038
26.0 4928

All these different aspects lead to the conclusion that the observed waves are ac-
companied and/or triggered by a phase transition. This phase transitions appear
reproducible for heating and cooling of the lipid multilayers. The results are invari-
ant with respect to the method of lipid preparation. The choice of lipids do not
change the results, too.

4.4 Propagation velocity and behaviour

The waves found here are accompanied by a phase transition. In the following the
velocity and behaviour of this wave will be examined.

4.4.1 Velocity

The mean wave velocity is calculated by hand, meaning that the pictures in which
the wave can be seen are counted and divided by the number of pictures times the
time span for each picture. This method is employed for many different waves (50-
100) in the same and in different samples, for heating and cooling. The majority of
velocities are in the range of ~ 2mm/min to ~ 15mm/min with a few outliers. A
systematic difference between heating and cooling could not be found for DMPC.
For DPPC the mean velocities are in the same range as for DMPC but there is an
obvious difference in the wave speed when cooling or heating the sample. Examples
for each lipid are given in table 4.3.

The influence of the different preparation methods - solvent evaporation and spin
coating - for lipid layers is also investigated. The mean velocities of the solvent
evaporation method are in the range of approximately 2mm/min — 15 mm/min
where as investigations on seven different waves in spin coated systems show a

38



4.4 Propagation velocity and behaviour

range of circa 4 mm/min — 8 mm/min. The similar values for the mean velocities
might be explained by the small difference in the number of layers in each sample.
X-ray reflectivity analysis reveals that both methods lead to approximately 10 — 30
lipid layers. Since the wave is a propagation of a phase transition in the lipids, it
can be assumed that this small difference in the number of layers give a comparable
mean velocity of the waves. The fact that a smaller range of mean velocities is
measured in the spin-coated system might be due to a smaller number of overall
experiments.

Table 4.3: Examples of wave velocities for DMPC and DPPC.
Lipid  Heating/cooling Velocity v in mm/min

DPPC heating 49 £ 0.1

DPPC cooling 14.84 £ 0.05
DPPC heating 9.07 £ 0.05
DPPC cooling 18.14 £ 0.05
DMPC heating 10.88 = 0.05
DMPC cooling 10.20 £ 0.05
DMPC heating 9.99 &+ 0.04
DMPC cooling 14.43 £ 0.04

4.4.2 Non-diffusive behaviour

Analysing the propagation behaviour the waves show a non-diffusive character. The
analysis is performed as explained in section 3.6. The wave front is recorded over
time and the position of the wave front is plotted in a double logarithmic plot versus
time. The slope of the resulting graph is used to discuss the propagation behaviour.
Figure 4.10 shows the propagation of the median before processing. Three different
parts of the plot are distinguished by two vertical lines. The first and second part
show linear slopes which only differ in their respective values. The third part is
characterized by a drop in the slope.

At the beginning, when the wave enters the field of view the median is calculated
for the front of the wave. Then the median does not follow the wave front because
the wave has a physical width. The whole wave has not entered the field of view, yet.
Therefore it looks like an acceleration of the wave when the whole wave has entered
the field of view. Consequently, this part is not considered in the slope calculation
and will be left out in the following. The third part of the picture is caused by the
exiting of the wave. After the wave has left, only noise is found in the field of view.
This part is also left out and will not be taken into account for the calculation of
the slope.

39



4 Results

e data
%
o %
o
103 o o
o’
£ o’
=1
E “..
o o o0®
] o
5 .
£ °
% o0
el
o
102 - °
[ J
o
° ° L4 ° ° °
103 104
time in ms

Figure 4.10: Non-processed median propagation. Separation of the plot in three
parts with two vertical lines. This distinction is made due to artefacts of the
entering and exiting of the wave.

