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Abstract

In the vicinity of melting transitions in membranes, fluctuations in enthalpy, volume, area and
concentration approach a maximum. Consequences are the formation of domains, increasing elastic
constants and permeability, changes in the diffusion behavior and longer relaxation processes.

Molecules such as anesthetics, neurotransmitters and antibiotics play a functional role in biological
cells. They also influence the melting behavior of artificial membranes and thereby fluctuation, domain
formation, diffusion and relaxation properties.

In this study, the emphasis was on deepening understanding of the domain formation, fluctuation,
diffusion and relaxation behavior in the melting regime of artificial membranes. Changes of these
processes by anesthetics, neurotransmitters and antibiotics were also investigated. Both experimental
and theoretical approaches were used. Fluorescence correlation spectroscopy experiments by A. Hac
(Hac, 2004) and pressure perturbation calorimetry were accompanied by statistical thermodynamics
simulations. All studied processes are related to each other and are intrinsic properties of the system.

We found that relaxation times slow down in the melting transition regime and the addition of anes-
thetics, neurotransmitters or antibiotics reduces the maximum relaxation times. Diffusion processes
are influenced by the time scale of relaxation processes. Domain formation is accompanied by large
fluctuations at domain interfaces.

We argue that the studied processes might play a role in the physiology of biological membranes.



Abstract

In der Nähe von Schmelzprozessen in Membranen erreichen Fluktuationen der Enthalpie, des Volu-
mens, der Fläche und der Konzentration ein Maximum. Daraus erfolgen Domänenformation, größere
elastische Konstanten, eine erhöhte Permeabilität, Veränderungen des Diffusionsverhaltens und längere
Relaxationsprozesse.

Moleküle wie Anästhetika, Neurotransmitter und Antibiotika besitzen in biologischen Zellen eine
funktionelle Rolle. Sie beinflussen das Schmelzverhalten von künstlichen Membranen und dabei die
Fluktuations-, Domänenformations, Diffusions- und Relaxationseigenschaften.

In dieser Arbeit wurde der Schwerpunkt auf das Vertiefen der Kenntnisse über
Domänenformationsprozesse, Fluktuationen, Diffusion und Relaxationsverhalten im Schmelzbere-
ich von künstlichen Membranen gelegt. Die Beeinflussung dieser Prozesse durch Anästhetika,
Neurotransmitter und Antibiotika wurden ebenfalls untersucht. Sowohl experimentelle, als auch
theoretische Methoden wurden genutzt. Fluoreszenzkorrelationsexperimente bei A. Hac (Hac, 2004)
und drucksprungkalorimetrische Versuche wurden durch thermodynamische Simulationen begleitet.
Alle untersuchten Prozesse hängen miteinander zusammen und sind intrinsische Eigenschaften des
Systems.

Wir fanden heraus, dass sich Relaxationsprozesse im Umwandlungsbereich verlangsamen und
die Hinzugabe von Anästhetika, Neurotransmitter oder Antibiotika die maximale Relaxationszeit
verringert. Diffusionsprozesse werden durch die Zeitskala von Relaxationsprozessen beeinflusst.
Domänenformation wird von starken Fluktuationen an den Domänengrenzen begleitet.

Wir argumentieren, dass die untersuchten physikalischen Prozesse eine Rolle in der Physiologie von
biologischen Membranen spielen.
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Chapter 1

Introduction

In recent years, research on the physical properties of lipid membranes (aggregates of small
amphiphilic molecules) has again resumed popularity, having been a ”hot topic” in the 1970s.
The interest in lipid membranes arises from its importance in the formation of biological
membranes, as it is explained in the first section of this chapter. Without biological mem-
branes, life as it is known nowadays would not have been possible. It is necessary to study
the basic physical features of lipid and biological membranes. Different models of biomem-
branes and a putative role of membrane organization follow from these physical properties.
Different classes of molecules influence the physical behavior of lipid membranes and these
molecules influence again the function of cells. Examples are anesthetics, neurotransmitter
and antibiotics. They are shortly introduced. This thesis is mainly concerned with deepening
the understanding of diffusion and relaxation processes of lipid membranes. Therefore, at the
end short, reviews about previous studies are given.

1.1 The Biological Membrane: Its Importance and Its Basic

Building Blocks

Life would not have been possible without the evolution of biological membranes. They
allowed a definition of an inner and outer to protect life from a partially hostile environment.

The plasma membrane surrounds biological cells. In cells biomembranes again define or-
ganelles of different functionality like the Golgi complex, the mitochondria or the endoplasmic
reticulum (see fig. 1.1).

Biological membranes, however, are not just of structural importance but also play a func-
tional role. Permeation processes through the membrane allow communication between the
inner and outer part of a cell. They offer the possibility to maintain electrochemical gra-
dients too. Cell membranes are also involved in capturing and releasing energy. Biological
membranes reduce the dimensionality of diffusion processes from the three dimensional space
to a diffusion in a two dimensional plane. This possibly controls the probability of reactions
between two reactants (Adam and Delbrück, 1968).

These functional roles are possible and are influenced by the structure of biomembranes. The
main components of biological membranes are small amphiphilic molecules (lipids; 30-80 wt%
of the membrane mass), polymers from amino acids (proteins; 20-60 wt% of the membrane
mass) and carbohydrates (sugars; 0-10 wt% of the membrane mass). Biological membranes
are self-assembled molecular aggregates where lipids play an extraordinarily structural role.

1
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Figure 1.1: Illustration of an animal cell. The plasma membrane defines the inner and outer part of a cell.

In the cell itself membranes confine different organelles like the Golgi complex, the endoplasmic reticulum

and the mitochondria. These organelles have different functions. Where the mitochondria provide the energy

production of a cell, in the endoplasmic reticulum macromolecules of amino acids (proteins) are synthesized.

The Golgi complex functions as a central delivery system of proteins of the cell. The picture is taken from

”http://www.emc.maricopa.edu/faculty/farabee/BIOBK/BioBookCELL2.html”.

1.1.1 Lipids, Lipid Membranes and Cooperative Melting

Lipids are small amphiphilic molecules. Many different lipid species1 can be found in biological
membranes. They can be divided into different families, e.g. sterols or phospholipids. Sterols
and phospholipids are the most important lipid species.

CH 2CH 2CH 2

CH 3

CH 3

CH 3

CH 2

CH

1,2−Dimyristoyl−sn−Glycero−3−Phosphatidylcholine
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O C

O O P

O 

O 

O 

N
+
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glycerol backbone

unpolar fatty acid chains

Figure 1.2: Schematic drawing of a DMPC lipid. Each of the two fatty acid chains possesses 14 carbon

atoms. The chains are drawn in their all trans configuration. The rotated arrow indicates a possible rotational

degree of freedom.

Phospholipids are the most common lipids in biological membranes. They consist of a
phosphate containing headgroup and usually two hydrophobic fatty acid chains2. Most of the
head groups belong to the group of phosphoglycerides which means that the head group and
the fatty acid chains are each linked to a hydroxyl of a glycerol backbone (see fig. 1.2). The

1 It has to be noted that there is no generally accepted definition of the term lipid. This, however, will not be
discussed in this thesis. Here, mainly the special class of phospholipids is considered.

2 Phospholipids with just one unpolar chain can also be found. The majority of phospholipids, however, have
two.
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various kinds of phospholipids differ in head group, chain length and degree of saturation of
the fatty acid chains.

In fig. 1.2 the chains are drawn in their all-trans configuration. All C-C bonds are in their
trans configuration meaning that the potential energy for a rotation about a carbon-carbon
bond is in its global minimum (see fig. 1.3). There are two more local minima (gauche
confirmations). To perform a rotation to one of the two gauche configurations an energy
barrier of about 14.65 kJ

mol has to be overcome (Gennis, 1989).

Figure 1.3: Potential energy for rotations of C-C bonds. The potential energy for a rotation of a C-C bond

in an alkane is shown in dependence of the dihedral angel. There are three minima. The global minimum is

the trans confirmation and the two local minima are the two gauche confirmations g+ and g−. This picture is

taken from Gennis (1989).

The probability of forming a gauche conformation depends on temperature. This tempera-
ture dependence becomes interesting when talking about lipid aggregates.

Lipids spontaneously form aggregates when given into water, because of their amphiphilic
structure. Depending on the concentration and type of lipid, one can observe many different
kinds of aggregates (see fig. 1.4). Examples are micelles, inverse micelles and lipid bilayer.
The hydrophobic chains are shielded by the head groups from contact with water molecules.

The lipid bilayer structure exhibits a high importance in the formation of biological mem-
branes. At low temperatures the lipids arrange on a hexagonal lattice (Janiak et al., 1979).
Lipids are ordered and the degree of rotational freedom of the chains is low. The probability
of finding gauche confirmations is small. At high temperatures lipids are disordered with an
increased degree of rotational freedom and the lattice structure is lost. In the first case one
talks about a solid ordered (so) or gel membrane. In the second case the terms liquid disor-
dered (ld) or fluid3 are used. The transition from the ”so” to the ”ld” phase increases the
enthalpy and entropy of the lipid bilayer system. For a one component system this melting
transition is highly cooperative, meaning that the melting of one lipid influences the melting

3 The terms gel and fluid are from a physical point of view inexact. Therefore, in this thesis just the terms
solid ordered and liquid disordered are used. This terminology was firstly introduced by Ipsen et al. (1987)
in the context of the effects of cholesterol on lipid ordering. This is explained further on in the text.
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H2 O

Figure 1.4: Schematic drawing of different lipid aggregates. Shown are representations of (left) micelles,

(center) bilayer and (right) inverse micelles.

of another. This is reflected through the small half width of a heat capacity profile. An
example is shown in the right panel of fig. 1.5. The point at which the chemical potentials of
the two phases equal each other is called the transition midpoint.

Figure 1.5: Melting transition of a lipid bilayer. (left) The bilayer undergoes a transition from the solid

ordered (so) to the liquid disordered (ld) phase. This causes a change in enthalpy (∆H) and in entropy (∆S).

At the transition midpoint Tm the chemical potentials of the two phases equal each other. (right) The melting

process can be seen in a heat capacity profile. The melting process from the ”so” to the ”ld” state requires

energy which results in an increase in heat capacity.

The transition midpoint, the enthalpy and the entropy all change. The cooperativity of the
transition depends on several factors; the kind of head group, the length of the lipid chains,
the degree of saturation, the pH, the ionic strength, the outer pressure and the kind of lipid
vesicle.

Multilamellar vesicles consist of a stack of bilayers which form vesicles. A suspension of
them shows a more cooperative melting than a suspension of unilamellar vesicles. Lipids with
different lipid chain lengths also show different melting profiles and they melt at different
temperatures (Koynova and Caffrey, 1998). The melting process of the chains is influenced
by a balance of competing effects. From an entropic point of view disordered lipid chains are
in favor over highly ordered chains in the all-trans configuration. Van-der Waals interactions,
however, are increased by the presence of ordered chains. Additionally, close lipid-lipid con-
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Figure 1.6: Structure of the three sterols cholesterol (left), ergosterol (center) and sitosterol (right). Where

cholesterol is mainly found in animal cells, ergosterol is a main part of fungi cells and sitosterol is a phytosterol

which is the replacement of cholesterol in plant cells.

tacts can be favored in the case of hydrogen bonds or bridging metal cations. Close contacts,
however, may be unfavorable where bulky groups interact sterically or charged lipids electro-
statically. Lipids with ordered chains have a smaller cross-sectional area than the ones with
disordered chains.

Lipid membranes consisting of lipid species with longer lipid chains melt at higher temper-
atures than lipid membranes of lipid species with shorter fatty acid chains. The existence of
double bonds induces melting at lower temperatures since the ideal interaction of the chains
is influenced by the non-existing rotational degree of freedom around the double bond. It
is important to note that one component lipid membranes melt in a regime of physiological
relevance.

Besides changes in enthalpy and entropy melting also results in an increase of lipid area
of about 25% and an increase of the membrane volume of about 4%. Interestingly phys-
ical properties like membrane permeability (Papahadjopoulos et al., 1973; Makarov, 2005)
and membrane compressibility and elasticity (Halstenberg et al., 1998; Heimburg, 1998) dis-
play maxima in the transition regime. These increases in permeability, compressibility and
elasticity are related to area and volume fluctuations.

In the beginning of this chapter it is mentioned that there are two particular families of lipids
which have a special status in biological membranes. These are phospholipids and sterols.
The first class is introduced in the first part of this section.

Sterols have a different structure in comparison to phospholipids as can be seen in fig. 1.6.
Cholesterol is mainly an important component in animal cells. It is replaced by phytosterols
in plant cells and by ergosterol in fungi cells.

Physical research has, however, mainly been concerned with cholesterol and its influence on
lipid (phospholipid) bilayer. Cholesterol has the tendency to incorporate into the hydrophobic
part of the membrane. It influences the phase behavior of a phospholipid membrane, which
was discussed for the first time by (Ipsen et al., 1987). Recently, it has been shown that the
same effect is true for ergosterol (Beattie et al., 2005). Sterols induce a third phase besides
the already described ”so” and ”ld” phases. This phase is called the liquid ordered (lo) phase.
Cholesterol and other sterols order the lipid chain configuration, but at the same time they
induce lateral disorder.
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1.1.2 Complex Lipid Membranes and Phase Diagrams

As it is described in the previous section one component lipid systems of phospholipids display
a phase transition from a ”so” phase to a ”ld” phase4. This picture gets more complicated if
cholesterol is added. Besides the ”so” and the ”ld” phases one finds the lo phase (Ipsen et al.,
1987). A coexistence of phases is possible which depends on temperature and cholesterol
concentration. In the case of more complex lipid systems with two different phospholipid
species structural heterogeneities occur over a broader temperature regime. This can be seen
in a heat capacity profile as it is shown in fig. 1.7.

Figure 1.7: Phase diagram and excess heat capacity profile of a two component lipid system. (right) An

example of a measured ∆cp-profile of a two component lipid system is shown. From a series of heat capacity

profiles of the same lipids with different molar ratios one can construct a phase diagram (left). Out of this

phase diagram one can deduce at which ratios and temperatures the system is in one of the pure phases (either

”so” or ”ld”) or when it is in a coexistence regime.

A heat capacity anomalie is monitored over a broad temperature regime. At low tempera-
tures and at high temperatures the lipid membrane is in either the ”so” or the ”ld” phase.
In the region of non-zero ∆cp, coexistence of ”so”-like and ”ld”-like domains occur. These
properties are equivalent to the ones of ”so” and ”ld” phases. Dependent of ratios, concentra-
tions or temperature, phase diagrams give information whether one is in a coexistence regime
or one of the pure phases (see the left panel of fig. 1.7). They allow one to approximate the
ratio of ordered to disordered lipids in the coexistence regime (Lee, 1977), but they do not
give any information about the morphology of domains. They can be constructed with the
help of excess heat capacity profiles. The details of the construction is disputed (Sugar et al.,
2001).

Recently, phase separation of two component lipid bilayer systems of Giant Unilamellar
Vesicles (vesicles of diameter 10 µm − 500 µm; GUV) have been visualized by Confocal Flu-
orescence Microscopy (Korlach et al., 1999; Bagatolli and Gratton, 1999). Fluorescent labels

4 It is neglected that for MLVs one measures a pre-transition. The lipid membrane undergoes a transition
from the ”so” to the ripple phase. The ripple phase is due to line defects of disordered lipids (Heimburg,
2000). The enthalpy change is much smaller than the one for the main phase melting transition. For reasons
of simplicity this transition stays neglected in most parts of this thesis.
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which partition differently into the two kinds of domains or whose fluorescence light wave-
length depends on the state of the lipid environment are incorporated into the lipid bilayer.
After excitation through a laser the fluorescence is monitored. An example is shown in fig. 1.8
(provided by M. Fidorra; (Fidorra, 2004)).

Figure 1.8: Confocal Fluorescence Microscopy picture provided by M. Fidorra (Fidorra, 2004). Two fluores-

cent markers are included into the phospholipid bilayer (DLPC:DPPC 67:33) of a Giant Unilamellar Vesicle

(GUV; vesicles of diameter 10µm− 500µm). One of them preferentially partitions into ”so” domains whereas

the other one prefers a ”ld” environment. After excitation the two markers emit light of different wavelengths

which allows one to monitor the different domains. The red and green colors represent ”so” and ”ld” domains.

The scale bar is 10 µm.

The size of these domains is debated in the literature. Where fluorescence pictures
show domains in the range of a few µm (Korlach et al., 1999; Bagatolli and Gratton,
1999; Seeger et al., 2005), Atomic Force Microscopy (AFM)5 of supported lipid bilayer6

systems suggest domains in the nm regime (Nielsen et al., 2000b; Kaasgaard et al., 2002;
Tokumasu et al., 2003).

1.1.3 Membrane Models

In the previous two sections it is discussed that lipid systems consisting of one or two dif-
ferent kinds of phospholipids, with or without cholesterol, display a complex phase behavior.
Depending on temperature and lipid ratios, heterogeneities in the lateral membrane struc-
ture can be found. This can already be deduced from heat capacity profiles, but is visu-
alizable by Confocal Fluorescence Microscopy or Atomic Force Microscopy. The first mea-
surements of heat capacity anomalies of lipid membrane systems and also biological mem-
branes date back to the late 1960s and the 1970s (Steim et al., 1969; Reinert and Steim,
1970; Hinz and Sturtevant, 1972; Melchior and Steim, 1976; Mabrey and Sturtevant, 1976;
Jackson and Sturtevant, 1977). This would suggest that a picture describing a biological
membrane is a rather heterogenous than homogenous one.

However, the accepted text book picture of a biological membrane is still the fluid mosaic
model (Singer and Nicolson, 1972). The fluid mosaic model is based on a fluid (”ld”) lipid

5 Atomic Force Microscopy allows one to gain a hight profile of a surface. Applying it to the study of lipid
membranes it detects hight differences of the different lipid membrane phases.

6 A supported lipid bilayer is a bilayer which is brought onto a surface and which has close contact to this one.
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membrane which builds a matrix for randomly distributed proteins. Proteins might incor-
porate into the membrane (integral proteins) or are attached onto the membrane surface
(peripheral proteins).

Figure 1.9: Fluid mosaic model of cell membranes. The lipids (small objects with tails) are in a disordered

state and provide a fluid matrix for the randomly distributed proteins (rigid bodies). The picture is the same

as fig. 3 in Singer and Nicolson (1972).

This model suggests a rather homogenous picture of a biological membrane.
Singer and Nicolson (1972), however, it expressed the idea of possible heterogeneities in the
vicinity of proteins. In addition, the idea that physical or chemical perturbations of the mem-
brane might affect or alter membrane components has been mentioned. In summary, however,
the lipid components do not receive much attention besides providing a viscous medium for
the membrane proteins.

For the first time a membrane model implementing clusters of lipids was formulated by
Jain and White (1977): ”... the biomembrane continuum is broken up into a number of rela-
tively rigid plates or patches that are in relative motion with respect to each other.”. Though,
this model did not gain much attention. After the proposition of the existence of specialized
domains, so called “rafts7” (Simons and Ikonen, 1997), this idea is under discussion. ”Rafts”
are seen as being lo lipid domains which are rather static in structure. They float in a ”ld”
environment. From a thermodynamical point of view this is rather unlikely since ”rafts” are
seen as being small clusters (Simons and Vaz, 2004). Small lipid domains are likely to show
strong local fluctuations in lipid chain state and therefore, they are more likely dynamic than
static (Seeger et al., 2005).

The insufficiency of the fluid mosaic model also becomes clear from diffusion studies on
biological membranes. A rather complex diffusion behavior is revealed which cannot be ex-
plained by a homogenous membrane system (Jacobson et al., 1995). One possible reason for
the occurrence of inhomogeneities is the existence of lipid domains, which are governed by

7 In the literature the definition of the term raft is rather confusing. Most authors talk about it in the context
of the formation of domains with a high content of cholesterol and sphingolipids (phospholipids where the
glycerol backbone is replaced by a sphingosine).
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Figure 1.10: Matress model of lipid-protein interactions. It has been proposed by Mouritsen and Bloom

(1984). The hydrophobic mismatch between the proteins and the lipids result in a deformation of the lipid

matrix so that the hydrophobic mismatch is kept as small as possible (fig. 1 from (Mouritsen and Bloom,

1984)).

lipid-lipid and lipid-protein interactions. The latter ones have been included in the mattress
model by Mouritsen and Bloom (1984). The lipid membrane is deformed so that the hy-
drophobic mismatch between proteins and the lipid membrane is minimized (see fig. 1.10).
The principal of hydrophobic matching is seen as an important factor in influencing protein
function (Dumas et al., 1999; Jensen and Mouritsen, 2004).

Another putative reason for the occurrence of heterogeneities is aggregation of proteins or
peptides. Light-induced aggregation behavior of bacteriorhodopsin, a proton transporting
membrane protein, has been measured through a change in diffusion behavior (Kahya et al.,
2002). Aggregation behavior has also been found in numerical simulations for different pro-
teins and peptides (Heimburg and Biltonen, 1996; Ivanova et al., 2003). These simulations
are based on comparison to measured heat capacity profiles. They also provide information
about the lateral membrane structure. Proteins might favor one of the lipid membrane phases.

All in all one can conclude that the simple picture as it is drawn in the fluid mosaic model
has to be refined. If one thinks about a biomembrane one should rather think of a het-
erogenous than of a homogenous lateral structure. A visualization of this picture is shown
in fig. 1.11. The membrane lipids can be in different states and might form domains with
different physical behavior (”so”, lo and ”ld”). Proteins might have a tendency towards one
of the particular lipid domains and might aggregate to clusters themselves. It is known that
the lipid composition of the two monolayer of the same membrane may vary (Bretscher, 1972;
Devaux, 1991). Whether the state of the lipid might differ in both leaflets is not answered,
yet.

Despite the representation in fig. 1.11 the topology of a biological membrane is more complex
and includes curvatures due to different domain heights and hydrophobic matching.

This modern view of a biological membrane allows the triggering of biochemical reaction
cascades due to the physics of the lipid membrane. Diffusion properties of proteins change.
Protein function might also be influenced by the lipid environment and the state of the lipids.
The lipid itself gets a more active role concerning the physiology of a cell than is the case in
the fluid mosaic model. This possible role is discussed in more detail in a later chapter (see
ch. 5).
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Figure 1.11: A modern picture of a biological cell membrane. The different colors of the smaller objects

represent lipids with an ordered (red) or disordered (green) configuration. Lipid domains with different physical

properties are formed. The aggregation of proteins (rigid, big objects) is allowed. Proteins might prefer ordered

or disordered lipids. The two monolayers of the bilayer differ in lipid composition and the lateral domain

structure may be dissimilar, too. This model allows the control of biological function because of the physics

of the lipid membrane.

1.2 General Anesthetics, Antibiotics and Neurotransmitters

The most important components in biological membranes are lipids, proteins and sugars.
In this thesis sugars and their importance and influence on membrane physiology are not
considered. Thus, they are not discussed further.

Proteins are assumed to be the functional units of biological membranes. The physical
properties and the structure of a biomembrane might influence the function of a protein.
Different proteins and peptides accomplish different tasks. The peptide gramicidin A acts as
an antibiotic, whereas other proteins, so called channel proteins, are thought to play a role
in nerve pulse propagation.

The function of a biological membrane, however, can also be influenced by small molecules
like octanol or halothane. These two molecules belong to the class of general anesthetics.
Neurotransmitters like serotonin have an influence on e.g. the mood of human beings.

In this thesis, studies on phospholipid membranes with gramicidin A, the two anesthetics
halothane and octanol and with serotonin are presented. Therefore, the physical and chem-
ical properties of these molecules and the current hypothesized action of these molecules is
introduced in the following three sections.

1.2.1 The Antibiotic Gramicidin A

The hydrophobic peptide gramicidin A (see fig. 1.12) is thought to be a channel forming
peptide specific for monovalent cations. The channel is a dimer of the peptide (Gennis (1989)
and citations therein). Its size is 30 Å in length and the inner and outer diameters are 5 Å
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and 15 Å, respectively.