Here only a selection of different waves (two out of ten) is presented but it shows
the overall behaviour of the investigated waves. The first example in figure 4.11
shows a slope of m = 1.30 + 0.05. The wave was observed while heating the sample.
For comparison the slope for a wave that emerged while cooling is shown in figure
4.12. The slope is determined to m = 0.98 £0.02. In both cases a clear non-diffusive
behaviour can be observed (slope m > 0.5, for explanation see subsection 2.2.3).
An analysis of 10 waves in one sample gave an average slope of mg,y = 1.34£0.3 with
a minimal slope of M, = 0.79 £ 0.01 and a maximal slope of mq, = 1.8 £ 0.1.
Therefore it cannot be clearly stated whether the waves accelerate during propaga-
tion or if they move in a ballistic way.
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4.11: Time development of median while heating a DMPC sample. The
of the median values is calculated to m = 1.30 &+ 0.05.
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Figure 4.12: Time development of median while cooling a DMPC sample. The
slope of the median values is calculated to m = 0.98 4+ 0.02.
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5 Discussion

5.1 Layer counts

When comparing the methods of producing multilayers it has been shown that the
methods produce different numbers of lipid layers. The solvent evaporation results
in ~ 20layers — 30 layers, whereas the analysis of one spin-coated sample showed
seven layers.

In both cases a different number of lipid layers was expected (a few hundreds for
solvent evaporation and 20 for spin-coating). The reasons for this can be found in
the conditions when preparing the samples. Solvent evaporations is extremely sen-
sitive to additional streams of any gas because they increase the evaporation and
therefore reduce the quality of the layers. Since the preparation of the samples is
only possible under fume hoods, additional streams could not be excluded. This
lead to a significant disturbance of the formation of lipid layers. In consequence
only = 20 layers — 30 layers were prepared and detected with X-ray analysis.

In the case of spin-coating the formation of lipid layers is sensitive to many different
parameters (lipid concentration, speed and time of spinning etc.) [46]. The parame-
ters for this thesis were extracted from experiments with silicon slides of a smaller
area (15 mm x 25mm) than the here used ITO slides (25 mm x 25 mm). Those dif-
ferences might led to the lower number (7 instead of 9-17) of lipid layers on the ITO
slides.

The accuracy of X-ray analysis is additionally verified by determining the thickness
of the ITO layer of the slides. They consist of floating glass on which SiOg is coated
with a thickness of 150 A—300 A [53]. Analysis with X-ray diffraction came to a layer
thickness of 186 A — 199 A measured in two samples, which confirms the statements
of the supplier.

5.2 Necessary prerequisites

The wave found here has not been observed in other experiments, yet. Therefore it
is of special interest which conditions are necessary to cause the wave to emerge.
The main components seem to be the ITO substrate, the lipids, the chemicals and
excessive water. Since lipids in layers are the main focus of this work, the lipids will
not be substituted by other molecules.
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Nonetheless, another phenomenon without lipids showing a wave-like phase transi-
tion can be found. The freezing of supercooled water is a propagation of a phase
transitions that will be discussed in section 5.5.2.

Water

Water is indispensable for the emerging of the wave. Further experiments have been
conducted (not presented) where the set-up with lipid layers was prepared but the
chamber has not been filled with water. A heating and cooling of the sample did
not lead to waves. So water seems to be absolutely necessary. However, it is unclear
if a particular level of humidity is already enough to excite waves, too.

To prove that the waves originate from the presence of lipid layers and not from
water, two different types of lipids (DMPC and DPPC) were tested. These exper-
iments revealed waves only at the respective phase transition temperature of the
lipids. This correlation is satisfactory to state that the waves originate in the pres-
ence of lipid layers.

Solvent

In order to check whether the solvent has an influence on the emerging of the wave,
isopropanol was used instead of chloroform. Therefore DMPC powder was dissolved
in isopropanol and then spin-coated on the ITO substrate. No differences in the
wave behaviour were observable.

In the case of solvent evaporation additionally TFE is added to the lipids and chlo-
roform. The influence of TFE on the emerging of waves is investigated by preparing
a sample without adding TFE to the lipid solution. Minor differences in the optical
appearance of the resulting lipid layers were observable. After the lipid solution was
dried, rings of lipids had formed. Those rings might be caused by the so called coffee-
ring effect [54|. Different evaporation rates across the drop lead to a concentration
of lipids at the edge of the drop. In samples with TFE no such rings were visible
and the overall distribution of lipids looked more homogeneous. Nonetheless, the
wave phenomenon appeared reproducible is absence of TFE. From this it can be
followed that TFE enhances a homogeneous distribution of lipid layers but is not
strictly necessary.

Substrate

The last parameter to check is the influence of the substrate. Instead of using I'TO
slides as substrate, slides from regular laboratory glass slides were employed. These
slides were treated exactly like the ITO slides. The result was that the wave was
found, too. In both cases (ITO and laboratory glass) the surface is consists of glass.
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5.3 Thermodynamic forces

In order to check the influence of glass on the emerging wave, silicon slides were
employed. DPMC is spin-coated on the silicon slides but no waves were observable.
This might be due to the different thermal conductivities of silicon and glass. Sili-
con has a thermal conductivity of 149 W/(mK) [55] and glass has a conductivity
of 0.8 W/(mK) [56]. The high thermal conductivity of the silicon slides make it
impossible to build up a thermal gradient. Without a gradient the waves cannot
emerge. The glass slide has a much lower thermal conductivity which results in a
thermal gradient over the sample, enabling the wave to emerge. This observation
is in accordance with theory. It was stated that a local disturbance is necessary
to trigger a wave. A local thermal gradient represents such a disturbance. If the
gradient diminishes no excitation of a wave is possible.

5.3 Thermodynamic forces

In this part the concept of a thermodynamic force will be briefly revisited. Also, the
problems of the temperature measurements are pointed out.

Electric field

Thermodynamic forces are intensive variables which multiplied by an extensive vari-
able represent an energy or work contribution of the first law. An example for an
intensive variable is the voltage U. The voltage multiplied by the charge ¢ gives the
electric Energy F = qU. For a plate capacitor the electric field is E. = U/d, where
d is the distance between the plates of the capacitor. Therefore the energy can be
rewritten as E = qFE./d. In this thesis the distance between the ITO slides is kept
constant. Consequently, the distance does not influence the thermodynamic force
and the electric field can be used as the acting thermodynamic force.

It was not found to be possible to trigger a phase transition wave with an electric
field in this thesis. Multiple reasons might play a role in this context. Probably the
electric field has to act locally in order to evoke a significant local stimulation. Here,
the electrodes covered the whole lipid area so that no local stimulation was possible.
An improvement can be achieved by inserting a silver electrode in the chamber and
positioning it directly on top of the lipids. Additionally, the form of the alternating
electric field possibly has influence on the lipids. Here a sine-wave was employed,
which leads to low gradients in the electric field. Perhaps a steeper edge in voltage
stimulates the lipids better. For this a sawtooth voltage might be employed. An-
other problem is the fact that it is unclear where the major drop in voltage actually
happens. Since the chamber is filled with water, this might have a major impact on
the electric field that is effectively stimulating the lipids.
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5 Discussion

Temperature discrepancies

In subsection 4.3.2 the wave is measured in an live-experiment. The drop of GP was
recorded for a temperature of ~ 30°C. This seems to be a clear contradiction to the
statement that the wave emerges at phase transition. In fact this result shows the
problems of the temperature measurements in the here used set-up.

Several error sources play a role in this context. The used temperature sensor dis-
plays the values with an accuracy of 0.25°C but in fact the temperature can only
be trusted in a range of approximately +1°C. This is an estimation for the uncer-
tainty is based on two facts. First the accuracy of the sensor of £0.5°C. Second
the position of the sensor gives another uncertainty that is estimated with another
40.5°C. The sensor is not placed directly at the lipid layers but on top of the cham-
ber. The chamber itself consists of two ITO slides, a spacer, excess water and the
lipids. Especially the water is a big heat capacity making measurements on top of
the chamber quiet inaccurate.

If temperature is measured in a semi-static experiment the values are reliable, but
during a live measurement the system is pushed out of equilibrium and temperature
gradients are present all over the sample. This cannot be precisely measured with
the here used set-up. Therefore the result of 29.5°C as the temperature when the
wave emerges should not be trusted. Nonetheless this result tells many things about
the phenomenon and helps interpreting other findings as the varying wave speeds.

5.4 Varying wave speeds for DMPC and DPPC

The necessity of temperature gradients for the emerging wave has been pointed out
in section 5.2. Many consequences have to be taken into consideration when interpret-
ing the results. For example the different wave speeds for cooling and heating DPPC
(see section 4.4). DPPC has its phase transition Temperature at TPPPC = 41°C.
Reaching TIEPPC from room temperature T,oom = 22 °C needs higher gradients than
cooling it from above TPPPC o a lower temperature. This is due to heat losses to
the surrounding. The effective gradient while heating is much smaller as compared
to cooling with the same parameters. This discrepancy can be observed in the wave
speeds of DPPC for heating and cooling. Cooling shows a higher velocity as the
gradient is higher as well. This behaviour could not be observed for DMPC since
DMPC phase transition temperature is TH?PPC = 24°C, which is close to room
temperature. No further investigations on the wave speed dependency on tempera-
ture gradients have been performed. Therefore it remains unclear why and how the
gradients have influence on the wave speed. However, two further predictions can
be made, that should be tested in the future. First a higher gradient will lead to
a faster wave speed and second a homogeneous heating (no gradient) over phase
transition will result in no occurring wave.
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5.5 Comparable phenomena