Figure 1.12: The peptide gramicidin A. It is a channel forming peptide which acts as an antibiotic. The

picture is generated from a protein data bank file of the Research Collaboratory for Structural Bioinformatics

of the Brookhaven National Laboratory (www.rcsb.org; see file 1Mag.pdb).

Gramicidin A acts as an antibiotic. This is believed to be due to its channel forming
behavior. Cations can freely diffuse through the channel and ion gradients get destroyed.
This leads to the death of the cell.

1.2.2 The Neurotransmitter Serotonin

Neurotransmitters are molecules which mainly occur in the nerve system, but can also be
found in other parts of a body. They can be classified into two groups: small molecule
transmitters and neuroactive peptides. It is assumed that they play an important role in
nerve pulse propagation. During a nerve pulse they are released into the synaptic gap between
a pre- and postsynaptic neuron8. The released neurotransmitters bind to receptors of the
postsynaptic neuron. It is believed that the effect of the neurotransmitter is dictated by the
receptor. One class of receptors are protein channels which go into an open or closed state
after the binding of a neurotransmitter. This allows triggering of the membrane potential. A
second class of receptors is coupled to intracellular second messenger cascades which, however,
also influence protein channels and therein again the membrane potential. Neurotransmitters
can be excitory or inhibitory, meaning that they can induce or prevent a nerve impulse.

Serotonin (5-Hydroxytryptamin; see fig. 1.13) is a small molecule transmitter which has
two aromatic rings. It is believed to play an important role in depression, migraine and
anxiety. Serotonin acts as an excitory neurotransmitter which is extensively found in the
human blood stream. It is also present in the human gastrointestinal tract. 1% − 2% of the
Serotonin concentration in the human body is localized in the brain region.

8 Synapses are junctions between nerve cells (neurons). Nerve pulses are accompanied by directed action
potentials. The neuron which seen from the direction of the action potential is before the synaptic cleft is a
presynaptic one. The one after the gap is the postsynaptic neuron.
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Figure 1.13: The neurotransmitter serotonin. It consists of two aromatic rings and is an excitory neuro-

transmitter. serotonin is involved in systems of human brain regions which are responsible for mood, emotional

behavior and sleep.

1.2.3 Octanol, Halothane and the Action of General Anesthetics

In the mid 19th century it was found that certain gases allow the blocking of pain, con-
sciousness and other sensations. This state is called anesthesia and since then has gained
importance in medicine. Nowadays, one divides anesthetics into general, local or regional
anesthetics. The latter one means a reversible loss of sensation and possibly movement in
a certain region of the body through blocking brain or nerve sections which are responsible
for this region. Local anesthetics act reversible in a defined part of the body through direct
injection of anesthetics. The first one, general anesthetics, induce a reversible loss of conscious
and sensation. Here, the focus is on general anesthesia.

Figure 1.14: The general anesthetics octanol (left) and halothane (right). The alcohol 1-octanol and the

halogenated hydrocarbon halothane act as general anesthetics. There is no generally accepted theory of general

anesthesia, yet.

Different kinds of small molecules induce general anesthesia. One has chosen a some-
how arbitrarily and rough division of anesthetics into three classes: volatile and anes-
thetics gasses, alcohols and intravenous anesthetics. Halothane (2-Bromo-2-chloro-1,1,1-
trifuoroethane; BrCH(Cl)CF3; see fig. 1.14), a halogenated hydrocarbon belongs to the first
class of anesthetics. Alcohols up to a chain length of ten carbon atoms act also as anesthetic
drugs. An example is octanol (C8H18O; see fig. 1.14) which has eight carbon atoms. To the
last group of intravenous anesthetics belong barbiturates like pentobarbitone.

The pioneering works in the field of anesthetics were independently published by Meyer
(1899) and Overton (1901). They showed that the anesthetic potency of a substance depends
on their solubility in olive oil (Meyer-Overton rule). As well, they showed that the effect of
anesthetics add up. A whole variety of different substances could induce anesthesia and it
could be concluded that those anesthetics used acted nonspecifically. The effect of anesthetics
can be reversed by applying pressure or by heating (Spyropoulos, 1957).

Already Overton (1901) suggested that anesthesia is a result of the perturbation of the
lipid membrane. The first theories of anesthesia were dominated by explaining the action of
anesthetics on the lipid membrane and an indirect lipid-mediated mechanism (Lee, 1976b;
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Trudell, 1977). Three main objections have been brought up against lipid-mediated theories.
These are the failure of the Meyer-Overton rule of explaining the lack of anesthetic activity
of long-chain alkanes and alcohols, the small magnitude of effects of anesthetics on the lipid
membrane at clinical relevant concentrations and the third argument is the stereoselectiv-
ity9 of some substances. This has led to the dominance of theories explaining anesthetics
action because of the influence of anesthetics on protein function (Franks and Lieb, 1994;
Krasowski and Harrison, 1999; Bovill, 2000).

Still others argue in favor of the influencing effect of the anesthetics on the lipid membrane.
Ueda and Yoshida (1999) claims that it is a combination of effects on proteins and lipids. The
actual side of action is the lipid/water interface. Cantor (Cantor, 1997, 1999b, 2001b) believes
that the lateral pressure profile of lipid bilayer controls the function of channel proteins. He
discusses the action of anesthetic molecules in the context of their influence on the lateral
pressure profile.

In a recent paper, Heimburg and Jackson (2005) challenge the traditional picture of nerve
pulse propagation. They claim that the nerve pulse is a soliton which is the natural result of a
jump through or into the transition regime of a biological membrane. Taking this theory they
explain the action of general anesthetics as being due to the influence of anesthetics on the
transition profile of the lipid membrane (Heimburg and Jackson, 2006). Short chain alcohols
shift the profile to lower temperatures and therewith increase the threshold of the evolution
of a soliton.

In total one can conclude that despite the fact that the effect of general anesthesia has
been known for more than 150 years, still the precise reason of anesthesia is still not fully
understood.

1.3 Diffusion Studies on Membrane Systems

In previous sections it is already mentioned that a modern picture of a biological membrane
includes heterogeneities. Nowadays, it is more and more accepted that these homogeneities
play a crucial role in membrane function. They influence diffusion properties which are
believed to be important in trafficking processes.

The diffusion behavior in a biological membrane is rather complex (Jacobson et al., 1995).
Diffusion in biomembranes often deviates from normal diffusion, where the mean-square dis-
placement (msd) is proportional to time (Einstein (1905, 1906); msd = 4Dt, with D the
diffusion constant). Diffusion in biological membranes can sometimes be described by an
anomalous diffusion behavior. The proportionality of the msd with time t is replaced by
tα, where 0 < α ≤ 1. Formally speaking, this means that the diffusion constant is not a
constant any more but a variable depending on time. Diffusion in confined areas, from which
the diffusing particle cannot escape, can be monitored too. Due to active processes diffusion
might be directed.

In order to gain a deeper understanding of the underlying physical processes experimen-
tal and theoretical studies have been applied to artificial and biological membrane systems.
A range of different experimental techniques have been chosen. The most common ones

9 The enantiomers of etomidate, which is an intravenous anesthetic, were shown to have a 15-fold difference in
the anesthetic potency on tadpoles. They show, however, identical effects on the physical properties of the
lipid bilayer (Tomlin et al., 1998).
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are fluorescence recovery after photobleaching10 (FRAP; (Vaz et al., 1982; Schneider et al.,
1983; Vaz et al., 1982, 1989; Almeida et al., 1992; Feder et al., 1996)), fluorescence cor-
relation spectrscopy11 (FCS; (Eigen and Rigler, 1994; Korlach et al., 1999; Schwille et al.,
1999; Wachsmuth et al., 2000; Böckmann et al., 2003)), single particle tracking12 (SPT;
(Simson et al., 1995; Schütz et al., 1997; Sonnleitner et al., 1999; Ritchie et al., 2005)), nu-
clear magnetic resonance13 (NMR; (Kuo and Wade, 1979; Crawford et al., 1980; Orädd et al.,
2002; Arnold et al., 2004; Scheidt et al., 2005)), electron spin resonance14 (ESR; (Shin et al.,
1991)), fluorescence quenching15 (Galla et al., 1979) or quasielastic neutron scattering16

(QENS; (Pfeiffer et al., 1988; Tabony and Perly, 1990)).
The various methods measure diffusion on different length scales. FRAP and FCS map

diffusion on long length scales, whereas fluorescence quenching and QENS monitor it on
short length scales. SPT, NMR and ESR can be used for studying diffusion on long and short
length scales, depending on the details of the experiment. Measuring of short and longe range
diffusion in one experiment is possible too (Shin et al., 1991).

Measurements mapping diffusion on different length scales show differences in the diffusion
constants. Discrepancies are explained by different diffusion processes. Microscopic (short
length scales) and macroscopic (long length scales) diffusion is distinguished in the literature
(Vaz and Almeida, 1991; Shin et al., 1991). Almeida and Vaz (1995) argue that methods
which measure lipid movements over the order of lipid size are not likely to be related to the
diffusion coefficient since the latter one is an average property. The macroscopical diffusion
coefficient is smaller than the microscopical one.

Not considering the discrepancy between microscopic and macroscopic diffusion constants
one also finds deviations of reported diffusion constants which measure diffusion over long
length scales. This is especially the case for diffusion in the ”so” phase. Authors using FRAP
report diffusion in ”so” membranes which is much smaller (several orders of magnitude) than
the ones gained with FCS.

For a complete understanding of diffusion processes in biological and artificial membranes
theoretical approaches need to be found. For the description of protein diffusion in a
homogenous environment hydrodynamic theories succeeded (Saffman and Delbrück, 1975;
Hughes et al., 1982). The protein is considered as a cylinder which diffuses in a viscous
medium, the lipid membrane. This theory, however, fails in the description of the diffusion of
lipids since the lipids are of the size of the particles of the viscous medium. A hydrodynami-

10 Fluorescence labels in a defined area in the system under investigation become bleached by a high intensity
of laser light. After that diffusion of other labels results in a recovery of the detected fluorescence signal.

11 Concentration fluctuations of fluorescence labels in a confocal volume result in fluctuations of the monitored
fluorescence signal. In diffusion studies these fluctuations depend on the diffusion properties.

12 The track of a single particle is monitored. This allows the determination of the msd.
13 In nuclear magnetic resonance measurements one excites the spins of the atom’s nuclei. There is a variety

of NMR techniques which allow the study of diffusion processes. The NMR echo contains information of the
diffusion processes.

14 Electron spins of labels are excited and the spectral intensity is monitored. Dynamic imaging allows the
analysis of the data by means of diffusion processes.

15 A fluorescence molecule in the ground-state and one in an excited state might form an excimer (two molecules
bound in an electronic excited state). A diffusion constant can be defined which depends on the ratio of the
fluorescence intensity of the excimer and the monomer.

16 A monochromatic neutron beam is scattered. Due to molecular motion, energy is transfered between the
neutrons and the sample and results in a broadening of the energy profile. The broadening depends on the
time scale of the molecular motion. The broadening depends also on the angle of the neutron beam which
again yields information about the type and spatial extend of the motion.
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cal theory requires that the size of the particle under consideration is much bigger than the
particles of the viscous medium. In the case of lipid diffusion, phenomenological ”free volume
theories” have been successfully applied (Galla et al., 1979). In these theories the diffusion
of a particle is possible if there is enough ”free volume” which the particle can occupy.

However, both the hydrodynamical theories describing protein diffusion and the ”free volume
theories” fail to describe the diffusion processes in heterogenous systems. Therefore, especially
M. Saxton (Saxton, 1987, 1990, 1992, 1994, 1996) has used numerical methods to model and
understand possible hindrances to diffusion in biological membranes. Saxton applies hard-
core models and evaluates them by means of Monte-Carlo simulations. He describes different
reasons for an influence of diffusion processes. These are the existence of mobile obstacles
(Saxton, 1987), aggregation behavior (Saxton, 1992) or binding processes (Saxton, 1996). He
analyzes some of the results by means of anomalous diffusion (Saxton, 1994, 1996).

One problem of these hard-core models, however, is that they do not contain any ther-
modynamical information. In more recent works (Polson et al., 2001; Hac et al., 2005;
Sugar and Biltonen, 2005) simple lattice models, that can describe the thermodynamics of
lipid/sterol or two component lipid systems, are used for the study of diffusion processes.
They allow the examination of diffusion in artificial membrane systems and its dependence
on temperature and composition. The results are discussed elsewhere (see ch. 4 and 5).

The importance of diffusion processes in biological functions was pointed out in the mid
1980s (McCloskey and Poo, 1984; Axelrod, 1983). After the start of the discussion about
”rafts” and its implications in trafficking processes it has become even more evident. As it
has been explained earlier, heterogeneities in biomembranes, e.g. because of lipid domains,
influence the diffusion behavior and therefore, possibly allow the triggering of biochemical
reaction cascades.

1.4 Relaxation Time Studies on Membrane Systems

The putative role of phase transitions in biological membranes was already discussed in the
beginning of the 1970s (Chapman, 1971; Träuble, 1971). After the publication of the fluid
mosaic model (Singer and Nicolson, 1972) evidence of the importance of the mechanical and
thermodynamical properties of lipid membranes were gathered (van Osdol et al., 1989). This
included studies of statical properties of phase transitions, but also kinetic measurements of
the phase transition process.

The first kinetic experiments were conducted in the early and mid 1970s (Träuble, 1971;
Tsong, 1974; Tsong and Kanehisa, 1977). They were based on a sudden jump in tempera-
ture. In the following years studies with a variety of different techniques and detection meth-
ods followed. Perturbation techniques like temperature perturbation (Holzwarth and Rys,
1984; Holzwarth, 1989; Jørgensen et al., 2000; de Almeida et al., 2002), pressure perturbation
(Clegg et al., 1975; Gruenewald et al., 1980; Elamrani and Blume, 1983; Yager and Peticolas,
1982; Cheng et al., 1994; Grabitz et al., 2002), volume perturbation (van Osdol et al., 1989)
or changing pH or ion concentration (Strehlow and Jähnig, 1981) were used. Different non-
and thermodynamical methods were used for the detection of the kinetic behavior. Opti-
cal detection modes like turbidity measurements (Träuble, 1971; Elamrani and Blume, 1983;
Holzwarth and Rys, 1984), fluorescence techniques (Genz and Holzwarth, 1986; Genz et al.,
1986; Holzwarth, 1989; Jørgensen et al., 2000; de Almeida et al., 2002), light and Raman scat-
tering (Tsong, 1974; Tsong and Kanehisa, 1977; Yager and Peticolas, 1982), x-ray diffrac-
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tion (Cheng et al., 1994) and infrared spectroscopy (Jørgensen et al., 2000) were chosen.
van Osdol et al. (1989) using volume perturbation calorimetry analyzed heat release or ab-
sorption and the rate of volume change accompanying a phase transition. Grabitz et al. (2002)
monitored the time course of the answer of a calorimeter. These studies are complemented
by ultrasonic methods (Mitaku and Date, 1982; Halstenberg et al., 2003) and dynamic heat
capacity measurements (Yao et al., 1994; Nagano et al., 1995).

With the variety of methods employed the measured relaxation processes range from the
ns to the hour regime. Results have been analyzed using up to five different relaxation
processes. Sometimes the monitored relaxation processes are not interpreted as a result of
the phase transition of the lipid membrane but as an artefact of the experimental setup
(van Osdol et al., 1989).

Genz and Holzwarth (1986) fit their data with five different relaxation times. Their relax-
ation times lie in the 1ns , 100ns, 1µs, 1ms and 10ms regime. The interpretation is that
the lowest relaxation time represents the building of kinks in the fatty acid chains of the
phospholipids, followed by a weakly cooperative process involving the free rotation of the
head groups on the hexagonal lipid lattice. The third time is attributed to the formation
of rotational isomers in the hydrocarbon chains. As it is the case with the remaining two
relaxation processes the third process is highly cooperative. The last two times are attributed
to the formation of the coexistence of different lipid domains. Grabitz et al. (2002) report
one relaxation process. They yield results in the s-regime and relaxation times are as long as
45s depending on the studied system. Jørgensen et al. (2000) and de Almeida et al. (2002)
measure relaxation processes in two component lipid systems with a relaxation time of several
hours. Biltonen and Ye (1993) describe two relaxation processes in binary lipid mixtures. The
long times lie in the second regime. In the last four articles relaxation processes are related
to domain formation processes in the lipid membrane.

Despite the fact that the setup, detection mode and details of the systems differ in each
article most of the studies conclude that the kinetic slows down at the transition midpoint
(Träuble, 1971; Tsong and Kanehisa, 1977; Mitaku and Date, 1982; Gruenewald et al., 1980;
Elamrani and Blume, 1983; Holzwarth, 1989; van Osdol et al., 1991; Grabitz et al., 2002;
Halstenberg et al., 2003). An exception is the work by Yager and Peticolas (1982). Coopera-
tive processes govern most of the described relaxation behaviors. It has also been shown that
cholesterol, which lowers the cooperativity of the transition, leads to a decrease in relaxation
time (Träuble, 1971; Grabitz et al., 2002).

At first, theoretical approaches focused on cluster growth models (Tsong and Kanehisa,
1977). Recently, Grabitz et al. (2002) have suggested a non-equilibrium theory relating coop-
erative fluctuations in enthalpy with relaxation processes. They have assumed one relaxation
process and have found that this one is proportional to excess heat capacity.

It can be summarized that different techniques have been used to study kinetic processes of
the phase transition of lipid membrane systems. One has to take great care to compare these
studies because of different observables and different underlying physical processes. All in all
the studies have mainly confirmed that the kinetics are governed by cooperative processes
with a slowing down in the transition regime. It can be speculated that this slowing down
and the characteristic time scales have an implication on cell physiology.
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1.5 Motivation

A high diversity of different lipid species can be found in biological membranes. Currently, the
reason for this is not fully understood. One can find bacteria like Escherichia Coli or Bacil-
lus Stearothermophilus which adopt their lipid synthesize depending on growth temperature
(Melchior and Steim, 1976; McElhaney and Souza, 1976; Jain and White, 1977; Pollakowski,
2003). This leads to the suggestion that lipids display a high importance in biological func-
tion. Therefore, it has been claimed that ”not all the answers to biological function can be
derived from the genome” (Mouritsen and Zuckermann, 2004) and the diversity of lipids are
believed to play a major role. The decade of the lipids has been proclaimed (Hilgemann,
2003).

Lipid aggregates self-assemble on the macro-, nano- and meso-scale
(Mouritsen and Jørgensen, 1995). Starting from the 1970s the importance of phase
transitions and the formation of heterogeneities of pure lipid membranes has been formulated
(Chapman, 1971; Träuble, 1971; Sackmann, 1984; Biltonen, 1990). Kinetic aspects have not
been left out of these considerations (Träuble, 1971; Biltonen, 1990). It has taken, however,
some time before domain formation processes in biomembranes have been considered as puta-
tively being an important part in biological function. Considerations about this have become
popular with the discussion about a highly specialized kind of domain, so called ”rafts”.
They are believed to be enriched in cholesterol and sphingolipids (Brown and London, 1998;
Simons and Vaz, 2004). Since their introduction a lot of research has focused on their
implications and importance in trafficking processes in biological cells (Brown and London,
1998; Simons and Vaz, 2004; Brown and London, 2000; Mukherjee and Maxfield, 2000;
Ikonen, 2001; Bodin et al., 2003; Matteis and Godi, 2004; Helms and Zurzolo, 2004). Still,
it is surprising that the focus lies on these kinds of domains. Domain formation processes
in general can have an influence on diffusion properties (Vaz et al., 1989; Saxton, 1999)
and protein activity (Kamp et al., 1974, 1975; Gabriel et al., 1987; Lichtenberg et al., 1986;
Grainger et al., 1989; Burack and Biltonen, 1994; Bolen and Sando, 1992; Dibble et al.,
1996; Hønger et al., 1997; Hinderliter et al., 2004). Inhomogeneities also influence in-plane
reactions and therein protein activity. That might act as an on- and off-switch (Melo et al.,
1992; Vaz and Almeida, 1993; Thompson et al., 1995; Salinas et al., 2005).

Lipids in general have an influence on the activity of proteins, as was discussed a few
years after the publication of the fluid mosaic model (Sandermann, 1978). Changes in
lipid composition might induce cell dysfunction and lead to diseases (Bienvenüe and Marie,
1994; Peet et al., 1999). The activity and function of proteins can depend on lipid chain
length (Caffrey and Feigenson, 1981; Brown, 1994) or mechanical properties (Brown, 1994;
Wiggins and Phillips, 2005). Proteins might show a higher activity in a ”ld” than in a ”so”
environment (Lee, 2003, 2004).

In the beginning these effects were attributed to the fluidity17 of a membrane. There has,
however, been evidence against the triggering of protein activity and function by fluidity
(Lee, 1991). Hydrophobic matching (Mouritsen and Bloom (1984); see sect. 1.1.3) of the
lipid bilayer and the protein is widely accepted as influencing protein function (Dumas et al.,
1999; Jensen and Mouritsen, 2004). It has also been suggested that the lateral pressure pro-
file through a membrane bilayer affects protein conformation and therewith function (Cantor,
1999a,b). Thermodynamical fluctuations in density and lateral composition are also discussed

17 The term fluidity has never gotten a clear definition. It refers to the lateral disorder of the lipid membrane.
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in the context of protein function (Biltonen, 1990; Mouritsen and Jørgensen, 1995). Fluctua-
tions, however, might also influence cell function because of influences on passive permeation
properties of a membrane (Cruzeiro-Hansson and Mouritsen, 1988; Makarov, 2005).

For a complete understanding of biological function on the cell level an understanding of
lipid-lipid, lipid-protein and protein-protein interactions is necessary. In a biological mem-
brane all these interactions lead to an inhomogeneous system with domains of a different
nature (Parsegian, 1995). Lipid domain formation putatively plays an important role in the
control of biological function. Therefore, an understanding of domain formation processes is
necessary. Heterogeneities influence the diffusion properties of lipids themselves and those of
proteins too. Relaxation phenomena determine the life time of domains and influence the time
scale of domain formation processes after a perturbation. The latter one gains importance
since ”There is nothing so dead as a system at equilibrium.” (Parsegian in Edidin (1992)).
Fluctuations are an intrinsic property of model, as well as biological membranes. Fluctuation
time scales might determine characteristic time scales in biological function.

This thesis is a combination of experimental and simulation techniques. Diffusion, relax-
ation, domain formation and fluctuation properties and their relation to each other are investi-
gated in the proximity of melting transitions of artificial membranes. Diffusion measurements
are based on fluorescence correlation spectroscopy18 and pressure perturbation calorimetry is
applied for the evaluation of relaxation processes in model membranes19. These experimen-
tal results are accompanied by the evaluation of a thermodynamical model using numerical
simulations. Domain formation and fluctuation properties are further studied using the sta-
tistical thermodynamics simulations. The validity of the results can be indirectly deduced
from measured excess heat capacity profiles.

In the proceeding chapter the experimental techniques and procedures will be introduced.
This is followed by a chapter about the theoretical aspects of this work. In chapter 4 some
results are presented that are later discussed in the final chapter which also includes remarks
on a possible role of the findings in the physiology of cells. Suggestions about further research
directions and perspectives are also given.

18 Experiments were performed by A. Hac; Hac (2004).
19 A series of measurements on DMPC/Gramicidin A systems was done by M. Gudmundsson; Gudmundsson

(2004).



Chapter 2

Material and Methods

In this chapter the experimental methods and the sample preparation are explained. Re-
sults from different experimental techniques are presented in this thesis. These techniques
are mainly Differential Scanning Calorimetry (DSC), Pressure Perturbation Calorimetry
(PPC) and Fluorescence Correlation Spectroscopy (FCS). The principal construction of a
chip calorimeter is also explained. The numerical model which accompanies the experimental
work is not mentioned in this chapter, but is explained in a separate chapter (see chapter
3.1.2).