5.5 Comparable phenomena

The discussion of the results already gave new insights in the understanding of the
phenomenon. In the following two examples will be discussed where the here found
wave might be a reasonable explanation for the effects.

5.5.1 Spreading depression waves

The presented phase transition waves in lipid stacks have striking similarity to the
so called spreading depression or spreading depolarization. Spreading depression is
a phenomenon that was first found by Ledo [2] in the cortex of rabbits. Further
investigations came to the conclusion that spreading depression waves propagate in
the grey matter of the cortex [1]. It is a wave of active propagation which causes a
breakdown of transmembrane ion gradients [1] and depresses spontaneous activity
[2]. The typical speed of those waves is around 2 mm/min — 9 mm/min [1].

In this discussion the velocity of both phenomena and the depression of spontaneous
electrical activity are compared.

Velocity

The velocity of the propagating phase transition was found to be in a range of
2mm/min — 15mm/min. In spreading depression the velocity of the waves ranges
from 2mm/min to 9mm/min. This striking similarity makes it likely that both phe-
nomenon may be triggered by the same causes. Nonetheless, discrepancies can be
found when comparing the propagation behaviour.

The speed of the spreading depression is interpreted as a sign of diffusion [57]. So
far no studies could be found, that actually tested the diffusive behaviour of the
spreading depression. Therefore explaining this phenomenon with a non-diffusive
propagation of the phase transition might be possible, too. Although further inves-
tigations have to made.

Depression of activity

The phenomenon of the depression itself is comparable, too. In spreading depression
the passing wave reduces the spontaneous electrical activity of the tissue. Also, it is
impossible to excite the tissue with electric fields for several minutes [2].

Here it was found that the emerging wave stops all motion of electrically excitable
surface vesicles, when cooling the sample (see subsection 4.2.2). This depression of
motion was only reversible with another emerging wave, when heating the sample
again. It can be argued that the depression of motion in this thesis is similar to the
impossibility to excite tissue in spreading depression.
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In this context the behaviour of the spreading depression wave could be explained as
follows: the emerging of the spreading depression is a phase transition wave pushing
the lipids and the tissue in a phase where no excitation is possible.

Differences can be found in the phenomenon of spontaneous activity and the recov-
ery from depression. The here investigated lipid layers do not show any spontaneous
activity. This might be due to the reduced complexity of the model.

A depressed tissue takes several minutes to recover. In this time no further wave is
observable. This means that the lipids do not undergo a collective phase transition
again but ’'slowly’ relax to their initial state individually. The reasons remain un-
clear why only a wave of depression is visible. This questions might be answered by
understanding the reasons of the emerging of the depression wave in tissue, which
cannot be answered by the approach presented here.

Ledo found a gradual depression of activity which is not as sudden as presented
in this thesis. Solutions for this discrepancy are speculative but might be found in
the high complexity of grey matter tissue. The simple models of this work does
not include all parameters of real tissue. The influence of proteins, different lipid
mixtures of the membranes can have an major effect on the excitability of a tissue.
For example proteins, embedded in the membranes of single cells and layers of lipids
are slightly changing the phase diagram of a cell individually and the tissue overall.
In conclusion the propagating phase transition of this thesis shows similar charac-
teristics like spreading depression. Those similarities are a adequate starting point
to explain spreading depression from a physical point of view. Nonetheless, discrep-
ancy are presented and have to be investigated in future. In order to verify the
connection of the phase transition wave and spreading depression, the propagation
of the spreading depression wave should be investigated in terms of its diffusive
behaviour.