2.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a powerful experimental technique which al-
lows one to study endothermic or exothermic processes in a large variety of different ma-
terials or solutions. Since the late 1960s DSC was used for the study of melting pro-
cesses in artificial or biological membrane systems (Steim et al., 1969; Reinert and Steim,
1970; Hinz and Sturtevant, 1972; Melchior and Steim, 1976; Mabrey and Sturtevant, 1976;
Jackson and Sturtevant, 1977; Blume, 1983; Heimburg and Biltonen, 1996; Ebel et al., 2001;
Pollakowski, 2003; Heerklotz, 2004). It is also used for the study of protein denaturation
(Privalov et al., 1986; Plotnikov et al., 1997). In this work DSC is used for the measurement
of heat capacity profiles of different lipid membrane model systems. This includes simple one
component lipid systems, binary lipid systems or lipid membranes with added peptides or
neurotransmitters or anesthetics. For these measurements we mainly used the VP-DSC from
Microcal (Northhampton/MA, USA; (Plotnikov et al., 1997)). A few measurements were
performed on the MSC from Microcal (Northhampton/MA, USA). The principal of both
calorimeters is the same and the difference lies in the technical realization and sensitivity.
The VP-DSC is the more modern one and is one of the most sensitive DSCs on the market.

The principal of a DSC is very simple (see fig. 2.1). A DSC consists of two cells which are
surrounded by an adiabatic shield. One of the two cells is filled with a reference and the
other one is filled with a sample substance. In our case the reference cell is usually filled
with a buffer and the sample cell with a lipid/buffer solution. The temperature of the cells
is changed with a constant scan rate and the temperature difference between the two cells is
kept at zero. If processes happen in one cell which do not happen in the other, the calorimeter
requires a different power to heat or cool the reference cell than it does the sample cell. This
power difference does not equal zero (∆P = Psample − Preference 6= 0). One can show that the

19
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Figure 2.1: Schematic drawing of a differential scanning calorimeter. A sample and a reference cell are

protected from the outer environment through an adiabatic shield. The temperature difference between the

two cells ∆T is kept zero. The difference between the powers which are needed to heat each of the cells is

proportional to the excess heat capacity.

measured power difference and the excess heat capacity are proportional to each other.
For a short time interval ∆t one gets for the heat difference ∆Q:

∆Q =

∫ t+∆t

t
∆Pdt ≈ ∆P∆t. (2.1)

Using basic thermodynamics one finds:

(

dH

dT

)

p

= ∆cp =

(

∂Q

∂T

)

p

≈ ∆Q

∆T
≈ ∆P

∆T
∆t

, (2.2)

where H is the enthalpy and ∆T/∆t is the scan rate.
This means that by measuring the power difference of the two cells one has a direct measure

of the excess heat capacity of the sample substance, in our case of the lipid model system.
The calorimeters of MicroCal allow one to define the starting and ending temperature plus

the scan rate. With the VP-DSC one can also adjust the integration time and the feedback
mode of the calorimeter. The integration time gives the time interval in which calorimetric
data is collected and averaged. The calorimeter reacts with the highest possible response
time if the feedback is set to be high, but the sensitivity is decreased in comparison to a low
feedback. The heat capacity measurements were performed at different scan rates, using a
high feedback and a 10 s integration time in all cases.

2.2 Pressure Perturbation Calorimetry

One of the aims of this thesis is the thermodynamical study of kinetic properties of artificial
membrane systems. Therefore, one needs to find possible methods in perturbing the mem-
brane system. Fig. 2.2 shows DSC scans of a dispersion of multilamellar DMPC vesicles at
different pressures. A higher pressure leads to a shift of the melting profile to a higher tem-
perature. However, the shape is not changed. An additional pressure of ∆P = 40 bar results
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in a shift of ∆T = 0.95K. Multilamellar vesicles show a highly cooperative melting transition,
meaning that the half width of the ∆cp-profile is small (≈ 0.1 K). Therefore, the two profiles
measured at ambient pressure and at an increased pressure of 41 bar do not intersect.

Figure 2.2: Heat capacity profiles of multilamellar DMPC vesicles at ambient pressure and at an increased

pressure of 41 bar. One can clearly recognize that a bigger pressure leads to melting at higher temperatures.

The shape of the transition profile does not change.

This pressure dependence can be used to jump into or out of the transition regime. One
possibility is to adjust the temperature so that with additional pressure the membrane is in
its “so” phase, whereas domain coexistence is present at atmospheric pressure. This means
that by putting the lipid system under an additional pressure one can jump into the transition
regime when releasing the pressure. In the other case the temperature is set so that the lipid
membrane displays a domain coexistence if pressure is added to the system. Then increasing
of pressure means that one jumps from the “ld” phase into the melting regime.

Here, we are interested in relaxation processes after a jump into the transition regime.
Depending on whether one jumps from above or below the transition regime the membrane
system releases or absorbs heat. The heat is taken from, or released into, the surrounding
water. This again shall be compensated by the calorimeter which tries to keep the sample’s
temperature constant.

In the investigation of the relaxation processes we use two different methods. One method
assumes that the calorimeter can keep the sample’s temperature constant and the calorimeter
response on a pressure jump is analyzed (Method I). The second method measures a tem-
perature change in the surrounding water, since it is assumed that the idealized situation of
no temperature change at all times cannot be achieved experimentally (Method II). In the
following sections both methods are explained.

2.2.1 Method I

The Microcal VP-DSC gives one the possibility to operate it in a scanning or isothermal mode.
The isothermal mode allows one to keep the calorimeter cells at a constant temperature and
to monitor the power difference of the heaters of the two calorimeter cells as a function of
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time. One can set the integration time and the feedback of the VP-DSC calorimeter. For
the pressure jump experiments the integration time is chosen to be 1s and a high feedback is
adjusted.

A self-built pressure cell which can hold a pressure of up to 200 bar is filled with the lipid
sample. It is put into the sample cell of the calorimeter. The sample and reference cell of
the calorimeter are filled with millipore water. The pressure cell is connected to a nitrogen
pressure bottle through a system of hoses. A pressure reducer (Messer Griesheim, Frankfurt,
Germany) allows one to adjust the maximum additional pressure onto the lipid system from
5−200bar. Manual valves (Nova Swiss, Effretikon, Switzerland) are used to control a pressure
increase or release. The additional pressure applied on the system through the nitrogen is
measured with a pressure gage (Nova Swiss, Effretikon, Switzerland). The time evolution of
the pressure increase or release is well described with an one component exponential fit. The
characteristic time scales are faster than 200ms. This is much faster than the time resolution
of the calorimeter.

After a pressure jump the calorimeter response results in a characteristic curve like it is
shown in fig. 2.3. In this figure two calorimeter responses are shown. One after a negative
pressure jump (npj ) when the additional pressure is released and another one after a positive
pressure jump (ppj ) when pressure on the system is suddenly increased. In this case (fig. 2.3)
the temperature was chosen so that one jumps into the transition regime with a npj and out
of it with a ppj.

Figure 2.3: Example calorimeter responses after a pressure jump at constant temperature. In the displayed

example a sudden decrease in pressure results in a jump into the transition regime. With increasing pressure

one jumps out of the melting regime. The area under the curves of the response after a negative pressure jump

(npj ) and a positive one (ppj ) are the same. From the difference in amplitude one can qualitatively deduce

different relaxation behaviors. The relaxation time in the first case is higher than in the second one.

One notices the different amplitudes of the two signals. The area below both curves must
be equal which means that for the npj the relaxation process is longer than for the ppj. The
calorimeter response gives us a measure of the characteristic time scales of the relaxation
processes.
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Figure 2.4: Examples of calorimeter responses when jumping to different regions of the transition. Jumping

to different points of the transition result in different calorimeter responses. The area below the curves, as well

the relaxation times differ.

In fig. 2.4 npj examples have been selected to show jumping to different parts of the tran-
sition. One example depicts the case of a jump to the beginning of the transition, another
to the end and lastly one to the midpoint of the transition, wherein the excess heat capacity
is at its maximum. The areas below the curves differ and the more one jumps through the
transition the bigger the areas get. A normalization of the curves’ amplitudes allows one to
compare the time scales of the responses. One clearly sees that the jump to the midpoint re-
sults in a higher relaxation time than the jumps to the beginning or the end of the transition.
In the latter two cases the relaxation times are about the same.

Grabitz et al. (2002) have developed a model to analyze the calorimeter response after such
pressure jumps. We have adopted this approach for the evaluation of our data. This model
is based on the assumption that the response of the calorimeter is a convolution of the lipid
signal with the instrument response.

The latter one is a result of the experimental setup and originates from the response of the
water and the pressure cell walls:

Pw(t)
water

k1−→
Pc(t)

cell wall
k2−→

Pd(t)

detector (2.3)

The instrument response can be experimentally gained through pressure jump experiments
on pure water samples or through pressure jumps which are far away from the transition
regime. In the latter case, there is no contribution from the lipids since the lipid membranes
do not change their phase state. This is equivalent to the case with pure water. In these cases
it is assumed that there is only a need for a minor release, or absorption, of heat. This can
be described as a δ−pulse. In the case of heat release, heat is transfered to the cell wall with
a rate constant k1 and then from the cell walls to the detector with a rate constant of k2.
The functions Pw(t), Pc(t) and Pd(t) are time dependent functions of the heat in the water,
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in the cell wall and the detector. This leads to the following coupled differential equations:

dPw(t)

dt
= −k1Pw(t)

dPc(t)

dt
= k1Pw(t) − k2Pc(t) (2.4)

dPd(t)

dt
= k2Pc(t),

with Pw(0) 6= 0 and Pc(0) = 0. Using method I one evaluates the calorimeter response
which is described by Pd(t). Solving the three differential equations (eq. 2.5) one finds:

Pd(t) = P 0
d (e−k2t − ek1t). (2.5)

This solution can be used for the definition of a normalized instrument response function:

Rinst(t) =
(

k1k2
k1+k2

)

(e−k2t − e−k1t) t ≥ 0

Rinst(t) = 0 t < 0 (2.6)
∫

∞

0
Rinst(t)dt = 1

Eq. 2.5 is the solution for the instrument response as it is expected after a jump far away
from the melting transition or after a jump using a pure water sample. The values for k1 and
k2 can be gained through fitting this curve to experimental results.

It has already been mentioned that the calorimeter response after a jump into or out of
the transition regime is a convolution of the lipid signal with the instrument response. After
a pressure jump the membrane system releases or absorbs heat and the relaxation process
dominates the calorimeter response with respect to the perturbation signal described by the
instrument response. The scheme from eq. 2.3 can be modified:

Pmem(t)

membrane
kmem−→

Pw(t)
water

k1−→
Pc(t)

cell wall
k2−→

Pd(t)

detector (2.7)

It is assumed that the relaxation process of the membrane system can be described by a
single exponential decay (see also sec. 3.2) and therefore, the heat release or absorption of the
lipid membrane can be written as:

Pmem(t) = P 0
meme−kmemt t ≥ 0

(2.8)

Pmem(t) = 0 t < 0.

The monitored calorimeter response can then be described by:

Pcal(t) =

∫ t

0
Pmem(τ) Rinst(t − τ)dτ + Pd(t) (2.9)

This convolution process allows one to increase the time resolution of the experiment. In the
case of a fit of the decreasing part through an exponential decay, the time resolution is limited
to about 5 s. Using the convolution process one reaches a time resolution of approximately
3 − 4 s (Grabitz et al., 2002). This time resolution, however, is still not high enough for our
purposes. Therefore, we have developed a second method to evaluate relaxation times. This
method is based on measuring the temperature change of the sample after a pressure jump
and analyzing its time course. This new method is explained in the following section.
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2.2.2 Method II

As explained in the previous section relaxation times after a pressure jump can be evaluated
using the response of the VP-DSC calorimeter in the isothermal mode. This yields a time
resolution in the second time regime. Grabitz et al. (2002) argue that relaxation times are
proportional to heat capacity. Relaxation times of lipid systems with decreased cooperativity,
therefore, are assumed to have fast relaxation processes that are difficult to resolve with
the previously introduced method. Large unilamellar vesicles (LUVs; diameter of about
100 nm) such as DPPC are example systems which display a decreased cooperativity and
fast relaxation processes. For DPPC LUVs Grabitz et al. (2002) measured a maximum
relaxation time of about 3 s. The data showed high scattering because relaxation times
where at the resolution limit. It is estimated that biological membranes have relaxation
times in the 10 − 100 ms regime (Grabitz et al., 2002). Finding a method that yields a
higher resolution but still measures relaxation times by thermodynamical means might
be a step further towards the study of relaxation phenomena on biomembranes. The
situation that the temperature after a pressure jump stays constant is idealized. Measuring
the temperature change of the sample after a pressure jump seems to be a promising approach.

Setup: Mechanical Parts

Figure 2.5: Pressure cell for method II. A pressure cell with two capillaries has been built. Thermocouples

can be let into the two capillaries. Changes in temperature after a pressure jump can be monitored with these.

Pressure release or increase is realized with computer controlled coaxial solenoid valves.

For this purpose a pressure cell which can hold a pressure of about 80 bar has been con-
structed (see fig. 2.5). This pressure cell has two capillaries instead of just one unlike the
one which was used in “method I”. One is for the reference and the other is for the sample
substance. It exactly fits into the two calorimeter cells of the VP-DSC.

For the control of the pressure release or addition two coaxial solenoid valves (Nova Swiss,
Effretikon, Switzerland) are connected to the pressure cell. They have maximum opening
and closing times of 20 ms. One of these valves is connected to a pressure reducer (Messer
Griesheim, Frankfurt, Germany). This again is connected to a nitrogen bottle with a maxi-
mum pressure of 200 bar and allows one to adjust between pressures of 5 and 200 bar.

A self-constructed Microsoft Visual C++ program controls a power supply which permits
one to open (current on) or close (current off) each of the valves. Due to a high increase in
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the temperature of the valves whilst in the open state, the valves are not allowed to be open
for more than 60 s.

Opening the valve which allows the nitrogen to enter the cell (valve-in) results in a pressure
increase with a time constant of 90 ms. The pressure release can be described with a time
constant of 250 ms. The latter pressure vs. time curves can be very well fitted with a single
exponential function, whereas the first one shows some deviations. The time constant of 90ms
sets an upper limit. This deviation is probably due to the function of the pressure reducer.

The used valves show a high sensitivity to impurities in the setup (personal communication
with Nova Swiss). Even though the nitrogen used has a high purity it is still not pure
enough to meet to the valves requirements. The valve-in has gotten soiled so that it does
not perfectly close any more. The valve-in leaks, meaning that in the case when the pressure
has been released and the valve-out has been closed again (closing after 30 s), the pressure
in the cell increases with time. This process, however, is rather slow (approx. +0.1 bar

min ). On
the other hand if the pressure in the cell is increased to 41 bar, leaks at the screwings of the
pressure cell lead to a decrease in pressure. Again, the process is slow (approx. −0.1 bar

min ).
Both leak processes are assumed not to distort the relaxation time measurements.

Setup: Electronic Parts

After a pressure jump the temperature evolution in the sample capillary is monitored1.
Thermocouples show a high time resolution in measuring temperature changes. Thermocou-
ples were bought from Thermocoax (Stapelfeld, Germany). The diameter of a thermocou-
ple cable is 0.25 mm. Each thermocouple cable is a combination of the two thermocouple
conductors, an insulation and a metal protecting sheath. For our experiments so called K-
thermocouples are used. This means that one of the two conduction wires is made of the alloy
chromel (nickel-chromium) and the other one of alumel (nickel-aluminum). The advantage of
K-thermocouples is that in the temperature regime of interest they show a constant sensitiv-
ity of 41µV

K . A version of the thermocouples has been chosen were the cores of the chromel
and alumel wires are welded to the sheath. This allows a fast response time. It is faster than
in the case where the connection of the two conductors lies in the insulation. The intrinsic
response time2 is about 7 ms.

The thermocouple signal is amplified by a nanovolt amplifier (Nanovolt Preamp Model 1801,
Keithley Instruments Inc., Cleveland/OH, USA) and is monitored by a multimeter Keithley
Model 2001 (Keithley Instruments Inc., Cleveland/OH, USA). The nanovolt amplifier, the
connections of the compensating cables with the thermocouples and the contacts between
the compensating cable wires of the thermocouples and the copper wires of the nanovolt
amplifier are thermally isolated from their environment. This is necessary in order to prevent
slow but strong fluctuations in the mean thermocouple signal without perturbation of the

1 The actual idea was monitoring the differences of the two thermocouple signals in the reference and sample
cell. The signal was influenced by mechanical perturbations which result after opening of one of the valves.
The thermocouple signal was perturbed and did not show any response from the lipid sample. It could not be
used for the evaluation of relaxation processes. The reason of these problems could not be found and solved.
Because of differences of the two capillaries and of the used thermocouples it seems anyways questionable
whether a direct monitoring of the difference would have been possible. Measuring the voltages of the single
thermocouples in pure water after each other showed that the signals had different voltage offsets. The
amplitudes of the signals after a pressure jump differed, too.

2 The intrinsic response time is the time needed for the heat to flow through the surrounding medium and the
thermometer.
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Figure 2.6: Example thermocouple signal after a positive pressure jump. The pressure on the system was

increased. The temperature was chosen so that one jumped from the ”ld” phase into the domain coexistence

region. It can be seen that the temperature increases. The signal is a contribution from a perturbation signal

and a contribution originating from the lipid membrane. Jumping from the ”ld” phase into the coexistence

regime means that some lipids freeze again, which is an exothermic process. Therefore, the temperature of the

surrounding water increases.

system. The nanovolt amplifier has to be kept at least 1m away from possible strong sources
of electromagnetic waves. These can perturb the signal. The measured data can be read
out from the multimeter with a Keithley GPIB card PCI-488 (Keithley Instruments Inc.,
Cleveland/OH, USA). This card also allows the control of the parameters of the multimeter
as such as integration time, time interval between measurement points and voltage range.
The nanovolt amplifier allows three voltage settings (maximal voltage: 2 mV , 200 µV and
20µV ). The best resolution is achieved on the maximal voltage setting of 20 µV . This one
cannot be used since the voltage measured before the pressure jump is usually higher than
20 µV . Actually, one would expect to obtain the temperature in the pressure cell from this
voltage. However, this is not true because contact voltages in the connections between the
compensating cables and the copper wires lead to voltage offsets. This offset is constant and
therefore, does not play a role when studying the time course of the voltage or temperature
signal. To avoid problems, a maximum voltage of 2 mV has been chosen. This resolution
was sufficient in all our experiments. Times between measurements varied throughout the
recording so that long data traces could be monitored. The integration time was set to
auto. The multimeter adjusts the most optimal integration times in dependence on the times
between successive data points itself. The time resolution of the calorimeter is increased by
turning off the LCD display and disabling the autozeroing process of the multimeter during a
measurement. This is crucial at the beginning of the temperature monitoring since all running
processes of the multimeter lead to a degraded time resolution. At first, signals are recorded
every 25 ms. This time interval is increased a few times during the measurement. This is
necessary because the internal storage buffer of the multimeter is limited to 401 data points.
Therefore, it is not possible to make measurements up to a few minutes with a time of 25 ms
between each recording.
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In the experiment the VP-DSC calorimeter is used as a water bath. It is run in the
isothermal mode with a high feedback and an integration time of 1 s.

Temperature Course and Fitting of the Response

An example of a temperature change after a pressure jump is plotted in fig. 2.6. The
measured curves show an offset, which was corrected. The thermocouple measures voltages,
which are related to temperatures. As mentioned the sensitivity of the used thermocouples is
41µV

K . In the case shown the temperature and the pressure were chosen so that a jump into
the coexistence regime of a lipid membrane was made. Before the jump the lipid membrane
was in the ”ld” state. During the domain formation process some lipids undergo a freezing
process. This is an exothermic process. The produced heat is transfered to the water so that
the temperature increases. Jumping from the ”so” phase into the coexistence regime results
in a decrease of temperature (data not shown).

Performing pressure jump experiments at temperatures which are far away from the melting
transition regime or in a pure water environment also result in changes of temperature (data
not shown). These signals are a result of an answer of the water, the pressure cell and its
capillaries with their construction differences. The signal is temperature dependent, which
is probably due to a change in water volume. This effect was recently used to measure
the temperature dependence of thermal expansion coefficients for different solutes (Lin et al.,
2002). The amplitude of the temperature change is temperature dependent and increases with
growing temperature. In the following this signal is addressed as the perturbation signal. An
expression for this perturbation signal shall be formulated in the following.

Changing pressure results in a perturbation which induces a heat change ∆Qper = cp ·∆Tper.
This one induces a change in temperature which depends on the heat capacity of the setup.
The heat capacity is assumed to be constant, so that considering heat or temperature changes
is equivalent. The water temperature changes depending on the rate constant k1 of the
perturbation and on the rate constant k2 of the temperature compensation due to the coupling
to a water bath (the calorimeter). This can be described with the following scheme:

∆Tper(t)

perturbation
k1−→

∆T (t)

capillary water
k2−→

∆Twb(t)

water bath (2.10)

This model leads to coupled differential equations similar to eq. 2.5:

d∆Tper(t)

dt
= −k1∆Tper(t)

d∆T (t)

dt
= k1∆Tper(t) − k2∆T (t). (2.11)

(2.12)

The thermocouple measures the temperature of the capillary water. At long times the
temperature change is zero. For the time dependence of the water temperature one finds:

∆T (t) = T0,2e
−k2t − T0,pere

−k1t, (2.13)

where T0,2 and T0,per are respective amplitudes.
It has been phenomenologically found that for the description of the perturbation signal

the assumption of two processes which lead to a temperature compensation result in a better
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agreement of fit and actual signal. This has also been verified performing pressure jump ex-
periments on systems where the two pressure cell capillaries were either filled with ethanol (de-
natured; VWR International, Roskilde, Denmark) or ethylene glycol (Fluka, Buchs, Switzer-
land). This means that there are two processes which couple the temperature of the capillary
water to the water bath. One process happens on the 300 ms, whereas the other on the 3 s
time scale. The reason why there are two processes, is not understood.

The expression for the perturbation signal equals then:

∆T (t) = T0,2e
−k2t + T0,3e

−k3t − T0,pere
−k1t, (2.14)

where T0,2, T0,3 and T0,per are respective amplitudes.
From this we can define the instrument response:

Rinst,T(t) =
T0,2

T0,3
e−k2t + e−k3t t ≥ 0

(2.15)

Rinst,T(t) = 0 t < 0,

where the factor
T0,2

T0,3
weights the two processes which lead to a temperature compensation.

Figure 2.7: Thermocouple Signal: Original , perturbation and lipid signal. The temperature change as it is

measured with the thermocouple (green curve) is a result of a perturbation signal (red curve) and the signal as

it is influenced by the relaxation kinetics of the lipid sample (blue curve). The perturbation signal originates

from the water, the pressure cell and the imperfections of the two pressure cell capillaries.

In all performed experiments with the lipid/water systems perturbation signals were mea-
sured at six different temperatures, three well above and three well below the temperatures of
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the transition regime. Fitting the responses3 with eq. 2.14 allows an estimation of the average
values for k1, k2 and k3. T0,per, T0,2 and T0,3 are temperature dependent. From the depen-
dence found one can calculate values for T0,per, T0,2 and T0,3 at the transition temperature.
The perturbation signal is assumed to be constant over a short temperature interval.

Performing pressure jump experiments into the transition regime one gets a signal which
depends on the perturbation signal and the signal which originates from the lipids. With the
estimation of the perturbation signal one has the possibility to extract the lipid response from
the whole signal.

In fig. 2.7 an example of a thermocouple signal, the corresponding perturbation signal and
the lipid response are plotted. Since the perturbation is calculated with the analytic eq. 2.14
one does not find noise in the curve. Subtracting the perturbation signal from the original
response allows one to fit only the lipid response. The advantage of this is explained below
and is visualized in fig. 2.8.

The lipid response depends on the time scale of the relaxation process and the heat transport
rates k2 and k3. It is assumed that the relaxation process can be described by a single
exponential decay (e−klipidt, with τlipid = 1

klipid
). The temperature development is seen as a

convolution of the lipid response with the instrument response:

∆Tlipid(t) = T lipid
0

∫ t

τ=0
e−klipidτRinst,T(t − τ)dτ, (2.16)

where T lipid
0 depends on the total heat production or absorption of the lipid membrane after

a pressure jump.
Fig. 2.8 is a representation of the behavior of the thermocouple signal at different tem-

peratures after an increase of pressure. These results were gained after measurements on a
suspension of 40 mM DMPC plus 20 wt% halothane.

The thermocouple signal is a voltage. Using the sensitivity of the K-type thermocouple one
can calculate temperature changes out of it. The original, baseline corrected thermocouple
signal and the lipid response are plotted. Each time in absolute values and normalized4. The
perturbation signal (T = 297.546 K) is drawn in order to compare it with the signals after
jumps into the transition. If one jumps from the ”ld” phase into the melting regime heat
is released. Here, the heat capacity maximum is at 298.080 K. The farther one jumps into
the transition the more heat is released. This means that at lower temperatures a bigger
heat release is observed. The maximum temperature change depends not only on the heat
release but also on the relaxation behavior of the lipid membrane. In the upper, left panel of
fig. 2.8 it can be seen that in the shown examples the maximum temperature alteration is the
highest at the lowest temperature. This lowest temperature was chosen to lie at the lower
temperature limit of the transition. The smallest temperature perturbation is as expected
after a jump outside of the transition regime. In the lower, left panel the absolute values of the
temperature changes as a result of the lipid response are plotted. They were obtained after
a subtraction of the perturbation from the total thermocouple signal. Often these changes
are smaller than the ones induced through the perturbation. This depends on the point of
transition one jumps to and the lipid concentration.

3 Before the signal can be fitted, a correction of the thermocouple signal is done. This is necessary because the
thermocouple signal is not ideal and usually the voltage does not go back to the value before the jump. This
is corrected with fitting a baseline. This also allows to correct the curve so that the start and end voltage
fluctuates around 0 V .

4 All amplitudes are normalized to one.
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Figure 2.8: Original and lipid signals at different temperatures. Positive Pressure Jumps were performed at

different temperatures. One jumps into different regions of the melting transition. Therefore, the relaxation

behavior differs. This is reflected in the shape of the temperature evolution. An example of a response of a

jump into a non-transition region is plotted as a reference. In the upper panel the original signals (left) and

the normalized (normalization of amplitudes) signals (right) are shown. In the lower panel the signal without

the perturbation signal is drawn ( without (left) and with (right) normalization).

When plotting the normalized original temperature changes against each other one realizes
that the relaxation processes must differ. The perturbation signal is the fastest process,
whereas the signal gained at T = 298.076 K shows the slowest decay. This is more evident
when plotting the normalized lipid responses. Therefore, for the quantitative analysis of the
thermocouple signal just the signal after subtraction of the perturbation signal is used.

As shown later (see ch. 4) this method allows a time resolution of less than 500 ms which is
about a factor of 6 − 8 better than the time resolution of method I.

2.3 Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is a method which uses fluctuations in fluores-
cence intensity to analyze time dependent processes (Magde et al., 1972; Elson and Magde,
1974; Magde et al., 1974). It can be used for the study of translational diffusion (Magde et al.,
1972; Aragón and Pecora, 1976; Rigler and Mets, 1992; Rigler et al., 1993; Schwille et al.,
1997; Korlach et al., 1999; Schwille et al., 1999; Hac et al., 2005), rotational diffusion
(Ehrenberg and Rigler, 1974; Aragón and Pecora, 1976) or chemical kinetic rate constants
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(Magde et al., 1972, 1974).
In this thesis simulations of lateral diffusion processes are evaluated with FCS and related

to experimental studies which were performed by A. Hac (Hac, 2004). In the following two
sections FCS is mainly explained in respect to lateral diffusion and the setup is explained.

2.3.1 Mathematical Foundations

In this part an expression of the autocorrelation of fluorescence intensity fluctuations is to be
derived. The main focus is on diffusion processes. At first the case of normal diffusion of one
particle is considered.

The intensity of the fluorescence signal F (t) of fluorescence labels in a defined confocal vol-
ume changes due to translational or rotational diffusion, chemical reactions or photophysical
effects. The signal is evaluated through an autocorrelation of the signal:

G(τ) =
〈F (t)F (t + τ)〉

〈F (t)〉2 = 1 +
〈δF (t) δF (t + τ)〉

〈F (t)〉2 , (2.17)

with δF (t) = F (t)−〈F (t)〉 is the fluctuation of the signal at a given time t and 〈F (t)〉 is the
average intensity signal. Eq. 2.17 shows that it is physically seen equivalent to correlate the
signal itself or its fluctuations, since the difference is just an additive factor of +1. Therefore,
the following derivations are based on the correlation of the fluctuations δF (t):

Gfluct(τ) = G(τ) − 1 =
〈δF (t)δF (t + τ)〉

〈F (t)〉2 . (2.18)

Assuming the presence of just one fluorescence species in the confocal volume, one can write
the fluorescence signal as:

F (t) = κ · Q
∫

V
CEF (~r) · I(~r) · C(~r, t) dV, (2.19)

where κ is a constant which depends on the efficiency of the setup, Q is the product of
the absorptivity and fluorescence quantum efficiency, CEF (~r) (collection efficiency function)
reflects the probability to detect a signal and depends on the actual setup, e.g. the pinhole
size (Rigler et al., 1993). I(~r) represents the laser intensity and C(~r, t) the label concentration
and dV is the volume element.

Looking at the fluctuations in concentration and using Iem(~r) = I(~r) · CEF (~r) one obtains
an expression for the fluctuations in the fluorescence signal δF (t):

δF (t) = κ · Q
∫

V
Iem(~r) · δC(~r, t) dV . (2.20)

The autocorrelation of eq. 2.20 can be written as:

Gfluct(τ) =
〈δF (t)δF (t + τ)〉

〈F (t)〉2

=

∫

V

∫

V ′ Iem(~r)Iem(~r ′)〈δC(~r, t)δC(~r ′, t + τ)〉dV dV ′

(∫

V Iem(~r)〈C(~r, t)〉 dV
)2 . (2.21)
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If the concentration fluctuations are a result of isotropic diffusion processes5 they can be
described by Fick’s second law. Then one can find an expression for the concentration corre-
lation Φ(~r, ~r ′, τ) (Elson and Magde, 1974):

Φ(~r, ~r ′, τ) = 〈δ C(~r, t)δC(~r ′, t + τ)〉 =
〈C〉

(4 · π · D · τ)
3
2

· e−
(~r−~r ′)2

4·D·τ , (2.22)

with 〈C〉 is the mean concentration of fluorescence labels in the confocal volume.
In Fluorescence Correlation Spectroscopy one usually assumes a Gaussian laser beam profile

(Aragón and Pecora, 1976):

I(~r) = I0 · e
−2·x2+y2

r2
0 · e

−2· z2

z2
0 , (2.23)

where I0 is the maximum laser intensity at the origin of the laser beam and r0 and z0 are the
lateral and axial distances at which the laser intensity is decreased to e−2. These distances
allow us to define the confocal volume in which the fluorescence intensity fluctuations are
monitored6:

Vconf = π3r2
0z0. (2.24)

Analysis of eq. 2.21 using eqs. 2.22 and 2.23 results in (Aragón and Pecora, 1976;
Rigler et al., 1993):

G3D
fluct(τ) =

1

Vconf · 〈C〉

(

1

1 + τ
τd

)

·









1
√

1 +
r2
0τ

z2
0τd









, (2.25)

with

τd =
r2
0

4 · D. (2.26)

τd is the average diffusion time of a diffusing label and 〈N〉 = Vconf · 〈C〉 is the mean number
of labels in the confocal volume. This means that if r0 and z0 are known one automatically
gains the diffusion constant of the diffusing label with autocorrelating the fluorescence signal
or its fluctuations:

G3D
fluct(τ) =

1

〈N〉

(

1

1 + τ
τd

)

·









1
√

1 +
r2
0τ

z2
0τd









. (2.27)

In the case of lateral diffusion the third term in eq. 2.27 can be neglected:

G2D
fluct(τ) =

1

〈N〉

(

1

1 + τ
τd

)

. (2.28)

5 In this project FCS is used for the study of isotropic diffusion processes in lipid membranes.
6 The exact values of r0 and z0 and therefore of the confocal volume depend on the experimental setup.
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So far just the case of normal diffusion has been discussed. Often in the case of diffusion in
cell membranes one talks about anomalous diffusion in which the MSD is not linear with time,
but is linear to tα (0 < α ≤ 1). Schwille and collaborators have introduced an expression for
the autocorrelation function in the case of anomalous diffusion (Schwille et al., 1999):

Gano,2D
fluct (τ) =

1

〈N〉





1

1 + Γτα

r2
0



 , (2.29)

where Γ is the transportation coefficient.
The introduced result of the autocorrelation function can also be modified in the case that

there are different diffusing species which means that there are labels with different diffusion
constants. Korlach et al. (1999) have introduced an expression for two diffusing species which,
however, can easily been generalized:

G2D
mcomp =

1

〈N〉
∑

i

ri

1 + 1
τd,i

, (2.30)

with τd,i the mean diffusion time of species i and ri the respective ratios.

2.3.2 Experimental Setup

FCS uses fluctuations in the fluorescence signal to get information about e.g. chemical rate
constants or diffusion processes. It is necessary to define a small confocal volume as it is
realized through a confocal setup which is schematically shown in fig. 2.9. Our FCS setup
was built by A. Hac and a detailed description of the used setup can be found in Hac (2004).

A Nd:Yag laser from Crysta Laser (Reno/NV, USA) with an emission maximum at a wave-
length of 532 nm (green) emits coherent, linearly polarized light. The laser light is reflected
through a dichroic mirror into a water immersion objective (Olympus, Hamburg, Germany).
Fluorescence markers which are stimulated by the laser light emit fluorescence light of an-
other wavelength than the laser light wave length. The wave length of the fluorescence light is
chosen so that the dichroic mirror is transmittant. It passes through a pinhole which is crucial
in defining the detected confocal volume of the setup. Changing its size results in a bigger
or smaller detection volume. Two avalanche photodiodes (Perkin Elmer, Boston/MA, USA)
monitor the fluorescence signals of the parallel or the perpendicular polarized light. These
signals are correlated by a hardware correlator card from Correlator.com (Bridgewater/NY,
USA).

In fig. 2.10 results from example FCS measurements are shown. They directly show the
principle of our experiments and simulations. Three examples in which the diffusion con-
stants differ are shown. Rhodamine 6G is a small fluorescent molecule. TRITC is a lipid
analog with fluorescence properties. The latter one can be used for diffusion studies in lipid
membranes. Diffusion of TRITC in a lipid membrane is slower than diffusion of Rhodamine
6G in water. Therefore, the fluctuations in fluorescence intensity of Rhodamine 6G are faster.
The autocorrelation profile decreases at shorter times since the mean diffusion time of Rho-
damine 6G is smaller than the one of TRITC. Since the diffusion of TRITC markers in the
”ld” phase is faster than in the ”so” phase, the fluctuations in the first case are also faster
than the ones of the second case. This is also reflected by the autocorrelation profiles. The
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Figure 2.9: Scheme of a FCS setup. Laser light is reflected by a dichroic mirror into the microscope objective.

In the sample the laser light stimulates fluorescence labels. These ones emit light of another wavelength. This

travels through the dichroic mirror and a pinhole. Depending on polarization the photons are monitored by

one or the other avalanche photodiode.

faster fluctuations result in a decay at short times. The mean diffusion time is shorter. Us-
ing eq. 2.27 for diffusion in 3D or using eq. 2.28 in 2D the autocorrelation curves allow a
quantitative evaluation of the diffusion processes.

2.4 Sample Preparation

In this thesis results of studies on artificial phospholipid membranes are presented. Differential
scanning and pressure perturbation calorimetry experiments were carried out by the author
of this thesis. Experimental diffusion measurements were performed by A. Hac (Hac, 2004).

For the calorimetric experiments multilamellar and large unilamellar lipid vesicles were
used. Diffusion measurements were done on stacks of supported lipid bilayers. Here just
the preparation of the calorimetric samples is described. The preparation of the supported
samples for FCS measurements can be found in the dissertation of A.Hac (Hac, 2004).

Lipids were purchased from Avanti Polar Lipids (Birmingham/AL, USA) and used without
further purification. All lipid samples were dissolved in a 10 mM Hepes buffer with 1 mM
EDTA and pH 7. The pH of the buffer was adjusted through adding natriumhydroxid to a
millipore water, 10 mM Hepes, 1 mM EDTA solution. Where Hepes buffers between pH 6
and 8, EDTA binds calcium which shall prevent the growth of bacteria.
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Figure 2.10: Example fluorescence intensity traces and their autocorrelation profiles. (left) Fluorescence

intensity traces of fluorescence labels with different diffusing properties. In this example the small fluorescent

molecule Rhodamine 6 G diffuses in water. Its diffusion is faster than the diffusion of the TRITC labels in a

lipid membrane in ”ld” or ”so” phase. The diffusion of the TRITC labels in the ”ld” lipid membrane are faster

than in the ”so” lipid membranes. The different diffusion behavior can already be seen in the fluctuations

and the speed of the changes. (right) If the diffusion of a particle is faster its mean diffusion time through

the confocal volume is lower and the autocorrelation profile decreases at shorter times than if the diffusion is

slower.

The measurements were done on multilamellar (MLVs) or large unilamellar vesicles (LUVs;
diameter of about 100 nm), meaning the vesicles originated from one bilayer formed to a
vesicle (LUV) or a stack of bilayers lay on each other and formed a vesicle (MLV).

Pure multilamellar lipid vesicles were prepared through adding the buffer to the dry lipid
powder and stirring it above the melting transition midpoint for 1 h. During the stirring
process the suspensions were vortexed 3 − 4 times.

For the preparation of unilamellar lipid samples at first suspensions of multilamellar lipid
vesicles (MLV) were prepared. Then these MLV suspensions were extruded with an Avestin
extruder (Avestin Europe GmbH, Mannheim, Germany). The extruder exists of a system of
two syringes which are connected with each other through a special filter system. The whole
can be placed in a metal block. It is temperature controlled with a heat bath. Before filling
the syringes of the extruder setup with the lipid solution they were kept in the heated extruder
block (T = 320.9K) for 15 minutes. After that 1ml of the lipid solution was taken into one of
the two syringes. Next the syringes were put back into the extruder block and the extrusion
process was not started for another 15 minutes. At last the extrusion process started and the
lipid sample was pressed through polycarbonate membranes with a pore diameter of 100 nm
for one hour. During the extrusion each of the syringes was emptied approx. 60 times. At
the end of the extrusion process the LUV solution was used which remained in the syringe
which was not filled at the beginning of the extrusion process. Taking the sample from this
syringe ensures that all lipid vesicles went through the polymer filter at least once.

Samples of two component lipid vesicles were prepared through dissolving each of the lipid
components separately in organic solvent (dichloromethane : methanol 2:1). Then the two
components were mixed. This mixture was dried through heating and a nitrogen or air
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stream. The remaining organic solvent was removed through desiccating the sample in a high
vacuum desiccator over night. The further preparation is equivalent to the already described
preparation of multilamellar vesicles.

In some of the measurements anesthetics, neurotransmitters or peptides were added. As
anesthetics octanol (1-octanol; Sigma-Aldrich, St. Luis/MO, USA) and halothane (Sigma-
Aldrich Inc., St. Luis/MO, USA) were used. Further on the neurotransmitter serotonin
(Hydrochloride; Sigman-Aldrich Inc., St. Luis/MO, USA) or the peptide gramicidin A (Fluka,
Buchs, Switzerland) were added to the lipid vesicles.

Concerning the preparation of the lipid/anesthetics samples, anesthetics were added to an
already prepared buffer/lipid sample solution. This solution was stirred above the melt-
ing transition again for 30 min before it was put into the fridge for 15 min. Then the
same procedure was repeated at least two times. This was done because the permeability
of a lipid membrane increases in the phase transition regime (Papahadjopoulos et al., 1973;
Cruzeiro-Hansson and Mouritsen, 1988; Makarov, 2005), which was thought to help an incor-
poration of the alcohol molecules. Through heating and cooling with the choice of appropriate
temperatures one automatically goes through the transition regime. However, the partition
coefficient of alcohols also depends on the lateral structure of the lipid membrane. It displays
a maximum in the melting transition (Trandum et al., 1999). It might be that the process of
repeated heating and cooling gives no advantages but it is definitely not disadvantageous.

In the case of lipid/serotonin mixtures serotonin was added to the buffer solution and the
whole stirred for 30min. Then, the lipid powder was dissolved in the buffer/serotonin solution.
The rest of the preparation procedure equals the one of the preparation of MLVs. During
the preparation the sample was also cooled below the melting transition midpoint and heated
again at least two times. The lipid membrane goes through the phase transition regime when
it is cooled below and heated above the melting temperature. The permeability increases in
the phase transition regime. Therefore, it is believed that the serotonin molecules incorporate
better into the multilamellar vesicles going through the phase transition regime.

The preparation of lipid/gramicidin A systems equals the one of the preparation of two
component lipid mixtures. The dry lipid powder and the dry gramicidin A were separately
dissolved in organic solvent (dichloromethane:methanol 2:1). Then both solutions were mixed.
The sample was dried through heating and the application of a nitrogen or air stream. Over
night the sample was kept in a high vacuum desiccator. After that the buffer was added and
the sample was stirred above the transition midpoint temperature for 1 h. Additionally the
sample was vortexed 3 − 4 times.

Samples which were used for DSC measurements and pressure jump experiments were de-
gassed for at least 15min.

2.5 The Chip Calorimeter

The main focus of this thesis is the study of domains formation processes in artificial mem-
brane systems. This study is also aimed at gaining a deeper understanding of processes in
biological membranes. Domain formation processes in biomembranes are estimated to happen
in the 100 ms regime or even faster. Therefore, relaxation time measurements on biological
membranes cannot be investigated with the two previously described methods. Therefore,
it seems worthwhile to think about new strategies. One possibility is the usage of a com-
mercially available chip (NCM-9928, Xensor Integration, Delft, Netherlands). It is assumed
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that this chip can recognize heat transfer processes with a time resolution below 100 ms
(Caspary et al., 1999). Chips of this kind are already successfully in usage as scanning, batch
and flow-through calorimeters (Lerchner et al., 1998). In general also these techniques are of
use in our lab, so that the constructed calorimeter shall fulfill the following criteria:

• possible to use as a differential scanning calorimeter,

• usage as a titration calorimeter,

• allowing the study of relaxation processes,

• possibility to extend it for flow-through applications.

Up to now mainly the construction of the mechanical parts is finished. Electronic equipment
still needs to be built. Therefore, no data can be presented, but the principal construction is
explained. Further steps and suggestions for possible realizations are mentioned, too.

Figure 2.11: NCM-9924 chip. (left) A back view of the chip is shown. One sees the PGA and its 68 gold pins.

One can recognize the silicon layer, the integrated thermopiles and therewith the chip’s active area. (right)

A schematic drawing of the chip is displayed. Thermopiles are incorporated into a silicon layer. A heater is

implemented into the layer as well. Two additional aluminum heaters lie on top of the silicon membrane.

The chip calorimeter is based on the chip NCM-9928 (see fig. 2.11) from Xensor Integration
(Delft, Netherlands). The chip consists of silicon-aluminum thermocouples which are con-
nected in series and which are integrated into a silicon epitaxy layer. These thermocouples
define the sensor of the chip. The whole silicon membrane is encapsulated in a ceramic Pin-
Grid-Array (PGA) with 68 gold pins of size 68 mm× 68 mm. The chip itself sits in the PGA
and has a dimension of 10 mm × 10 mm with a membrane size of 8.3 mm × 8.3 mm. The
thickness of this membrane is 45 µm. The thermocouples measure temperature differences
between the active site and the rim of the silicon layer with a sensitivity of 50 mV

K . Integrated
into the silicon layer is a resistor heater with 800 Ω. Two aluminum heater (1 kΩ and 250 Ω)
are brought onto the silicon layer and are galvanically isolated from the thermopiles. In the
realization of our calorimeter two chips are used.

The principal construction of the calorimeter is based on three parts. It is an isolation, an
outer calorimeter and an inner calorimeter shell. Each of these parts can be opened. The
isolation shell separates the calorimeter shells and the outer environment. It is constructed
from aluminum. Isolation material shall be brought between the isolation shell and the outer
calorimeter shell, too. The inner and outer calorimeter shells are the parts which realize the
function of the calorimeter. The outer calorimeter shell acts as a heat bath, whereas the chips
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Figure 2.12: Dimensions of the chip calorimeter. The chip calorimeter consists of an isolation, an outer

calorimeter and an inner calorimeter shell. All given values are in units of mm.

can be found in the inner shell. The dimensions of the shells can be seen in fig. 2.12. Two
tubes are added so that the pressure of the inner calorimeter shell can be varied.

The outer calorimeter shell is mounted on ceramic feet and is built out of brass. On its
lower part a peltier device (Telemeter Electronic, Donauwörth, Germany) is attached. It
adjusts the outer shells temperature which is measured with a PT 100 (platinum resistor,
100 Ω at 0 ◦C, Farnell, Denmark). The inner calorimeter shell sits in the outer shell and it
is held through the two pressure tubes. To minimize heat conduction to or from the inner
shell, ceramic contacts are attached. Still, heat conduction might be present. The inner
calorimeter shells temperature is controlled through the outer shells temperature which acts
as a heat bath. For fine adjustments a 10 W power heater is mounted on the shell. The
inner calorimeter shell is mainly constructed out of brass. On the bottom, however, a glass
epoxy plate with copper coating is mounted. It is glued onto the bottom by a conductive
epoxy glue (ITW Chemtronics, Kennesay/GE, USA). The glass epoxy plate has a hight of
1.6 mm with a copper coating of 50 µm on each side. In it two grid sockets with 68 pins
each are installed. They allow the mounting of the two chips and electrical contact with the
control electronics. Between the two sockets a PT 100 with 100Ω at 0 ◦C (Farnell, Denmark)
is placed for measuring the inner calorimeter shells temperature. On the bottom the glass
epoxy plate is supported by another brass block.



CHAPTER 2. MATERIAL AND METHODS 40

Figure 2.13: Chip calorimeter perspective views. A cross-sectional view (left) and a top view (right) of the

calorimeter are drawn. It is composed of the isolation shell (transparent), the outer calorimeter shell (red and

blue) and the inner calorimeter shell (brown). Tubes (grey) allow the adjustment of the inner pressure. A

peltier device (yellow) is attached to the outer calorimeter shell and allows the adjustment of the outer shells

temperature. On the outside of the inner shell a power heater is mounted. It is not shown in the drawing.

The two calorimeter chips are sticked onto the two grid sockets (grey).

In fig. 2.13 two perspective views of the calorimeter are given. One shows the cross section
(left) and the other one a top view (right) of the calorimeter. The transparent part is the
isolation shell, the red and blue parts are the upper and lower parts of the outer calorimeter
shell. The brown part is the inner calorimeter shell with the glass epoxy plate and the grid
sockets (grey). The gas tubes, its isolation (white) and the peltier device (yellow) can also
be easily seen. Not shown is that the lids of the inner and outer shell have holes which allow
the insertion of two syringe needles. These holes can be closed.

The control of the calorimeter shall be realized with a self-written Labview (National In-
struments, Austin/TX, USA) program. When finished it controls a PCI A/D card (PCI AD
16 DAC4, Kolter Electronics, Erftstadt, Germany), a Keithley GPIB card PCI-488 (Keithley
Instruments Inc., Cleveland/OH, USA) and the printer port of the control PC. The latter one
is used for the control of two coaxial solenoid valves (Nova Swiss, Effretikon, Switzerland)
which allow pressure increase or decrease through addition or release of nitrogen gas. The
GPIB card is needed for the control of a Keithley 2001 multimeter (Keithley Instruments
Inc., Cleveland/OH, USA) and the belonging nanovolt amplifier Nanovolt Preamp Model
1801 (Keithley Instruments Inc., Cleveland/OH, USA). It reads in the voltage signals of the
difference signal of the two NCM chips. The PCI A/D card is used for the regulation of
the peltier device’s current and voltage, the current through the power heater, the control of
heat signals of the chip’s heaters and the read out of the outer and inner calorimeter shells
temperatures. The two temperatures are needed as a feedback mode of the current and volt-
age of the peltier device and power heater. It is chosen to control the peltier device and the
power heater currents and voltages purely with the Labview program. Additional electronic
devices are not used. The inner calorimeter’s temperature of course gives also the sample’s
temperature. The chip heaters are useful for the calibration of the calorimeter chips. They
also find application in calibrating the setup before each experiment. They can also perturb
the system through inducing a short heat pulse.
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Currents and voltages of the peltier device and the power heater are adjusted with a self-
built device using power transistor technology. Signals from the PT-100 thermometers are
amplified with a self-constructed device.