5.5.2 Supercooling of water

Supercooling is the effect that matter does not undergo phase transition even though
it would be an energetic more desirable state. Examples can be found in normal
water that is left over night in the freezer and is not frozen or hand warmers which
contain a supersaturated solution. In both cases a mechanical disturbance leads to
a phase transition (videos for supercooled water can be watched in [58] and [59]).
This induced phase transition appears optically to be very similiar to the here found
phase transition wave. A systematic approach on supercooled water can be found
in [60].
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Threshold

There the supercooled water is investigated in terms of determining the temperature
at which supercooled water freezes spontaneously. The main statement is that super-
cooling strongly depends on motes in the water. However, influences of mechanical
disturbances were also investigated. It was found that mechanical stresses can in-
duce the phase transition. Nevertheless, not all mechanical disturbances lead to the
freezing of the super cooled water. This threshold depends on the temperature of
the supercooled water. The higher the temperature the stronger the mechanical dis-
turbance had to be. A value for the threshold was not given, since the experiments
were only conducted qualitatively. No threshold experiments have been conducted
in this thesis, but other authors [12,13] found thresholds for exciting acoustic pulses
in lipid monolayers. Hence, these findings seem to be in accordance to the physical
approach of thermodynamics.

Velocity

In general, the development of the ice phase is explained with crystal growth.
Aliotta et al. conducted experiments on crystal growth in supercooled water [61].
There the growth of dendrites in the ice phase is measured and taken as the overall
propagation of the phase transition. The speed of the growing dendrites was de-
termined to ~ 0.5cm/s. A decrease in the velocity was also observed, which is a
contradiction to the findings of other authors [62—-65]. Probably boundary conditions
play a role in this set-up.

Even though both phenomena are propagating phase transitions the approach is
different. Here, the wave is derived by physical principles, whereas in super cooled
water a complex explanation of crystal growth is employed. This is a good starting
point for explaining the freezing of supercooled water by physical principles.
Nonetheless different aspects still need further clarification. For example the speed
of the phase transition wave in super cooled water is higher (=~ 0.5cm/s) than in
lipids (~ 8 mm/min). A possible explanation might be given by the lower density
of super cooled water compared to lipid membranes [66]. Since linear waves can
propagate faster in less dense media (see subsection 2.2.3), the higher speed of the
phase transition in supercooled seems plausible.

A propagation of phase transition is found in super cooled water but might be ex-
plained less complex with the phenomenon found in this work. The phase transition
wave found here can purely be explained by physical principles and does not need
complex growing mechanisms. Therefore it seems reasonable to explain the similar
observation of freezing of supercooled water with the same principles.
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6 Conclusion

In this thesis lipid multilayers were investigated under the influence of thermody-
namic forces (temperature and electric fields). No significant change in the shape of
the lipid layers was observed upon heating or cooling, except close to the melting
phase transition temperature. This change is a propagating wave which crossed the
microscopic field-of-view.

In the range of detection (= 1.6mm) the propagation of the wave was evident
without decay. Image analysis indicated that the propagation (z o t%, with 0.8 <
a < 1.8) is not diffusive. The propagation velocity was found to be in the range of
2mm/ min — 15 mm/ min in most cases. The thermal gradient appears to have an
influence on the propagation velocity. A higher thermal gradient seems to lead to a
higher propagation velocity.

Correlation of the wave appearance with the phase transition was shown by the use
of two different lipids (DMPC and DPPC). The wave only emerged close to the
respective phase transition temperature of the lipids (24 °C for DMPC and 41°C
for DPPC). Further investigations using the two different dyes, Texas Red and Laur-
dan, confirmed the results of a propagating phase transition. The emission properties
(generalized polarization for Laurdan and intensity for Texas Red) changed distinc-
tively upon passage of the wave.

The electric excitability of the lipid layers was investigated, by applying an alternat-
ing electric field. A pulsation of the surface vesicles could only be detected, when
they were in the fluid phase. However, a propagating wave could not be triggered
by the electric field. Explanations are found in the limitations of the experimental
set-up rather than for principle reasons.

Since the findings are strongly deducted from thermodynamics, they are compared
with known phenomena of propagation waves in spreading depression as well as
supercooled water. Although, discrepancies between the phenomena and the propa-
gating wave in lipid multilayers are evident, a propagating phase transition appears
to be a promising approach.

To put it in a nutshell the idea of using thermodynamics to investigate biological
systems has been successfully extended to lipid multilayers allowing to observe a
new phenomenon of an emerging wave that is accompanied by a phase transition.
In the spirit of explaining life based on physical laws the observations are compared
to spreading depression and supercooled water, where a reasonable agreement can
be found.
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