So far the calorimeter has not been used for any experiments. It is still under construction,
meaning that details of the construction still need to be adjusted. The principal construction,
however, is currently not under discussion. In the following paragraphs some remarks about
possible applications and problems shall be given.

As mentioned in the beginning of this section the calorimeter can in principal be used for
differential scanning calorimetry, titration calorimetry, perturbation calorimetry and flow-
through calorimetry.

Since the used sample substances are small in volume evaporation might occur which affects
the signal. To avoid this it is planed to add some sponges which are soaked with buffer
solution. This should lead to a constant vapor pressure and should avoid evaporation of the
sample.

For all techniques the characteristics of the chips need to be known like the thermopiles
sensitivity as a function of temperature. These can be determined using the chip heaters.

Using it as a differential scanning calorimeter should be realized without encountering big
problems. Of course, an exact temperature control with a constant scan rate has to be
established.

More problematic is using it as a titration calorimeter. The temperature needs to be kept
constant, which should be easily realized. Addition of titration liquid can be realized through
a simple Hamilton syringe system in the beginning. In later stages more sophisticated software
controlled techniques could be applied. Addition of the titration substance, however, might
lead to an offset in the signal (Lerchner et al., 1999). As well, mechanical forces might perturb
the calorimeter signal. These might occur because the liquid drop coming from the titration
syringe touches the chip and exerts forces. This can be more pronounced using a pump system
(personal communication J. Lerchner and Gert Wolf, University of Freiberg, Germany).

Using it for perturbation calorimetry one can follow two strategies. One is the addition or
release of pressure. A second method is increasing the sample temperature for a short time
through a heat pulse of one of the chip heaters.

The first method seems to lead to many problems. One problem is the mechanical stability
of the chip membrane. Its size is 10 mm × 10 mm at a thickness of 45 µm. After a pressure
change the pressure builds up in the calorimeter cell. In an ideal experiment the pressure on
both sides of the chip membrane is the same at all times. In reality, however, this must not
be the case or else pressure gradients might destroy the chip. A support of the membrane is
technically difficult to realize and might lead to a changed chip time resolution, resulting in a
worse time resolution. This means that just small pressure changes can be done which might
lead to a weak signal from the membrane system because the calorimetric profiles overlap
and therefore the heat release or absorption is little. A second problem is the temperature
stability in the inner calorimeter shell. Performing pressure release leads to cooling because
of the expansion of the gas. Adding pressure requires that the gas is preheated since the gas
temperature and the inner calorimeter temperature might be different. The compression also
leads to a temperature increase.

At this stage of the planing it looks more promising to use one or more of the built-in
chip heaters to induce a heat pulse. The sample temperature will increase, but then relax
back to the inner calorimeter’s temperature. An important question, of course, is the time
scale of the temperature relaxation. This one might be a limit to the time resolution of the
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relaxation process. The method with changing temperature has the advantage that different
temperature changes can be easily induced.

The last mode is to use the calorimeter as a flow-through calorimeter. These chips have al-
ready been used by these means (Lerchner et al., 1998). The principal construction should be
easy using the chosen calorimeter layout. One application might be to perturb the membrane
systems through a change in pH or ion concentration as done by Strehlow and Jähnig (1981).
The difference would be, however, that relaxation processes can be studied by means of ther-
modynamics and not by fluorescence techniques, as done by Strehlow and Jähnig (1981).

It can be concluded that the introduced calorimeter might be a helpful tool in the study
of different thermodynamical processes in artificial and biological membranes. Undoubtedly
there are still a lot of design and construction problems that will arise and require solving
before a successful chip calorimeter is realized.



Chapter 3

Theory

3.1 Modeling Lipid Membrane Systems

Different kinds of models to describe the physical behavior of lipid membrane systems can
be found in the literature. These range from analytical to numerical models. In the first
part of this chapter a short review about models as they can be found in the literature is
presented. In the second part a statistical mechanics model for the description of the phase
behavior of a two component lipid system is explained in detail. This model is used for
diffusion, relaxation and fluctuation studies of the modeled system. The last part introduces
an analytical approach to explain the relaxation behavior of domain formation processes as
suggested by Grabitz et al. (2002). The validity of the results of this analytical model is
shown using the statistical physics model introduced in the second part of this chapter.

3.1.1 Models in the Literature

Since the 1970s phase transitions of bilayer membrane systems are theoretically described with
the help of statistical physics. In the beginning different mean-field theories were presented,
which have nowadays been overtaken by numerical methods like Monte Carlo simulations or
Molecular Dynamics.

Nagle (1973) was the first one, who gave a statistical mechanical description of lipid bilayer
melting phenomena by means of a cooperative change in the intrachain conformation distri-
bution of the lipid chains. This is a very minimalistic model which can be exactly solved. It
includes steric repulsions, rotational isomerization and attractive interactions. It is, however,
not very close to reality.

In the same year Marcelja (1973) published a mean-field approach which was further elabo-
rated in Marcelja (1974). It neglects steric interactions, but puts its emphasize on the internal
energy of a single lipid and dispersive or van der Waals interactions. One result of this study
is that the melting transition, while being first order in character, is rather close to a critical
point. Doniach (1978) simplified the description further and was the first to introduce a two-
state model for a better understanding of lipid bilayer melting transitions. Doniach (1978)
used the model to relate lateral compressibility and fluctuations in bilayer density with bi-
layer permeability. Further on, Doniach concludes that the transition is weakly first order and
close to a critical point. He points out that this might be important for the thermodynamical
understanding of interactions in lipid mixtures with and without proteins.

43
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Marcelja (1976) was the first one to report a model about lipid-mediated protein interac-
tion. It was an extension of his earlier work on lipid membranes without proteins. Interactions
between lipids and proteins were modeled through the addition of a constant interaction pa-
rameter. For their research on protein-lipid interactions Pink and Chapman (1979) used a
lattice model. Lipid chains were taken to be either in a ground or excited state as done by
Doniach (1978). Nearest neighbor van der Waals and steric interactions were introduced and
it was assumed that the polar group interactions of lipids can be represented by effective
pressure-area terms. The interaction with the protein was modeled by adding additional
interaction terms. Later the same authors published a model to describe experimental Ra-
man scattering results (Pink et al., 1980). In the literature this model is known as the ”Pink
Model”. Its main feature is that it assumes one all-trans, one melted and eight intermediate
chain configurations. At the time of publication it was evaluated by means of mean-field
theory. Pink’s model, however, has become important in the numerical study of melting pro-
files using the Monte Carlo simulation technique. Sperotto and Mouritsen (1991) combined
Pink’s model with the microscopic interaction model as introduced in the already mentioned
paper by Pink and Chapman (1979) and the mattress model (Mouritsen and Bloom, 1984)
which is explained in section 1.1.3. Further, it was also successfully used for the description of
two component lipid systems and their melting behavior (Mouritsen, 1990; Jørgensen et al.,
1993; Jørgensen and Mouritsen, 1995). For the description of the melting profile of one and
two component lipid systems (Sugar et al., 1994; Jerala et al., 1996; Sugar et al., 1999) and
lipid/protein systems (Heimburg and Biltonen, 1996) a two-state model based on the ideas
of Doniach (1978) is sufficient.

One advantage of numerical methods in comparison to mean-field approaches is that be-
sides the evaluation of average thermodynamical parameters like heat capacity they allow the
analysis of the distribution of lipids. The domain structure of these systems can be evalu-
ated (Sugar et al., 2001; Hac et al., 2005; Seeger et al., 2005). Domain formation on different
length scales can be found.

Due to increasing computer power the usage of Molecular Dynamics has become more
popular (Feller, 2000). Atomistic models are used and Newton’s equations have to be solved,
which is very time consuming. Therefore, the time scale simulated using this technique has
still not exceeded the 100 ns regime. Considering that many biological processes happen in
the ms regime one has to be careful using this technique and especially with the interpretation
of results obtained (see i.e. (Almeida et al., 2005)).

In this thesis the model by Sugar et al. (1999) is adopted and refined in order to accompany
experimental work. This model is evaluated by numerical means (Monte Carlo simulation).
It can describe the melting behavior of a two component lipid system (DMPC/DSPC). It is a
lattice model considering just nearest neighbor interactions and assuming two different lipid
chain states. Diffusion steps are included as well. A more detailed description is given in the
following section.

3.1.2 A Model for Describing the Phase Behavior of a DMPC:DSPC Sys-

tem

As mentioned in the previous section, a two state (Ising) model for the description of the
melting of one component lipid membranes was introduced by Doniach (1978). This model
was adopted by Sugar et al. (1994) and evaluated by means of Monte Carlo simulations. Later
this model was further developed for the study of the phase behavior of a two component
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lipid system (Sugar et al., 1999).
Here, the model as introduced by Sugar et al. (1999) is used and is refined for studying

diffusion1, relaxation and fluctuation properties of a two component (DMPC:DSPC) lipid
system. DMPC is a phospholipid whose two chains have 14 carbon atoms each. DSPC has
longer chains which have 18 carbon atoms.

In the model each lipid is represented through its two chains. These are assumed to be
either in an ordered or a disordered state. It is possible that the two chains of one lipid are
in opposite states. The enthalpies and entropies of ordered and disordered chains vary and
depend on the lipid species. The enthalpy and entropy differences between disordered and
ordered chains are assigned the symbols ∆Hi and ∆Si, where i = 1, 2 denotes the two different
lipid species2. Lipid chains are arranged on a hexagonal lattice, meaning that each chain has
six nearest neighbors; the coordination number z equals 6. Periodic boundary conditions are
assigned for the lipids at the lattice boundaries.

N is the total number of chains, Ni the number of chains of species i, Nm
i is the number

of chains of species i = 1, 2 in state3 m = o, d, Nmn
ij the total number of nearest neighbors

of species i and j in states m and n. One finds a connection between the total number of
lipid chains and the number of given pairs of nearest neighbor chains. The same is true for
the number of chains of certain state and species and the number of given pairs of nearest
neighbor chains:

z

2
N = N oo

11 + N od
11 + Ndd

11 + Noo
12 + N od

12 + Ndo
12 + Ndd

12 (3.1)

+Noo
22 + N od

22 + Ndd
22

zNm
i = 2 · Nmm

ii + Nmn
ii + Nmm

ij + Nmn
ij , (3.2)

where (i 6= j) and (m 6= n). This expression is needed for an algebraic transformation of
the system’s Hamiltonian.

First, the Hamiltonian of the system needs to be derived. A lipid chain of species i in state m
has an assigned energy of Em

i . The degeneracy due to different localizations and orientations
of the rotational isomers in the lipid chain is represented by f m

i . Nearest neighbors interact
with each other and therefore one needs to consider nearest neighbor interaction energies Emn

ij

with the degeneracies fmn
ij . For a certain matrix configuration S one finds for the energy E(S)

and the degeneracy f(S):

E(S) =

2
∑

i=1

d
∑

m=o

Em
i Nm

i +

d
∑

m=o

d
∑

n=o

2
∑

i=1

2
∑

j=1

Emn
ij Nmn

ij (3.3)

and

f(S) =
2
∏

i=1

d
∏

m=o

(fm
i )N

m
i ·

d
∏

m=o

d
∏

n=o

2
∏

i=1

2
∏

j=1

(fmn
ij )N

mn
ij . (3.4)

1 Applying the model to the study of diffusion in two component lipid membranes has already been part of
my master’s thesis (Seeger, 2002). In the past years the model has been changed in some details and studies
have been extended.

2 Here i = 1 refers to the DMPC and i = 2 to the DSPC lipid chains
3 It is chosen that m = o denotes the ordered and m = d the disordered chain state.
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The probability to find a certain configuration S is given by:

p(S) =
e
−

χ(S)
kBT

Q(N1, N2, T, V )
, (3.5)

with χ(S) = E(S) − kBT ln f(S), kB the Boltzmann constant, T the temperature and
Q(N1, N2, T, V ) the partition function.

Using eqs. 3.1, 3.2, 3.3 and 3.4 one can derive an expression for χ(S) which is the sum of a
configuration dependent and a configuration independent part:

χ(S) = χconst.(S) + χconf.(S), (3.6)

with

χconst.(S) = N1{(Eo
1 − kT ln f o

1 ) +
z

2
(Eoo

11 − kT ln f oo
11 )}

+ N2{(Eo
2 − kT ln f o

2 ) +
z

2
(Eoo

22 − kT ln f oo
22 )}

and

χconf.(S) = Nd
1 (∆H1 − T∆S1) + Nd

2 (∆H2 − ∆S2)

+ Nod
11 ωod

11 + N oo
12ωoo

12 + N od
12 ωod

12 (3.7)

+ Ndd
12 ωdd

12 + Ndo
12 ωdo

12 + N od
22 ωod

22,

where the following definitions are used:

∆Hi = {Ed
i +

z

2
Edd

ii } − {Eo
i +

z

2
Eoo

ii }, (3.8)

∆Si = kB ln fd
i − kB ln f o

i − z

2
kB ln

(

foo
ii

fdd
ii

)

, (3.9)

ωmn
ij =

[

Emn
ij −

Emm
ii + Enn

jj

2

]

− kBT ln
fmn

ij
√

fmm
ii fnn

jj

. (3.10)

During the simulation only the free energy difference between two configurations is needed.
Therefore, the configuration independent part does not play a role and is neglected. This
means that in the case of the binary lipid mixture ten parameters have to be determined.
These are the enthalpy and entropy changes for each lipid species and a total of six interaction
parameters. As explained in the following section all interaction parameters can be obtained
from heat capacity profiles measured by Differential Scanning Calorimetry (see sec. 2.1).

3.1.3 Determination of Model Parameters

As mentioned in the previous section there are ten parameters which need to be determined
if one wants to describe a two component lipid system. All these parameters can be obtained
from experiments.

The enthalpy and entropy changes of the single chains going from the ordered to the disor-
dered state can be obtained from heat capacity profiles of the one component lipid systems.
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Figure 3.1: Excess heat capacity profiles of one component lipid systems. The shown excess heat capacities

were measured on suspensions of multilamellar DMPC and DSPC lipid vesicles. They allow the determination

of the enthalpy and entropy changes of each of the two melting transitions.

Fig. 3.1 shows the two excess heat capacity profiles of multilamellar DMPC and DSPC lipid
suspensions as measured by DSC. The areas of the heat capacity curves define the enthalpy
changes between an ordered and a disordered lipid of the respective species. At the transition
midpoint, Tm, the Gibbs free energy is zero since the chemical potentials of the ordered and
disordered phases are identical:

∆Gi(Tm,i) = ∆Hi − Tm,i∆Si = 0. (3.11)

Knowing the enthalpy difference, ∆Hi, and the transition midpoint, Tm,i, one can easily
determine the entropy difference:

∆Si =
∆Hi

Tm,i
. (3.12)

There are six remaining parameters which need to be found. These are the result of inter-
actions between unlike nearest neighbors. They can be indirectly obtained from excess heat
capacity profiles of two component lipid systems.

As described later in the text, the Monte Carlo simulation allows one to calculate the heat
capacity profiles of DMPC:DSPC membranes of different composition (see sec. 3.1.5). The
shape of the curves strongly depends on the choice of the interaction parameters. Compar-
ing the results of simulations of various different DMPC:DSPC systems to measured heat
capacity curves, including the one component systems, one can deduce all needed interaction
parameters. The parameters used are shown in table 3.1. It is important to note that for the
determination of these parameters several excess heat capacity profiles were used and they
are constant for all compositions.
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Parameter J
mol·chain Parameter J

mol·chain

∆H1 13165 ∆S1 44.31

∆H2 25370 ∆S2 77.36

ωod
11 1353

ωod
22 1474

ωoo
12 607

ωdd
12 251

ωod
12 1548

ωdo
12 1716

Table 3.1: Parameter values used in the Monte Carlo simulations. They are slightly different from those
used in Sugar et al. (1999). All numbers are given per lipid chain.

3.1.4 Evaluation by Means of Monte Carlo Simulations

In section 3.1.2 a statistical mechanical model for the description of a two component lipid
system was introduced. This model is numerically evaluated by means of Monte Carlo sim-
ulations. A MC simulation performs a random walk through phase space. Every possible
phase state is accepted with a certain probability. A MC simulation brings the system to its
equilibrium and allows calculations of thermodynamical averages in the equilibrium state.

In order to perform Monte Carlo simulations it is essential to define Monte Carlo steps and
Monte Carlo cycles. Here, two Monte Carlo steps are defined: state changes and diffusion
steps. They are displayed in fig. 3.2. Lipid chains can be either in an ordered or disordered
state. During the simulation changes from an ordered to a disordered state, or conversely,
are allowed. There are two kinds of diffusion steps. One step is a possible rotation if the four
involved chains form a rhombus4 (see fig. 3.2 b). The other is a lateral movement of the lipid
chains. In the case of a rotational diffusion step, only two lipid chains change their position.
In the other case of lateral translation, the position of four chains is shifted. Concerning
translational diffusion steps one has to add that during the simulation of the equilibrated
system just neighboring lipids can be involved in a diffusion step. In the non-equilibrated
system, when one tries to find the system’s equilibrium, the exchange of the positions of two
lipids which are not necessarily neighbors is also allowed. These non-physical diffusion steps
help to hasten the finding of the system’s equilibrium.

Changing the matrix configuration in the MC simulation is based on the MC steps, the
swapping of lipid chain states or diffusion. A step can be accepted or not, which depends on
the free energy difference of the old and new system configuration.

The exact procedure is the following:

• One starts from the actual system configuration S1. A new configuration S2 is gener-
ated.

4 The lipid chains are arranged on a triangular lattice. A rotation of a lipid needs the exchange of two lipid
chains. This is only possible if the four chains, when connected by imaginary lines, form a rhombus. Rotations
of ±60◦ are possible.
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Figure 3.2: Lipid chain states and diffusion steps. (left) The lipid chain state can change from an ordered

(red) to a disordered (green) configuration or vice versa. (right) Nearest neighbor lipids can undergo different

diffusion steps. The bar represents the chemically linked lipid chains, which form one lipid. During the

simulation this link has to be kept, since a lipid cannot exchange its chains.

• One calculates the free energy difference of the two configurations:

∆G = χconf (S2) − χconf (S1)

.

• The free energy difference allows one to calculate a Boltzmann factor:

K = e−∆G/(RT ),

with R being the gas constant and T the temperature.

• A probability P = K
1+K is compared to a generated random number RAN5, with 0 <

RAN < 1.

• If RAN ≤ P one accepts the new configuration S2. If RAN > P one discards the new
configuration and keeps the old configuration S1.

This is the so called Glauber algorithm (Glauber, 1963). The first time a Monte Carlo
simulation was used the probability was set to P = K or P = 1, if K ≥ 1. This is the
Metropolis algorithm (Metropolis et al., 1953). Both algorithms lead to the same result.

With the introduced procedure and the Monte Carlo steps one can define Monte Carlo
cycles. This defines order in which the MC steps are to be performed. Here, the Monte Carlo
cycles are usually defined as follows: In the first N steps, a random chain is chosen and it is
asked whether this chain shall change its state. In the next N steps two lipids are randomly
picked out which might perform a lateral diffusion step. Then, in the last N steps of the
cycle, four chains are chosen which might do a rotational step. N is the total number of
lattice points which means N/2 is the total number of lipids. In the cases that the Monte
Carlo cycle is redefined it is mentioned in the text.

5 In the simulation a pseudo random number is calculated after the method of L’Ecuyer (L’Ecuyer, 1988;
Press et al., 1997). With one initialization the pseudo random numbers will start to repeat after about
2.3 · 1018 pseudo random numbers.
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3.1.5 Simulation of Heat Capacity Profiles

Using the introduced model and evaluating it by means of Monte Carlo simulations one has
the possibility of studying different properties. Sugar et al. (1999) were the first ones to
evaluate a Doniach model for the description of the phase behavior of a two component lipid
system by Monte Carlo simulations. They extended their studies to the understanding of
cluster sizes and percolation thresholds of DMPC:DSPC lipid systems (Sugar et al., 2001;
Michonova-Alexova and Sugar, 2002).

For the description of the phase behavior one analyzes heat capacity profiles. The heat
capacity value (∆cp) of a defined DMPC:DSPC lipid system at a certain temperature is a
direct consequence of macroscopic fluctuations in enthalpy:

∆cp =
〈H2〉 − 〈H〉2

NRT 2
, (3.13)

with H being the enthalpy, 〈H〉 the averaged enthalpy, 〈H 2〉 the averaged enthalpy squared,
N the total number of chains, R the gas constant and T the temperature. This is the
fluctuation-dissipation theorem which can be derived from simple statistical physics relations
(Hill, 1962) or from linear response theory (Kubo, 1966).

Figure 3.3: Enthalpy fluctuations and heat capacity. (left) Enthalpy traces from a simulation of an equimolar

DMPC:DSPC lipid system at two different temperatures. (right) Simulated and measured excess heat capacity

profiles of a DMPC:DSPC 50:50 lipid system.

As shown earlier (Seeger, 2002) the excess heat capacity values calculated using the fluc-
tuation dissipation theorem agree well with the ones calculated from the derivative of the
averaged enthalpy:

∆cp =

(

∂〈H〉
∂T

)

p

. (3.14)

In the left panel of fig. 3.3 enthalpy traces of a DMPC:DSPC 50:50 lipid system at two
different temperatures are shown. It can be seen that the strength of the fluctuations depends
on temperature. In the right panel an experimental excess heat capacity profile is fitted by a
simulated one. Comparing the heat capacity results with the enthalpy traces, one finds that
stronger fluctuations can be found at high excess heat capacity values.
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3.1.6 Time Scales in Enthalpy Traces: Relaxation Time Studies

One can use fluctuations in enthalpy to calculate the excess heat capacity value of the chosen
lipid system at temperature T . The strength of the fluctuations, say the quadratic standard
deviation, is proportional to the excess heat capacity. The enthalpy traces, however, contain
more information. An autocorrelation6 profile of an enthalpy trace

G(τ) =

∫

∞

0 (H(t) − 〈H〉)(H(t + τ) − 〈H〉)dt
∫

∞

0 (H(t) − 〈H〉)2dt
. (3.15)

contains information about the time scales of the enthalpy fluctuations. This allows one to
study the relaxation properties of the lipid system (see section 3.2).

Figure 3.4: Autocorrelation curves of the enthalpy traces of fig. 3.3. One can see that the curves decay on

different time scales and several relaxation processes might occur.

The autocorrelation profiles of the enthalpy traces of fig. 3.3 are displayed in fig. 3.4. The
two curves decay at different times. The relaxation behavior can be governed by different
time scales as can be clearly seen for the curve at T = 303.6 K.

3.1.7 Simulation of Fluorescence Correlation Spectroscopy Experiments

Fluorescence Correlation Spectroscopy (FCS) allows one to measure diffusion properties of
artificial and biological membrane systems (see section 2.3). One part of this thesis is based
on studying diffusion properties in the two component lipid system of DMPC and DSPC.
Experimental studies performed by A. Hac and described in Hac (2004) are accompanied by
Monte Carlo simulation studies (this work) using the introduced two state model (see the
previous sections).

6 The determination of the autocorrelation profile was done using the program Igor (WaveMetrics, USA).
An autocorrelation is a convolution of the signal with itself. This can be expressed by means of Fourier
transformations: (f ⊗f)(ξ) = F

−1[F [f ](ξ) ·F [f ]∗(ξ)], with F [f ] being the Fourier transformation of function
f . Igor provides a package for calculating an autocorrelation of a given vector using a Fast Fourier Transform
(FFT) algorithm.
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Diffusion Steps: Lateral Translation and Rotations

Monte Carlo simulations do not include realistic time scales, but allow one to describe
average thermodynamic properties. For this study this means that one needs to define
carefully the underlying diffusion steps. Diffusion steps have already been introduced in
section 3.1.4. These are possible rotations and translational diffusion of two lipids (see
fig. 3.2). If one is just interested in thermodynamical averages it does not matter how one
gets to an equilibrium state. Non-physical diffusion steps of distant lipids still allow one to
predict correctly excess heat capacity profiles. In the study of diffusion processes, however,
this is not appropriate. Therefore, just lipid exchange of two neighboring lipids is allowed.
This does not mean that one has found a relation between Monte Carlo time and real time.
This relation can only be found through comparison of experiments and numerical results.

Introduction of Microviscosity in the Model

Figure 3.5: Fluorescence intensity trace and autocorrelation. Displayed are (left) a fluorescence intensity

trace from a simulation of a FCS experiment and (right) the corresponding autocorrelation profile.

In the Monte Carlo simulation one has to implement the fact that diffusion in a pure ordered
lipid environment is about a factor of 80 slower than in a membrane with only disordered
lipids. To achieve this a microviscosity is defined in the model, which relates the frequency of
acceptance of a diffusion step in a pure disordered lipid environment with the one in a pure
ordered lipid environment:

r(fc,o) = r0 · e−fc,o
∆E

kBT , (3.16)

with r(fc,o) being the rate function describing the probability of the acceptance of entering
the diffusion step routine7, r0 the probability of entering the diffusion routine of the MC
simulation in a pure disordered lipid membrane, fc,o the fraction of ordered lipid chains, kB

the Boltzmann constant, T the temperature and ∆E the activation barrier of diffusion in an all

7 The diffusion step routine is where one calculates the free energy difference of the old and new configuration
after a rotation or lateral movement. In addition, one decides whether to accept the new configuration. This
routine is entered with a probability corresponding to r(fc,o).



CHAPTER 3. THEORY 53

ordered lipid environment. For the determination of fc,o takes into account not only the lipid
chains which are involved in a diffusion step, but also their nearest neighbors. The activation
barrier needs to be calibrated by comparison of simulation results with experimental data.

Figure 3.6: Calibration of exchange activation barrier. In eq. 3.16 a rate function is introduced which

describes the activation difference of diffusion between an all ordered and an all disordered environment. The

value of ∆E
kBT

is determined to be ∆E
kBT

≈ 4.25. This is done by fitting experimental autocorrelation profiles of

solid ordered and liquid disordered membranes using results from simulations of FCS experiments at the given

temperatures. Here, experimental results from measurements on DMPC:DSPC 50:50 at 290.5 K (“so”) and

322.5 K (”ld”) and the corresponding simulation results with ∆E
kBT

= 4.25 are shown.

As explained below, fluorescence intensity traces (see sec. 2.3) can be calculated from
the Monte Carlo simulations and further analyzed by an autocorrelation (see fig. 3.5).
The autocorrelation curve gives information about the diffusion processes (see sec. 2.3).
Performing FCS experiments on lipid membranes either in the ”ld” or “so” state results
in two experimental curves with different diffusion times (see fig. 3.6). MC simulations at
the chosen temperatures again allow the calculation of two autocorrelation curves. The
parameter ∆E

kBT needs to be adjusted so that the two autocorrelation profiles fit the respective

experimental ones. This is the case if ∆E
kBT equals approximately 4.25.

Laser Focus and Fluorescence Intensity

In the FCS experiment fluorescence labels diffuse through a confocal volume, which is as-
sumed to have a Gaussian cross section (see section 2.3). This needs to be mimicked by the
MC simulation.

A given number of lipid chains are randomly labeled as being a fluorescent marker (see
fig. 3.7). It is excluded that one lipid has two marked chains. In an experimental realization
fluorescence dyes have different physical properties than the lipids and their chains. This,
however, is not considered in this model. In FCS experiments the concentration of fluorescence
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markers is low8. Hence, the perturbation of the lipid membrane because of the labels is small.
Further, it is assumed that the fluorescence life time is shorter than a typical diffusion step.

A typical fluorescence life time is around 4 ns, whereas the mean time to move in an ”ld”
environment a distance of one lipid diameter is about 30 ns (Böckmann et al., 2003). In the
simulation this means that a fluorescence marker emits immediately after excitation.

As has been mentioned before a Gaussian cross section of the confocal volume is assumed
(see also fig. 3.7). Throughout a simulation fluorescence markers diffuse in the simulation
matrix. The fluorescence signal which is emitted by a single lipid marker is calculated by:

I(~r) = I0 · e−
(~r−~r0)2

2σ2 , (3.17)

where I(~r) is the fluorescence intensity of a single marker at physical position ~r, I0 the
intensity of a marker in the laser focus origin, ~r0 is the focus origin and σ determines the size
of the laser focus. The total signal is the sum of the intensities of the individual markers.
The fluctuations in fluorescence intensity are evaluated by means of an autocorrelation in
which the exact intensity does not play a role. Therefore, I0 can arbitrarily be chosen to
be any number bigger than 0. Here, I0 is set to one. A typical fluorescence trace and its
autocorrelation curve are shown in fig. 3.5.

Figure 3.7: Laser Focus in the FCS Simulation. Depending on temperature and DMPC:DSPC ratio a certain

domain structure can be found (red b= ordered, green b= disordered, light colors belong to DMPC and dark to

DSPC chains). A focus with Gaussian cross section (concentric circles) is introduced and a defined number

of lipid chains are labeled (white dots). Conducting FCS simulations one can monitor fluorescence intensity

traces. The dependence of diffusion processes on temperature and composition can be studied.

8 Hac (2004) used a lipid to label ratio of 40 · 106 : 1.
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Virtual Extension of the Diffusion Matrix

Eq. 3.17 shows that one needs to know the physical position of a label on the matrix. Periodic
boundary conditions are introduced (see sec. 3.1.2). For a diffusing particle this means that
e.g. diffusing out of the matrix at the right side, it enters again on the left side. Because of
this the diffusion is not reflected correctly leading to a bias in the autocorrelation profile (data
not shown). This effect is negligible if the focus size is small in comparison to the matrix size.
Since domain sizes might be of the order of the matrix size, underestimating one or another
domain (“ld” or “so”) is possible if the focus size is too small. Therefore, the focus size needs
to be of the size of the matrix. The problem with diffusion over boundaries, however, can be
solved through introducing “virtual matrices”. For diffusion processes the simulation matrix
is extended through itself in all directions. This means that a label diffusing out of the right
side of the matrix still enters it on the left side again. This allows to calculate the free energy
change of a diffusion step. However, for describing diffusion the direction of the diffusion step
is followed. The physical position of the marker is changed with respect to the one it has in
the original simulation box. The physical position is the one it has in the original simulation
matrix plus an extension. The extension depends on the diffusion direction and is related to
the size of the simulation matrix. The index number of the label on the original matrix is
(N,M), where N and M are integers between one and the matrix size. For calculating the
physical position one needs to use the index (N + n · MW,M + m · MW ), with MW being
the matrix size and n,m integers between −Amax and Amax. Amax is a chosen integer
which defines the number of “virtual matrices”. If Amax equals 2 it means that on each side
of the simulation box two more matrices are attached. When diffusing over boundaries, n
and m can only change by ±1. The sign depends on the direction of diffusion. In principal a
label can diffuse back into the focus by repeatedly leaving the matrix in one direction. This
is because a label which diffuses from a virtual matrix with n = Amax out of the box on the
right side would enter it again on the left side with n = −Amax.

Using this method one can use a laser focus that covers the whole matrix and the contribu-
tion of the diffusion in domains of a certain physical state is not underestimated in comparison
to domains of the other physical state . In addition the focus size remains small in compari-
son to the whole extended simulation matrix. Concerning fig. 3.7 this means that the white
spheres which mark a labeled lipid chain are considered to be in the same matrix in relation to
the calculation of the free energy of the system, but they might be in different virtual matrices
or the original simulation matrix concerning the diffusion processes. A marker which stays
in one of the virtual matrices is more distant from the laser focus, than one which resides in
the actual simulation box. The intensity contribution to the whole fluorescence signal is also
smaller.

After the equilibration process, a defined number of lipid chains are randomly assigned to
be fluorescence markers. Integers between −Amax and Amax are randomly appointed to n
and m. The physical position of the label is in either the original simulation matrix or in one
of the virtual matrices.

3.1.8 Evaluation of Local Fluctuations

One advantage of Monte Carlo simulations of lipid membrane systems in comparison with
analytical mean field models is that they yield information about the structural properties
of the lipid membrane. These can be indirectly studied by analyzing the diffusion processes
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in an equilibrated system, but also a direct visualization of the lipid chain state distribution
on the matrix is possible. After a Monte Carlo cycle the distribution of lipid chains can be
saved in a file. Later, this information can be visualized using ray tracing or other graphical
programs (see the left picture of fig. 3.8).

Figure 3.8: Lipid chain state distribution and local fluctuations. (left) A snapshot of the lipid chain state

distribution during a MC simulation is drawn. Dark red or green colors stand for a chain of a DSPC lipid and

light colors for DMPC lipid chains. Red indicates that the chain is in an ordered configuration, whereas green

reflects a disordered chain. (right) Local fluctuations in chain state were calculated for the matrix configuration

as seen in the left panel. Large fluctuations are represented through a bright yellow, while small fluctuations

are black.

Not only can the static distribution of the lipid chain state be studied, but also local fluc-
tuations in chain state, by turning off the diffusion steps during a simulation. For a defined
number of MC cycles the states of a chain are monitored, a state parameter S(i, j, t) is assigned
and the local fluctuation of a chain f(i, j) is defined as:

f(i, j) = 〈S(i, j, t)2〉 − 〈S(i, j, t)〉2. (3.18)

Assigning values of S(i, j, t) = 1 in the case of a disordered and S(i, j, t) = 0 for an ordered
chain, fluctuations can be calculated, which lie between 0 and 0.25. The higher f(i, j, t)
is the higher the fluctuation. Introducing a color code (black=low, red=intermediate and
yellow=high fluctuations) one gets pictures like the one in the right panel of fig. 3.8.

3.1.9 Simulation of Temperature Jump Experiments

In section 2.2 pressure perturbation calorimetry was introduced. Changing the pressure on
a lipid suspension one can jump from a pure membrane phase of the lipid membrane (“so”
or ”ld”) into a domain coexistence region. A change in pressure is equivalent to a change
in temperature. A temperature jump can easily be simulated in a Monte Carlo simulation.
One starts from an equilibrated system and at a given Monte Carlo cycle one changes the
temperature of the system. This results in a change of the matrix distribution and can
be quantitatively studied by analyzing the time course of the number of fluid chains or the
enthalpy (see fig. 3.9). This time course depends on the relaxation process. These jumps show
a lack of statistical accuracy in comparison to the autocorrelation of enthalpy fluctuations.
Many temperature jump simulations have to be performed so that one gets a statistically
relevant result.
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Figure 3.9: Enthalpy course after a temperature jump. The time-dependent development of the enthalpy of

a lipid membrane after a sudden change in temperature in a simulation is shown.

3.2 Relaxation Times in Membranes: An Analytical and Nu-

merical Approach

As mentioned in sec. 1.4 many studies about relaxation processes in artificial membranes
are based on detection methods which are not founded on thermodynamical grounds. In
this work the measured relaxation behavior is described by thermodynamical means. This
includes measurements using pressure jump calorimetry (see sec. 3.9), as well as theoretical
explanations based on statistical thermodynamics.

In this section it is shown that the measured relaxation processes can be related to
fluctuations in enthalpy. Based on non-equilibrium thermodynamics a proportionality
between relaxation time and heat capacity can be derived. The presented theory has been
introduced by (Grabitz et al., 2002). Monte Carlo simulations of a two state model verify
the analytical results (Ivanova, 2000; Grabitz et al., 2002).

An Analytical Approach

The distribution of enthalpy states P (H−〈H〉) is related to the Gibbs free energy of a state
(G(H − 〈H〉)) (Lee and Kosterlitz, 1991):

G(H − 〈H〉) = −RT lnP (H − 〈H〉) + const., (3.19)

where 〈H〉 is the mean enthalpy, R the gas constant and T the temperature.
Assuming that the distribution of enthalpy states is Gaussian9:

P (H − 〈H〉) =
1

σ
√

2π
e−

(H−〈H〉)2

2σ2 , (3.20)

9 This assumption is always true for systems which undergo continuous phase transitions. It loses, however,
its validity for first order transitions at their transition midpoint, but might be still true away from the
transition midpoint.
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where σ2 = 〈H2〉 − 〈H〉2. Further evaluation of eq. 3.19 leads to:

G(H − 〈H〉) = RT
(H − 〈H〉)2

2σ2
+ const. (3.21)

Using expression 3.21 and S(H) = H−G
T one finds:

S(H − 〈H〉) =
H − 〈H〉

T
− R(H − 〈H〉)2

2σ2
− const.

T
. (3.22)

Assuming that the quadratic term is the leading one, the linear and constant term can be
neglected. The entropy can be seen as a harmonic potential:

S(H − 〈H〉) = −R(H − 〈H〉)2
2σ2

. (3.23)

In non-equilibrium thermodynamics10 one introduces thermodynamical forces Xi which
drive a system back to its equilibrium. It can be shown that these thermodynamical forces
are the second derivative of the entropy with respect to fluctuations αi of the system:

Xi =
∑

j

(

∂2S

∂αi∂αj
αj

)

. (3.24)

Further, in non-equilibrium thermodynamics one considers time dependent changes of the
fluctuations, the fluxes:

Ji =
∂αi

∂t
=
∑

j

LijXj , (3.25)

with Lij being phenomenological coefficients. Thermodynamical fluxes are, therefore, re-
lated to the thermodynamical forces.

For artificial membrane systems it can be shown that in the melting transition changes in
volume, enthalpy and area are proportional to each other (Heimburg, 1998; Ebel et al., 2001).
Hence, it is sufficient to consider one independent fluctuation α = H − 〈H〉. Using eqs. 3.23
and 3.24 one finds that the related thermodynamical force is given by:

X(H − 〈H〉) =

(

∂2S(H − 〈H〉)
∂(H − 〈H〉)2

)

0

(H − 〈H〉) (3.26)

= −R(H − 〈H〉)
σ2

.

Using the flux of enthalpy J back to equilibrium one obtains:

J(H − 〈H〉) =
∂(H − 〈H〉)

∂t
= LX(H − 〈H〉) = −L

R(H − 〈H〉)
σ2

. (3.27)

The differential equation 3.27 can be easily solved and one finds that the time dependent
fluctuations in enthalpy can be described by a single exponential function:

(H − 〈H〉)(t) = (H − 〈H〉)(0)e−
RL

σ2 t. (3.28)

10 For an introduction see for example the excellent textbook by Kondepudi and Prigogine (1998).
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The factor σ2

RL is in units of time, which allows one to define the relaxation time τ :

τ =
σ2

RL
. (3.29)

The fluctuation dissipation theorem (Hill, 1962) relates the fluctuations in enthalpy to the
heat capacity of the system:

cp =
〈H2〉 − 〈H〉2

RT 2
=

σ2

RT 2
. (3.30)

Using eq. 3.29 and 3.30 one finds a linear relation between heat capacity and relaxation
time:

τ =
T 2

L
cp. (3.31)

The proportionality factor between the relaxation time and the heat capacity is ξp ≡ T 2

L .
The phenomenological coefficient L has to be obtained from experiments. No theoretical
justification can state that the phenomenological coefficient is the same for all membrane
systems. Grabitz et al. (2002), however, have found that in their experiments on MLVs, it
seemed to equal independent of the lipid species used.

In the same work, and also in Ivanova (2000), results from Monte Carlo simulations
were presented to show the validity of the proportionality between heat capacity and the
relaxation times. The model they used differs slightly in comparison to ours. Ivanova (2000)
arranges lipids on a triangular lattice and not the lipid chains. The whole lipid can be either
in an ordered or disordered state. Again just nearest neighbor are considered. Relaxation
times were obtained from single exponential fits of autocorrelated enthalpy traces. In the
following, our model is used to verify these findings and the linear relation between heat
capacity and relaxation times.

Monte Carlo Simulation Approach

In chapter 3.1.2 a two state model is introduced to describe the phase behavior of a two
component lipid system. This model also allows one to characterize the melting profile of a one
component lipid system. The number of parameters needed in the simulations reduces from
ten to three. One needs to define the enthalpy, ∆H, and entropy, ∆S, change between the
ordered and disordered system and the interaction parameter between ordered and disordered
lipid chains ω.

The following results were obtained from simulations with the parameters ∆H =
13168 J/(mol chain) and ∆S = 44.31 J/(mol chain K). These are the ones obtained from
DSC measurements on multilamellar DMPC vesicles (see sec. 3.1.3). The ordered-disordered
interaction parameter was set to ω = 1311.79 J/(mol chain). Three enthalpy traces at differ-
ent temperatures are shown in fig. 3.10. One temperature equals, another one is above and a
third one is below the transition midpoint temperature.

Already in these traces one can see differences in the time scale of the fluctuation depending
on where one is in the melting transition. The trace which is a result of a simulation at the
transition midpoint shows the slowest fluctuations compared to the traces above and below
the transition midpoint. An autocorrelation of the enthalpy fluctuations allows a further
analysis of the data (see eq. 3.15).
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Figure 3.10: Enthalpy fluctuations. Simulations of a one component system with ∆H = 13168J/(mol chain),

∆S = 44.31 J/(mol chain K) and ω = 1311.79 J/(mol chain) at different temperatures were performed. The

fluctuations in enthalpy at different temperatures differ in strength and in the time scale of the fluctuations.

In fig. 3.11 the results of the autocorrelations of the three enthalpy traces from fig. 3.10 are
shown. The autocorrelation profile of the trace at the transition midpoint decays at longer
times than the profiles below or above the transition midpoint. The relaxation process is
slower than in the other two cases. The autocorrelation profiles can be fitted to a single
exponential decay (e−

t
τ ;dashed black lines).

Figure 3.11: Autocorrelation profiles of the enthalpy traces as shown in fig. 3.10. The decay of the

autocorrelation curves happens on different time scales. This means that the relaxation times differ depending

on temperature. Dashed black lines are respective single exponential fits.

The Monte Carlo simulation allows one to perform simulations with various ordered-
disordered interaction parameters. From these simulations one can record enthalpy traces at
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Figure 3.12: Simulated heat capacity profiles for a one component lipid system with ∆H =

13168J/(mol chain), ∆S = 44.31J/(mol chain K). The interaction parameter between ordered and disordered

chains differs. The two values chosen were ω = 1269.94 J/(mol chain) and ω = 1311.79 J/(mol chain).

various temperatures. Since heat capacities are related to the strength of enthalpy fluctuations
(fluctuation-dissipation theorem; see eq. 3.13) one obtains ∆cp-profiles. In fig. 3.12 two profiles
simulated with two different interaction parameters are shown (ω = 1269.94 J/(mol chain)
and ω = 1311.79 J/(mol chain)). The entropy and enthalpy changes were again ∆H =
13168 J/(mol chain) and ∆S = 44.31 J/(mol chain K). A reduction in interaction pa-
rameter results in a broadening of the heat capacity curve. In addition, the heat capacity
maximum decreases. The parameter ω describes the cooperativity of the melting transition.
The higher the parameter the more cooperative the transition and the smaller the half-width
of the profile. The area below both curves is the same. It gives the transition enthalpy ∆H.

Figure 3.13: Comparison between heat capacity profiles shown in fig. 3.12 and the calculated relaxation

times. One finds that the excess heat capacity and the relaxation times are proportional to each other. The

scaling of the heat capacity and relaxation time axes differ in the two graphs. This is in accordance with the

finding of the analytical non-equilibrium thermodynamics approach.

Evaluating the enthalpy traces through an autocorrelation and fitting it with the assump-
tion of an exponential decay one obtains relaxation times for the different simulations at
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all temperatures. In the two simulated cases the relaxation times are proportional to heat
capacity profiles (fig. 3.13).

This is an important finding since the shapes of the curves differ. Also the maximal relax-
ation times differ from each other. The more pronounced the transition profile the slower the
relaxation process.

These numerical results are in accordance with the analytical finding that relaxation times
and heat capacity are proportional to each other (see eq. 3.31; (Grabitz et al., 2002)).

Grabitz et al. (2002) were the first ones to present a thermodynamical theory which explains
the experimentally found proportionality between relaxation time and heat capacity. In order
to prove their finding they performed pressure jump calorimetry on various lipid membrane
systems. They concluded that the proportionality is true for all one component lipid systems.
This was also valid for a multilamellar DMPC/cholesterol system. They also claimed that
the phenomenological constant L stays the same for all systems.

It is non-trivial to claim that more complex systems still behave in the same way. For this
reason measurements on lipid systems with different concentrations of peptides, anesthetics
and neurotransmitters were performed. The results of these are presented in chapter 4. The
study of relaxation phenomena is extended to binary systems using the numerical approach.



Chapter 4

Results

In this chapter experimental and simulation results are presented. First the validity of the
introduced numerical model for the description of the phase behavior of DMPC:DSPC lipid
membranes is shown. After that the model is successfully used for the description of diffusion
experiments with fluorescence correlation spectroscopy (FCS). In the following section exper-
imental heat capacity profiles of different artificial membrane systems are presented. In most
of the cases relaxation measurements were performed on these systems, too. Monte Carlo
(MC) simulations help to deepen the understanding of the measured relaxation behaviors.
They also allow one to extend the studies to lipid mixtures. So far pressure perturbation
experiments have not been successful on binary lipid mixtures. The final section is a pure
numerical analysis of fluctuations and domain sizes of the DMPC:DSPC lipid system.

4.1 Experimental and Simulated Phase Diagrams of

DMPC:DSPC

A two state model of lipid chain states with nearest neighbor interactions is analyzed by
means of MC simulations. Sugar et al. (1999) used this model for the description of the phase
behavior of a two component lipid system, in this case DMPC:DSPC. As has been pointed out
earlier in the text fluctuations in enthalpy are related to heat capacity. Therefore, monitoring
enthalpy with time at different temperatures allows one to calculate the heat capacity at
various temperatures. With the right set of nearest neighbor interaction parameters one is
able to fit measured heat capacity profiles1.

Calorimetric measurements were done by T. Schlötzer on suspensions of multilamellar vesi-
cles (MLVs) with the Microcal MCS as described in Schlötzer (2002) at a scan rate of 5K

h .
Simulations were performed on normal PC workstations with Pentium III processors.

Because of finite size effects the size of the simulation matrix has to be varied depending on
the simulated mixture. An increase of the matrix size beyond a certain threshold size does
not change the calculated heat capacity profile. At sizes smaller than the critical size one
clearly sees a dependence on matrix size. Minimum matrix sizes for the different DMPC:DSPC
mixtures are given by Sugar et al. (1999). These minimum sizes depend on the molar ratios of
the two lipid species. We chose sizes bigger than the minimum ones. In the case of the mixtures
70 : 30, 60 : 40, 50 : 50, 40 : 60 and 30 : 70 the matrix size was set to 60 chains×60 chains. It

1 These are results which were already published in my master’s thesis. For reasons of completeness and
because of the importance of the model it is given again.

63
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Figure 4.1: Experimental and theoretical phase diagrams and heat capacity profiles. (left) The phase

diagrams of the DMPC:DSPC lipid system were obtained by analyzing excess heat capacity profiles from DSC

experiments (filled circles) and MC simulations (open circles). (right) The calculated heat capacity values

(open circles) describe the measured experimental profile (solid curve) of an equimolar DMPC:DSPC mixture.

This is also true for other DMPC:DSPC mixtures (data not shown; (Hac et al., 2005; Seeger et al., 2005)).

The experiments were performed by T. Schlötzer (Schlötzer, 2002).

was increased to 100 chains× 100 chains for the mixtures 90 : 10, 80 : 20, 20 : 80 and 10 : 90.
For the one component systems they were chosen to be 350 chains×350 chains (DMPC) and
300 chains × 300 chains (DSPC).

Since high values in heat capacity are related to strong fluctuations in enthalpy (fluctuation-
dissipation theorem; see eq. 3.13) one needs to collect long traces of enthalpy fluctuations in
these cases. Therefore, the number of MC cycles was varied for different temperatures. In a
temperature region of ±4K around the maxima of the heat capacity profile 10000MC cycles
were performed to find the equilibrium position, followed by 100000 MC cycles in the equi-
librium. At all other temperatures cycle numbers were chosen to be 7500 MC cycles and
75000 MC cycles, respectively.

An example of a calculated excess heat capacity profile is shown in the right panel of fig. 4.1.
The MC simulation fits the measured profile with reasonable accuracy. Deviations from the
two curves can be noticed especially at the two flanks and at temperatures around the local
∆cp minimum. The latter is more pronounced in simulations of other mixtures (data not
shown). Still, the simulated profiles fit the measured curves well.

A MC simulation needs the definition of MC steps and cycles. MC steps are the elementary
steps of the simulation. Here, these are changes in lipid chain state and diffusion. During a
MC cycle the MC steps are performed in a given manner. Different definitions of MC cycles
should not influence the simulation result. This requirement is known as detailed balance.
We tested this using different numbers of diffusion steps in the definition of a MC cycle. No
deviations were found (data not shown).

The experimental and theoretical phase diagrams were constructed from a tangent construc-
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tion at the upper and lower temperature limit of the heat heat capacity profiles. The points
of intersection with the temperature axis are interpreted as marking the phase boundaries.
Fig. 4.1 (left panel) shows that the experimental and the calculated phase diagrams are in
agreement.

Therefore, it can be concluded that a simple two state model is sufficient to describe the
phase behavior of the two component DMPC:DSPC lipid system. Since the parameters were
chosen to characterize excess heat capacity profiles of MLVs the model is applied to the
description of experimental diffusion investigations on stacks of supported bilayers. In the
following sections the model is also used for the study of relaxation processes, perturbation
experiments, domain formation and fluctuation properties.

Summary

The minimalistic two state model gives good fits to measured excess heat capacity profiles
and correctly describes the phase diagram of the DMPC:DSPC lipid system.

4.2 Diffusion Studies on Planar Membranes

FCS was used for the investigation of diffusion processes. The diffusion of the fluorescence
label TRITC DHPE was monitored in a stack of supported bilayers of DMPC:DSPC
mixtures. Experiments were performed by A. Hac (Hac, 2004; Hac et al., 2005). TRITC
DHPE partitions equally well into the two lipid membrane phases. These studies were
accompanied by MC simulations2.

The Simulation

In the model, diffusion is mimicked by exchange of neighboring lipids or through rotations.
Diffusion in a ”so” membrane (D ≈ 5 ·10−10 cm2

s ) is about a factor of 80 slower than in a ”ld”

membrane (D ≈ 4 · 10−8 cm2

s ). This difference is modeled by introducing a microviscosity.
A rate function is formulated (see eq. 3.16). An additional parameter ∆E

kBT is needed, where
∆E defines the activation barrier of diffusion in an all ordered lipid environment. In order
to define this parameter simulations were compared with results from measurements on a
DMPC:DSPC 50:50 mixture at T = 290.5K and T = 322.5K, where the membrane is in the
”so” and ”ld” phases, respectively. We fitted both curves using a parameter, ∆E

kBT , of 4.25
(see fig. 3.6).

Usually, simulations were performed with a matrix size of 60 chains × 60 chains. Periodic
boundary conditions are used in the simulation meaning that a lipid diffusion out of e.g. the
right boundary of the simulation box enters the matrix from the left side again. This does
not reflect the diffusion correctly and leads to errors. Virtual matrices are introduced to
circumvent this problem and to follow the diffusion direction. For purposes of determining
the nearest neighbors, a marked chain diffusing out of the original matrix is assumed to

2 A first report about the possibility to simulate diffusion processes was already given in my master’s thesis.
The model, however, experienced some refinements such as the introduction of a microviscosity and of
virtual matrices. In an earlier stage of the model the difference of diffusion in “so” and “ld” membranes
was implemented as being purely based on the states of the four involved lipid chains. Because of a lack
of experimental data simulations could not be compared with experiments in my master’s thesis. The
simulations were further extended in the past years.
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Figure 4.2: Experimental and simulated FCS autocorrelation profiles. For three DMPC:DSPC mixtures at

different temperatures experimental (markers) and simulated (red, solid curves) FCS autocorrelation profiles

are plotted. (left) A mixture of DMPC:DSPC 70:30 was chosen and measurements and simulations were

performed at temperatures of 289.3 K, 303.0 K, 309.2 K and 319.2 K. With this choice of temperatures one

ensures studies of the diffusion behavior below, in and above the melting regime. (center) Measurements and

simulations were also done for an equimolar DMPC:DSPC mixture. Again the temperatures were selected

so that different points in the phase diagram were mapped. (right) Studies on a third system, DMPC:DSPC

30:70, were carried out as well. These were done at temperatures of 291.0K, 317.6K and 330.0K. The curves

calculated from MC simulations describe the measured autocorrelation profiles well. It is noteworthy that they

are predictions rather than fits (Hac et al., 2005).

re-enter the same matrix according to periodic boundary conditions. But for a correct
treatment of the diffusion the physical position is extended by the matrix size. In the
computer a marker might have the indices (i, j), but it gets a physical position depending
on the indices and a multiple of the matrix size. Generally an extension of Amax = 2 was
chosen, which means that two virtual matrices are extended to all sides. A label can diffuse
back into the actual matrix just by diffusing in one direction. This ensures that at long times
not all fluorescence markers have diffused away from the laser focus. It could be argued that
boundary effects still influence the diffusion processes, but it is unlikely to be a big effect.
Autocorrelation curves obtained from diffusion simulations in the pure phases could be
perfectly fitted by the expected Lorentzian shape (see eq. 2.28). Simulations with different
values of Amax showed deviations of the diffusion constant. Deviations were smaller than
10 %. Smaller box sizes might lead to an underestimation, which, however, is small. It
seems that simulations using Amax = 2 correctly mimic the diffusion processes. Focus radii
equal 25 chains. Depending on temperature and therewith the diffusion rates simulations
were performed over 2 · 106, 6 · 106 or 8 · 106 MC cycles. 8 · 106 MC cycles were chosen in
the case of slow diffusion (low temperatures). When diffusion was fast (high temperatures)
fluorescence intensity traces were collected during 2 · 106 MC cycles. In each case, however,
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traces of fluorescence intensity of at most 1 · 106 points were collected, meaning that the flu-
orescence signal was not monitored after each MCcycle, but after every 2nd, 6th or 8th cycle.

Comparison of Experiment and Simulation

In fig. 4.2 representative simulated and measured autocorrelation profiles for three different
mixtures at different temperatures are shown. Temperatures were chosen so that they cor-
respond to different points in the phase diagram. It can be clearly seen that the calculated
results describe the measured ones well. It has to be noted that these are predictions rather
than fits since just the diffusion time scales in the pure ”so” and ”ld” membranes were used
for obtaining the needed parameter ∆E

kBT of the rate function. All other curves follow directly
from the thermodynamics of the system.

Figure 4.3: Variation of autocorrelation profiles in FCS experiments. The thin black curves and the curves

shown with markers are measured autocorrelation profiles from a DMPC:DSPC 70:30 sample. The experi-

mental profiles vary from measurement to measurement. This is possibly due to fluctuations of the sample

temperature during a series of experiments. The curves indicated through the blue markers are the ones shown

in fig. 4.2. The red curves display the simulated results (Hac et al., 2005).

The experimental autocorrelation profiles from different experiments vary at the same
temperature (fig. 4.3) probably because of inaccuracies in the adjustment of the sample
temperature. In fig. 4.3 measurement results of a DMPC:DSPC 70:30 mixture are displayed.
The red curves are from MC simulations and the blue curves are the experimental results
as seen in fig. 4.2. The black ones are a selection of measurements at the respective
temperatures. Experimental curves in fig. 4.2 are not a biased selection. The selection is
based on the received autocorrelation curves from all measurements at the same temperature.
The chosen autocorrelation curves correspond to a curve with an averaged diffusion time.
The simulated curves also show variations from simulations at the same mixture and same
temperature. These deviations are, however, due to the statistics of the system and still
result in the same diffusion time scales (data not shown).
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Focus and Matrix Size

Figure 4.4: Autocorrelation profiles and dependence on focus size. Simulations with different matrix and

focus sizes of DMPC:DSPC 70:30 at T = 289.3 K, T = 303.0 K and T = 319.2 K were performed. The

autocorrelation profiles are corrected so that each of them corresponds to a diffusion through a focus of a

radius of 25 chains. Autocorrelation profiles are only slightly influenced by the system size (Hac et al., 2005).

One objection towards the simulations might be that the simulated system has a size of
about 30 nm × 26 nm, with a focus radius of approximately 12.5 nm. The focus radius of
the experimental setup depends on the used pinhole size, but is much bigger (r ≈ 500 nm).
Therefore, simulations with different matrix and focus sizes were performed to check whether
changing the matrix size influences the autocorrelation profile.

In fig. 4.4 simulated autocorrelation profiles of a DMPC:DSPC 70:30 system at three
different temperatures are shown. Matrix sizes were chosen to be 60 chains × 60 chains,
80 chains × 80 chains and 200 chains × 200 chains with the corresponding focus radii of
25 chains, 35 chains and 95 chains. The displayed autocorrelation curves are normalized
to diffusion through a focus of radius 25 chains. Increasing matrix and focus size have
just minor effects on the autocorrelation profile. These are due to the limited amount
of fluorescence data and could probably be eliminated with longer and time consuming
simulations. It can be concluded that the deviations are small even though system sizes
range from 30 nm × 26 nm to 100 nm × 87 nm. The latter case is still smaller than the
experimental system, but gets into its size range. Still, size effects cannot be completely
ruled out, but at least seem to be small.

Timescales in the Simulation

The good agreement between experiments and simulations allows one to use the simulations
for further evaluation of additional information obtained indirectly from the experimental
results. At first the following case is considered. Assuming that diffusion processes just
depend on the diffusion properties of the pure lipid membrane phases one would expect that
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Figure 4.5: Simulated autocorrelation profiles and their comparison to a superposition of diffusion in pure

”so” and pure ”ld” membranes. Autocorrelation profiles as they result from MC simulations of a DMPC:DSPC

50:50 system at three different temperatures are shown (red, solid curves). The temperatures were chosen so

that diffusion properties in a pure ”ld”, in a pure ”so” membrane and in the domain coexistence regime

were mapped. At temperatures of 290.5 K and 322.5 K also the respective fits (Lorentzian profiles; dashed

curves) are drawn. At a temperature of 309.7 K the system is in a domain coexistence region. The according

Lorentzian profile is a superposition of diffusion properties in the pure lipid membrane phases. The respective

ratios follow from the phase diagram (Hac et al., 2005).

any autocorrelation profile in the phase coexistence regime is a superposition of the ones
in the pure phases. From phase diagrams one can extract the ratio between ”so” and ”ld”
domains. In fig. 4.5 this was done for an equimolar DMPC:DSPC mixture at 309.7 K (black
curve). The red curves are simulated autocorrelation profiles which successfully predicted the
experimental profiles. The superposition clearly deviates from this profile. For further analysis
of this effect MC simulations were performed with a redefined MC cycle. The differences lie
in the weighting of diffusion processes against state changes, representing differences in time
scales of diffusion to fluctuations in chain state. During the time a marked lipid chain passes
the laser focus it can fluctuate in chain state. Ratios between state changes and diffusion
steps varied from 1 : 1 to 1 : ∞. In the last case no state changes were allowed after the
equilibration. At a certain temperature the amounts of ordered and disordered lipid chains
fluctuate around a mean value. In the case that there are no state changes anymore one
needs to perform diffusion studies with a matrix configuration whose number of ordered and
disordered chains is close to the average.

Fig. 4.6 shows results of simulations of a DMPC:DSPC 70:30 membrane with different
ratios of state changes to diffusion steps. Autocorrelation profiles in the pure phases are not
affected and therefore just one curve at the appropriate temperature is drawn. In the phase
coexisting regime at T = 303.0 K autocorrelation profiles depend significantly on the ratio
of state changes to diffusion steps. The more diffusion steps are performed (meaning the
slower the fluctuations in chain state compared to diffusion steps in a MC cycle the later the
autocorrelation curve decreases).



CHAPTER 4. RESULTS 70

Figure 4.6: Different timescales and their influence on autocorrelation profiles. The MC simulation allows

one to study the influence of the ratio between state changes to diffusion steps on the calculated autocorrelation

profiles. In the extreme case no state changes were allowed. It can be seen that the less probable is a change of

state during a diffusion step, the slower the decay of the autocorrelation profile. This shows that the different

time scales in the simulation have an influence on the diffusion behavior. This information is also hidden in

the experimental profiles (Hac et al., 2005). The red curves are the corresponding fits assuming anomalous

diffusion.

Korlach et al. (1999) analyzed FCS measurements on DLPC:DPPC LUVs with fitting auto-
correlation profiles using a two component fit assuming a fast and a slow diffusing component
(see eq. 2.28). Empirically they have found that diffusion constants of the two components
change depending on the lipid composition. These curves can also be examined by an anoma-
lous diffusion fit, where the mean square displacement is not linear with time, but depends
on tα, with 0 < α < 1 (see eq. 2.29). The autocorrelation curves of fig. 4.6 at T = 303.0 K
were described by both means. The following results were obtained:

1. Two component fit (data not shown):

τ1 = 113 MC time, τ2 = 1497 MC time, ra = 0.21, ratio = 1 : 1

τ1 = 187 MC time, τ2 = 2648 MC time, ra = 0.29, ratio = 1 : 100

τ1 = 346 MC time, τ2 = 2999 MC time, ra = 0.48, ratio = 1 : 1000

τ1 = 665 MC time, τ2 = 22438 MC time, ra = 0.65, ratio = 1 : ∞

2. Anomalous fit (red curves in fig. 4.6):

τ = 296 MC time, α = 0.83, ratio = 1 : 1

τ = 279 MC time, α = 0.79, ratio = 1 : 100

τ = 190 MC time, α = 0.73, ratio = 1 : 1000

τ = 117 MC time, α = 0.63, ratio = 1 : ∞,
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with ratio always referring to the ratio of state changes to diffusion steps and ra is the ratio
of the fast to slow diffusion component.

One sees that the phenomenological constants which are a result of the fit procedures
depend on the diffusion and relaxation timescales. Therefore, one can conclude that the
fitting procedures do not give any information about the underlying physical processes. This
finding is further discussed in sec. 5.1.

Effect of Interaction Parameters

Figure 4.7: Heat capacity profiles of DMPC:DSPC 70:30 with changed interaction parameters. Lowering

the interaction parameters between ordered and disordered chains to 90% or 80% of their original values (see

table 3.1) affects the melting profile. The profile broadens with lower interaction parameters and therefore the

maximum heat capacity value decreases. Higher interaction parameters mean that contacts between ordered

and disordered chains are less favorable than for lower parameters.

In the following another aspect is studied. In section 4.3 it is shown that small molecules like
alcohols or neurotransmitters broaden the excess heat capacity profile and shift the profile to
lower temperatures. Formally speaking, broadening means that the interaction parameters
in our model are reduced. The model and the evaluation by means of MC simulations allows
one to study the effect of a reduction of ordered-disordered interaction parameters without a
shift of the profile to lower temperatures. In fig. 4.7 three calculated heat capacity profiles
of a DMPC:DSPC 70:30 mixture with different ordered-disordered interaction parameters
are displayed. One reflects the case of using the interaction parameter values needed for the
description of the phase diagram of the DMPC:DSPC membrane system (see table 3.1). In the
simulations of the other profiles ordered-disordered interaction parameters were reduced to
90% or 80% of their actual values. The curves are broadened, but not shifted. The decrease of
interaction parameters and therewith the broadening of the ∆cp-profiles also means that the
lateral membrane order changes (see figs. 4.30 and 4.31 in sec. 4.5). Simulations of diffusion
processes with reduced interaction parameters were performed to study the influence of the
structural order and changes of fluctuation properties (see sec. 4.5) on diffusion processes, as
it might be influenced by alcohols or neurotransmitters.
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Figure 4.8: FCS simulations with different interaction parameters. Small molecules can reduce the interac-

tions at domain interfaces. Interaction parameters decrease, and this results in a change of matrix configuration

and fluctuations (see sec. 4.5). The diffusion behavior is changed too. A reduction in interaction parameters

can lead to a normal diffusion behavior. Here, simulation results of a DMPC:DSPC 70 : 30 mixture at 309.2K

are shown. In the two cases the ratio between state changes and diffusion steps is different (1 : 100 (left) and

1 : 1000 (right)).

In fig. 4.8 autocorrelation profiles of fluorescence intensity traces from simulations of a
DMPC:DSPC 70 : 30 at 309.7 K are presented. Ordered-disordered interaction parameters
are set to 100%, 90% and 80% of the originally determined values. In the left and right panel
of fig. 4.8 simulations were performed with a ratio between state changes and diffusion steps
of 1 : 100 and 1 : 1000, respectively. In the case of a ratio of 1 : 100, diffusion deviates from
normal diffusion when ordered-disordered interaction parameters are set to 100% and 90%.
The autocorrelation profile simulated with 80% ordered-disordered interaction parameters
can be described by normal diffusion (fits not shown). As described above the ratios between
state changes and diffusion steps influence the autocorrelation profiles. The slower the state
changes in comparison to diffusion steps the higher becomes the α-value describing the
anomalous diffusion behavior. Therefore, in the cases with changed interaction parameters
also the state change to diffusion ratio affects the diffusion behavior. With a ratio of 1 : 100,
diffusion is normal on the length scale of the focus at parameters reduced to 80%. This is not
true any more at a ratio of 1 : 1000, where all profiles can only be described by anomalous
diffusion or two component diffusion fits. Just concentrating on anomalous diffusion fits,
one finds that α-values are α100% = 0.738, α90% = 0.939 and α80% = 0.965. The deviation
from normal diffusion behavior is bigger in the case of high interaction parameters. This is
true for all conducted simulations at DMPC:DSPC ratios and temperatures as of fig. 4.2.
Decreasing ordered-disordered interaction parameters can speed up or slow down diffusion.

Summary
Fluorescence intensity autocorrelation profiles can be predicted by our MC simulations.

Diffusion processes in binary lipid membranes of DMPC and DSPC in the domain coexistence
regime display a behavior deviating from normal diffusion. Diffusion properties are influenced
by the time scales of diffusion steps and fluctuations in chain state. This information is
hidden in measured fluorescence intensity autocorrelation profiles. The reduction of ordered-
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disordered interaction parameters influences the melting behavior and therein the diffusion
behavior.

4.3 Melting Transitions of Artificial Membranes

Figure 4.9: Heat capacity profiles of one component lipid membranes. The melting temperature and the

profile’s shape depend on chain length and the vesicle type. MLV vesicles show a higher cooperativity than

LUVs (top panel left and right, respectively). The melting temperature differs as well. Longer chain length

results in higher melting temperatures (upper panel right and lower panel).

As explained in the introductory part of this work (see ch. 1) melting processes in lipid
membranes depend on different parameters like chain length, head group, pH, pressure, ion
concentration and vesicle type. In this work uncharged phospholipids are used whose melting
profile is hardly affected by ion concentration or pH. As shown below they, however, depend
on lipid chain length, size of the lipid vesicles and the addition of extra molecules like alcohols,
neurotransmitters or peptides. In the following, data is presented which shows excess heat
capacity profiles of different phospholipid membrane systems. All measurements were done
with lipid vesicles formed in a 10 mM Hepes buffer with 1 mM EDTA at pH 7. All scans
were done with the VP-DSC, with the exception of the DMPC:DSPC plus 1-octanol system.
Melting profiles of the latter system were conducted with the MSC. All curves shown, with
the exception of the DMPC/Gramicidin A system, were measured at scan rates of 5 K

h with
increasing temperatures with time. In the case of the DMPC/Gramicidin A system the scan
rate was 1K

h .
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Figure 4.10: Heat capacity profiles of phospholipid membranes (MLV) with small molecules or peptides.

DSC scans were performed on suspensions of DMPC MLVs with addition of different concentrations of 1-

octanol (top panel, left), serotonin (bottom panel, left) and gramicidin A (bottom panel, right). Another

series of measurements was done with equimolar mixtures of DMPC:DSPC MLVs and addition of various

concentrations of 1-octanol (top panel, right). The addition of 1-octanol, serotonin and gramicidin A leads to

a broadening of the profiles and a shift of the transition regime to lower temperatures.

In fig. 4.9 melting profiles of pure lipid membranes are depicted. The first two graphs (upper
panel left and right) display curves of pure DMPC membranes. DMPC is a phospholipid with
14 carbon atoms in each of its chains. It can be seen that the DMPC MLV system shows
a higher cooperativity than the LUVs. In the latter case the profile is broadened and the
heat capacity maximum is shifted to higher temperatures. Comparing heat capacity curves of
LUVs of DMPC and DPPC (16 carbon atoms per chain) it is seen that the DPPC membranes
melt at higher temperatures.

Addition of the alcohol 1-octanol broadens melting profiles of one component DMPC MLVs
and of equimolar DMPC:DSPC MLVs and shifts them to lower temperatures (fig. 4.10 top
panel left and right). It is important to note that the amount of 1-octanol in the buffer and
the membranes is given with respect to the lipid weight. Alcohol molecules partition into
water and lipid membranes. Thus, one has to know the partition coefficient to calculate the
molar amount of 1-octanol partitioned into the lipid membrane. This is discussed in more
detail elsewhere (see sec. 5.1.3). The neurotransmitter serotonin and the antibiotic peptide
gramicidin A also shift the profiles to lower temperatures and broaden them (fig. 4.10 bottom
panel left and right). In fig. 4.10 the concentration of serotonin is given as it was dissolved in
the buffer solution. The molar ratio of gramicidin A is the one in the lipid membrane.

In the following section results from relaxation time measurements on the different systems
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(with exception of the two component lipid system) are shown. The addition of small
molecules or peptides influences heat capacity profiles. The underlying question is whether
measured relaxation processes are still related to heat capacity as proposed by Grabitz et al.
(2002).

Summary

Anesthetics, neurotransmitters and antibiotics broaden melting profiles and shift them to
lower temperatures.

4.4 Relaxation Processes of Artificial Membranes

Relaxation experiments with artificial lipid membranes were performed using pressure pertur-
bation calorimetry. Two methods are used for the evaluation of relaxation processes. One in
which we monitor the response of our VP-DSC calorimeter after a rapid pressure change with
the assumption of constant temperature. A second method measures a temperature change
directly in the sample. (Grabitz et al., 2002) applied already successfully the method using
the response of the calorimeter. Evaluating the temperature behavior after a pressure jump
has been developed in the context of this thesis in order to increase the time resolution of our
relaxation time experiments. In the next two sections the principal findings and problems of
the two methods are described and compared. After that results of relaxation measurements
on different systems are presented.

4.4.1 Pure DMPC Membrane: Method I

The calorimeter response after a negative or positive pressure jump (npj or ppj ) gives infor-
mation about the relaxation process of the lipid system. The calorimeter response is assumed
to be the result of a convolution of the instrument response and the lipid signal. One of the
simplest systems to study is a solution of multilamellar DMPC vesicles. In the left panel of
fig. 4.11 an excess heat capacity profile is compared to measured relaxation times. Experi-
ments were performed on a 50 mM DMPC suspension (MLV; 14 carbon atoms per chain).
The shown ∆cp-curve was measured with the VP-DSC at a scan rate of 5 K

h . The solution was
filled into the pressure cell whose volume is not exactly known. This means that no absolute
values of heat capacity can be obtained directly, since for that the lipid concentration, the
cell volume, the scan rate and the calorimeter signal are needed. However, measurements
on a 10 mM solution directly in the calorimeter cell which has a defined volume allowed us
to determine the transition enthalpy3 in units of J

mol . This does not depend on the lipid
concentration and therefore, the curve from a solution with a concentration of 50mM should
yield the same transition enthalpy. This allows the recalculation of the measured profile of
lipid membranes in the pressure cell to absolute values. In this case the transition enthalpy
was determined to be 21.5 kJ

mol .
Pressure perturbation experiments were done by changing pressure with ∆p = ±40 bar.

Three jumps at the same temperature were evaluated and averaged. Results from negative
pressure jumps (npjs; circles) and positive pressure jumps (ppjs; squares) are drawn
together. Relaxation times are as long as 31.0 s and standard deviations are usually not

3 The transition enthalpy is the area below the heat capacity profile.
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Figure 4.11: Heat capacity and relaxation times of DMPC (MLV). (left) An excess heat capacity profile (solid

curve; left axis) and relaxation times (markers; right axis) of a 50mM DMPC (MLV) solution are shown. The

maximum of the relaxation times is at a temperature where the heat capacity displays a maximum too. The

relaxation times were measured with npjs (circles) and ppjs (squares). The temperatures of the ppjs needed

to be corrected to lower temperatures, since the melting temperature depends on pressure and becomes higher

with increasing pressure. (right) Relaxation times are plotted against heat capacity. The measured data (red,

open circles) can be fitted by a linear function (black, solid curve). The fit does not intersect the origin. The

reason for this is believed to originate from the experimental limitations.

bigger than 0.5 K. A comparison of the heat capacity profile and the relaxation profiles
reveals (see the left panel of fig. 4.11) that relaxation processes slow down in the proximity
of the melting regime. The maximum relaxation time is found at a temperature where
also the heat capacity displays a maximum. Plotting relaxation times against respective
heat capacities shows that relaxation time and heat capacity display a linear relationship
(right panel of fig. 4.11). The corresponding linear fit does not intersect the origin. An
intersection with the origin was, however, expected from the theoretical considerations and
conclusions of Grabitz et al. (2002). This were that relaxation time and heat capacity are

related to each other by: τ = T 2

L ∆cp, where τ is the relaxation time, T the temperature,
L the phenomenological coefficient and ∆cp the heat capacity (see also sec. 3.2). Later
in the text we argue that this results rather from experimental limitations than from the
physics of the system. Further, we want to determine the phenomenological constant
of the investigated system. From the heat capacity value at the transition midpoint,
∆cm

p = 2.32 kJ
molK , the transition midpoint, Tm = 296.77 K, and the relaxation time at the

transition midpoint, τm = 31.0s, one calculates a phenomenological coefficient of 6.6·108 J K
mol s .

Compensation of Heat Release and Absorption

Doing npjs one jumps from the ”so” phase into the coexistence region so the calorimeter
needs to heat the sample. In the other case of performing ppjs into the coexistence regime it
needs to cool. The heating and cooling needs to compensate the heat absorption or release
of the lipids. If, however, one jumps through the whole transition or through a major part of
it the calorimeter fails to compensate the heat release or absorption. This problem is more
pronounced in the case of ppjs since cooling of the cells is slower. This means that the cell’s



CHAPTER 4. RESULTS 77

temperature cannot be kept constant. In a case like this an analysis of the calorimeter response
is not possible. The high cooperativity of the lipid membrane transition requires a good
control of temperature so that the point in phase state is not shifted during the measurement.
In fig. 4.12 two situations are presented. One in which heat could be compensated (left) with a
temperature fluctuating around an average and another one where the temperature increased
after a ppj. Even though this problem is, because of the slow cooling, more common for
ppjs it also occurs in the case of npjs. A high lipid concentration, of course, influences the
likelihood of the occurrence of a failure in compensation.

Figure 4.12: Temperature course after a pressure jump (method I). (left) A typical calorimeter response

(upper graph) after a npj and the temperature development (lower graph) are shown. (right) The answer of

the calorimeter and the temperature versus time curve after a ppj are displayed. One should note the different

sizes of the two temperature axes of the left and right graph.

For npjs one usually gets problems at temperatures corresponding to the upper temperature
limit of the transition. For ppjs it is at the lower temperature limit. Therefore, results from
npjs and ppjs are plotted together. The results complement each other. In fig. 4.11 results
from npjs are shown using circles, whereas the ones from ppjs are indicated by squares.
Since the transition under pressure happens at higher temperatures (∆Tm ≈ 0.95 K at
∆p = 40 bar) the latter results have to be temperature corrected. Usually, one expects a
correction of 0.95 K to lower temperatures, but the temperature scale had to be shifted by
−0.90 K. Unexpectedly, also, the relaxation times from npjs have to be corrected by shifting
the relaxation times by −0.01 K. Already Grabitz et al. (2002), who worked with the same
calorimeter and setup, reported a shift of their data of −0.04 K. They claimed that it was
due to differences in the temperature calibration of the isothermal and scanning mode of
the VP-DSC. This, however, cannot explain why values from ppjs have to be corrected by
−0.90 K and not the expected value of −0.96 K. A possible physical explanation lies in
another effect which is known as hysteresis.

Hysteresis Effects

Fig. 4.13 displays heat capacity profiles of the same lipid suspension as in fig. 4.11 obtained
with different scan rates and scan directions. Doing scans from lower to higher temperatures
with faster scan rates result in melting at higher temperatures and broader profiles than the
ones measured at slower scan rates. Scanning from high to low temperatures (down scan)
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Figure 4.13: Hysteresis effects in a DMPC Suspension. Different DSC-scans with different scan rates and

with different scan directions result in unequal ∆cp-curves. The profiles display different degrees of broadening

and also different transition midpoints. In one of the graphs the absolute heat capacity values are plotted

(left), while in the other one the normalized profiles are shown (right).

leads to melting at lower temperatures than in the case of scanning the opposite direction (up
scan). In the case of down scans higher scan rates lead to melting at lower temperatures. The
maximum chosen scan rate was 5 K

h . An even faster scan would shift the melting temperature
to even higher (up scan) or lower (down scan) temperatures.

Measurements showed that in the case of a profile measured with 10 K
h , the relaxation times

did not need shifting. This suggests that a sudden change in pressure should be compared to
a profile measured at high scan rate. Because of the small half width of the melting profiles,
however, it does not make sense to present curves measured at a scan rate of 10 K

h . If one
compares the relaxation times to heat capacity profiles measured at slower scan rates a shift
of the relaxation data becomes necessary. This shift corresponds to the fact that the heat
capacity maxima of profiles measured with different scan rates occur at varying temperatures.
Still, the general message that relaxation times and heat capacity are linearly related stays
true.

Performing ppjs one jumps from a ”ld” environment into the phase coexistence regime.
Therefore, it seems reasonable that one should consider heat capacity profiles measured with
downwards scanning . Since measured profiles from down scans and up scans at the same
scan rate differ, it is not surprising that the relaxation time values have to be shifted by
another value instead of the expected one of −0.96 K. The shift in melting temperature
between a down scan and an up scan, both measured at a scan rate of 5 K

h , is about 0.11 K.
This means that the necessary shift of −0.90K differs from what one would expect (−0.84K)
considering the down scan at 5 K

h .

Transition Enthalpy and Heat Release/Absorption

A last aspect of the evaluation of relaxation processes with method I concerns the total heat
release or absorption of the calorimeter after a pressure jump. This should be proportional to
the transition enthalpy. In fig. 4.14 the solid curve shows the transition enthalpy dependence
on temperature. It is the integral of the excess heat capacity. Plotting also the total area
of the calorimeter responses at different temperatures verifies that it is proportional to the
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Figure 4.14: Transition enthalpy and total area of calorimeter response versus temperature. It is verified

that the area of the calorimeter response after npjs (markers) and the transition enthalpy (solid curve) are

proportional.

transition enthalpy.
Before further results obtained with this method are presented, the next section introduces

method II, where the temperature signal after a pressure jump is monitored. Both ways of
analysis should yield the same relaxation behavior.

4.4.2 Pure DMPC: Method II

Using method I it is assumed that the temperature in the lipid solution stays constant after
a pressure jump. This is, however, just an idealized situation and in reality the temperature
changes. The temperature sensors of the calorimeter are not able to monitor this, but
thermocouples which are directly led into the pressure cell capillaries can be used for this
purpose. Again, we assume that a convolution of the instrument response with the lipid
signal describes the measured temperature course.

Multilamellar Vesicles

Experiments on a suspension of multilamellar DMPC vesicles can be compared to mea-
surements from method I as shown in fig. 4.11. In fig. 4.15 a ∆cp-profile measured for a
40 mM DMPC in a 10 mM Hepes buffer with 1 mM EDTA at pH 7 at a scan rate of 5 K

h
is presented. The heat capacity values were corrected so that the area of the curve equals
21.5 kJ

mol . Markers in the same graph display relaxation times as obtained after ppjs of
+15 bar. The shown values are averages from two jumps at the same temperature. They
are shifted so that they fit onto the heat capacity curve at atmospheric pressure (−0.33 K).
It is again observed that relaxation times become longer at temperatures where the heat
capacity displays anomalies. The longest relaxation time is found at a temperature were
the heat capacity is the highest. Where the maximum relaxation time was determined as
τm = 31.0 s with method I, it was measured as τm = 25.2 s with method II. The sample
preparations used were different. Performing DSC scans of the two samples it was found that
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Figure 4.15: Relaxation times of a multilamellar DMPC solution evaluated with method II. Shown are a

heat capacity profile (solid curve) and relaxation times (open circles) of multilamellar DMPC vesicles. The

relaxation times were obtained by evaluating the temperature development of the sample solution.

the two profiles differed. The heat capacity curve of the sample which was used during the
evaluation with method II was broader and the maximum heat capacity value was decreased
in comparison to the profile of the sample which was used during the evaluation with method
I. The transition temperature, however, was the same in both measurements. One finds
a phenomenological constant of L = 6.8 · 108 J K

mol s from the measurements of method II.
Besides a small deviation it equals the one obtained with method I (L = 6.6 · 108 J K

mol s). The
phenomenological constants, obtained from both methods, should be the same rather than
the absolute relaxation times. Therefore, it can be concluded that the analysis of pressure
perturbation experiments with method I or method II give the same relaxation behavior.
This is further discussed in sec. 5.1.4.

Large Unilamellar Vesicles

The advantage of method II in comparison to method I is its time resolution. Method I has
a time resolution of about 3− 4 s. The direct measurement of the temperature course allows
one to measure relaxation times with a resolution of less than 500 ms. An example can be
seen in fig. 4.16. Pressure jump experiments on a 40 mM extruded DMPC solution with
changing pressure of +40 bar were performed. At each temperature two experiments were
used to find an average relaxation time. The longest relaxation process in DMPC LUVs is
much faster than the longest one found in DMPC MLVs. A linear relationship between the
excess heat capacity and relaxation time is again present. The maximum relaxation time was
found to be τm = 1.5s. We estimate a phenomenological constant of L = 15.7 ·108 J K

mol s . This
phenomenological coefficient is more than a factor of two bigger than of DMPC multilamellar
vesicles.

Problems of Method II

A few problems related to this method are present. One problem is due to the weakness
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Figure 4.16: Relaxation times of a LUV DMPC solution. Relaxation times (open circles) were determined

on experiments with a suspension of 40 mM DMPC (LUV). The corresponding heat capacity profile (solid

curve) is shown too. LUVs of DMPC are less cooperative than DMPC MLVs. The maximum relaxation time

(τm = 1.5 s) is much faster than the one of DMPC MLVs (τm ≈ 25 s or even slower).

of the signal originating from the lipid membranes (further on called the lipid signal) at
the upper temperature limit of the heat capacity curve. Performing ppjs means that at
higher temperatures the change in enthalpy after a pressure jump is smaller than at lower
temperatures. The weaker strength of the lipid signal at higher temperatures complicates the
resolution of the lipid signal. The determination of relaxation times is difficult and results in
a lack of data at higher temperatures. Since the time resolution of npjs is not high enough one
cannot use measurements with pressure release for complementing the kinetic measurements
with ppjs.

Another problem might occur because of the width of the melting transition. In experiments
of lipid systems with high cooperativity an additional pressure of 40 bar shifts the profile
away from the one at atmospheric pressure. The two curves do not intersect. In cases of less
cooperative processes this, however, is not the case (data not shown) and profiles overlap.
If a temperature is chosen at which the two profiles overlap, one jumps from a point in the
coexistence regime into another one in the coexistence regime by increasing pressure. This
leads to a smaller heat release than in the case of jumping from a pure ”ld” membrane into the
coexistence regime. This means that with further lowering of temperature the heat release
decreases instead of increasing. The problem is, however, less pronounced than at higher
temperatures. This means that the added pressure should be chosen to be as big as possible.
Varying pressure does not change relaxation times (data not shown). With higher pressure
changes the perturbation signal increases as well. A pressure change of 40 bar when doing
experiments on suspensions of LUVs was chosen, which was sufficient in our experiments.

Of course, the lipid signal also depends on the lipid concentration. If the concentration is
higher the lipid contribution grows. At some temperatures this can lead to a total signal
which shows too big a temperature change and the relaxation process cannot be evaluated.
This is because the point in the coexistence regime changes during the measurement and
the temperature course would reflect several relaxation properties. This problem is more
pronounced in studies on MLVs than on LUVs. The cooperativity is much higher and already
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minor temperature changes can change the phase state. Parameters like concentration and
pressure change have to be carefully chosen.

Summary

In the previous two sections two methods have been introduced which allow one to study
relaxation processes in artificial lipid membranes. First experimental results of simple one
component systems (MLV and LUV) were described. Heat capacity and relaxation time are
found to be proportional to each other. Further, these two methods were used for studying
the relaxation behavior of different systems with addition of anesthetics, or neurotransmitters
or antibiotics. The type of vesicle system (MLV or LUV) was varied too. The question of
interest was whether the linear relationship between relaxation times and heat capacity is
valid for a diverse of systems.

4.4.3 Addition of Small Molecules or Peptides and Type of Vesicle

In the previous two sections it is described that one can determine relaxation times of lipid
suspensions after a pressure perturbation using the response of a VP-DSC calorimeter or
evaluating the directly measured temperature behavior. First measurements on pure lipid
membrane systems display a linear relation between relaxation times and heat capacity, as
theoretically predicted (Grabitz et al., 2002). Since the transition of LUVs shows a lower
cooperativity than the one of MLVs, relaxation times at a temperature of maximum heat
capacity are much faster in LUV systems.

This finding raises new questions about whether this linear relation is still valid for systems
with additional molecules in the lipid bilayer. Further experiments were based on the addition
of molecules which display a functional role in biological membranes. These molecules are
the anesthetics 1-octanol and halothane, the neurotransmitter serotonin and the antibiotic
gramicidin A. As described in sec. 4.3 these molecules influence the transition behavior of the
lipid membrane. All of them shift the profile to lower temperatures and broaden the profile4.

Pressure jump experiments with different systems were performed changing pressure with
±40 bar. At each temperature three pressure jumps were evaluated with method I and the
obtained relaxation times were averaged. In the graphs (fig. 4.17 and 4.18) the displayed
heat capacities were measured with a scan rate of 5 K

h , where the transition enthalpy is

standardized to 21.5 kJ
mol . Relaxation times were shifted by −0.01 K for npjs and by −0.90 K

for ppjs. It is, however, not indicated which points come from npjs and which from ppjs.

Influence of Anesthetics

In order to verify the influence of anesthetics, different amounts of 1-octanol given in
percentages of the lipid weight were given into a 50 mM suspension of multilamellar DMPC
vesicles (see fig. 4.17). Addition of the anesthetic 1-octanol broadens the transition profile and
shifts it to lower temperatures. The higher the concentration the bigger the effect. It is also
found that the maximum heat capacity decreases with increasing 1-octanol concentrations.
This also affects the relaxation process. The region of increased relaxation times is as much
shifted as is the heat capacity profile. The longest measured relaxation process becomes

4 No data in the case of halothane is shown in sec. 4.3. The conclusion is the same as in the case of 1-octanol.
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Figure 4.17: Relaxation times of a DMPC solution (MLV) with addition of the anesthetic 1-octanol. In

the different panels heat capacity profiles (solid curves) and relaxation times (open circles) are shown from

measurements with addition of different concentrations of 1-octanol: (top panel, right) pure DMPC Membrane,

(bottom panel, left) DMPC membrane plus 0.1wt% 1-octanol and (bottom panel, right) plus 0.5wt% 1-octanol.

One should note that 1-octanol shifts the heat capacity profile to lower temperatures and broadens it (top

panel, left). Therein, the maximum heat capacity value becomes smaller. Relaxation times are also affected.

The maximum relaxation time decreases with increasing anesthetic concentration and the regime of slowed

down relaxation processes is shifted to lower temperatures too. Note the different scaling of the heat capacity

and relaxation time axes of the graphs displaying relaxation times and the respective ∆cp-profile.

faster the more the maximum heat capacity value decreases. This finding supports that heat
capacity and relaxation times are proportional also after the addition of 1-octanol. Depending
on the degree of broadening the maximum relaxation time decreases. In the case of adding
0.1 wt% 1-octanol one finds a relaxation time of 17.7 s and when adding 0.5 wt% 1-octanol
we determined τm = 14.8 s at the transition midpoint. Calculating the phenomenological
constants one finds from both measurements L = 6.3 · 108 J K

mol s . These values lie in the
same order as determined from experiments on the DMPC MLVs (L = 6.6 · 108 J K

mol s and
L = 6.8 · 108 J K

mol s). Another measurement with addition of 0.1 wt% 1-octanol (different
preparation) resulted in a phenomenological constant of L = 7.2 · 108 J K

mol s , which is higher
than the one from the measurement with the other preparation. This discrepancy can be
explained with experimental problems. This is that DSC scans of the same sample on
successive days can result in heat capacity profiles which show small differences. Often it is
found that profiles broaden with time. A broadening automatically results in a decrease of
the maximum heat capacity and as seen faster relaxation processes. Taking a heat capacity
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profile from an earlier day as a reference results in a bigger phenomenological constant. In
the latter series of measurements a broadening of the heat capacity curves was recorded.
However, no scan after finishing the relaxation measurements was done. A further broadening
might explain the small deviation of the two phenomenological constants. Another reason for
the small discrepancy is that small differences in the maximum determined relaxation time
can make a deviation in the phenomenological constant. In the measurements of the two
DMPC plus 0.1 wt% 1-octanol suspensions maximum relaxation times of 17.7 s and 17.2 s
were measured. Standard deviations of a few tenth of a second are usually found.

Influence of Neurotransmitters

Figure 4.18: Relaxation time measurements on DMPC (MLV) solutions with addition of the neurotrans-

mitter serotonin. Relaxation times (open circles) and heat capacity profiles (solid curves) of DMPC (MLV)

membranes were measured after addition of various concentrations of serotonin: (top panel, right) pure DMPC

membrane, (bottom panel, left) plus 0.5 mM and (bottom panel, right) with 3 mM serotonin. Higher concen-

trations of serotonin lead to broader heat capacity profiles, a decrease in the maximum heat capacity value and

a shift of the profile to lower temperatures (top panel, left). The maximum relaxation time is also influenced

and becomes smaller with increasing serotonin concentration. The temperature region of increased relaxation

times is shifted in the same manner like the heat capacity profile. Note the different scaling of the heat capacity

and relaxation time axes in the three graphs displaying relaxation times and heat capacity.

Another series of experiments were conducted on a DMPC/Serotonin system (see fig. 4.18).
DMPC lipid powder was dissolved in a buffer solution with different concentrations of
serotonin. Relaxation times and excess heat capacity display again a linear relationship.
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Not only ∆cp-profiles, but also the relaxation time profiles shift to lower temperatures and
broaden. Relaxation times are faster than in DMPC vesicles without serotonin. Relaxation
times at the transition midpoint are τm = 21.6 s (1 mM serotonin) and τm = 9.0 s
(3 mM serotonin). Calculated phenomenological constants are L = 6.5 · 108 J K

mol s and
L = 7.5 · 108 J K

mol s , respectively. It has to be mentioned that measurements at two other
serotonin concentrations (1 mM and 2.5 mM) showed a proportionality of heat capacity
and relaxation time, but phenomenological constants are found to be 11.7 · 108 J K

mol s and
8.7 · 108 J K

mol s . In the one case it is almost a factor of two higher than the ones which were
found before. In these measurements the deviations seem to arise from a broadening of
the phase transition profile. DSC scans of the samples showed that the curves broadened
with time. Heat capacity profiles were measured on successive days before the relaxation
time measurements. The later scans showed a broader transition regime than earlier ones.
This suggests that the actual profiles during the relaxation time measurements were even
broader. This again means a smaller maximum heat capacity value and therewith also a
smaller phenomenological constant. This presumably also explains the slightly higher value
of L = 7.5 · 108 J K

mol s in the measurement with 3mM serotonin.

Influence of Antibiotics

Pressure perturbation experiments were also performed with DMPC MLVs and the
addition of the antibiotic gramicidin A (measurements were done in collaboration with M.L.
Gudmundsson; see (Gudmundsson, 2004)). The used pressure cell was the one of method II,
but still the calorimeter response was analyzed. The displayed relaxation times are averages
of two measurements at the same temperature. DSC scans on successive days revealed
that the profiles differed. The maximum in heat capacity was shifted to sometimes lower
and sometimes higher temperatures. The shifts were in the few hundreds of Kelvin regime.
Often no broadening was observed, but if there was a broadening it was in a range as also
seen in the experiments with addition of neurotransmitters or anesthetics. Based on DSC
scans of 10 mM solutions in the calorimeter cell temperatures were corrected. Scans were
performed with scan rates of 1 K

h or slower. The shown profiles are results with a scan
rate of 1 K

h . From other experiments it is known that the temperature shift between a
scan with 5 K

h and 1 K
h is constant (∆T = −0.03 K). We shifted the heat capacity profiles

and also the relaxation times with this value of ∆T = −0.03 K so that the transition
midpoint temperature equals the expected one for a scan with 5 K

h . Despite these problems
one can conclude that again a proportionality between the heat capacities and relaxation
times is found. The maximum relaxation times and the phenomenological constants at
the transition midpoint are τm = 20.8 s and L = 7.9 · 108 J K

mol s (plus 0.5 mol% gramicidin
A) and τm = 13.1 s and L = 5.8 · 108 J K

mol s (plus 1.5 mol% gramicidin A). The found
phenomenological constants deviate from each other. These might be due to errors in the
determination of the relaxation times. E.g. in the case of the measurements resulting in a
phenomenological constant of 5.8 · 108 J K

mol s a maximum relaxation time of 12.0 s would lead
to a phenomenological constant of 6.3 ·108 J K

mol s . Looking at the data one finds that the value
which leads to a relaxation time of 13.1 s might be an error and the maximum relaxation
time is rather around 12.0 s. The higher phenomenological constant as obtained in the mea-
surement on DMPC plus 0.5mol% gramicidin A might have occurred because of a broadening.
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Figure 4.19: Relaxation times of a DMPC plus gramicidin A (MLV) suspension. Heat capacity profiles (solid

curves) and relaxation times (open circles) are affected by addition of various concentrations of gramicidin A

to DMPC (MLV) membranes: (top panel, right) pure DMPC membrane, (bottom panel, left) with addition of

0.5 mol% and (bottom panel, right) 1.5 mol% gramicidin A. The maximum relaxation time and the maximum

heat capacity become smaller with increasing gramicidin A concentration. The profiles are shifted to lower

temperatures and are broadened. For a better visualization the measured heat capacity profiles are plotted in

one graph (top panel, left). Note the different sizes of the heat capacity and relaxation time axes in the three

graphs displaying relaxation times and the respective heat capacity curve.

Calorimeter Response: Perturbation and Lipid Signal

In sec. 4.4.1 it has been shown that the total area below the calorimeter response depends
on the transition enthalpy and that it is proportional to the released transition enthalpy.
The total signal originates from a perturbation of the setup and the release or absorption of
heat from the lipids. If there is merely one relaxation process, area of the perturbation signal
should stay constant in a small temperature interval. It should not show any temperature
dependence. As it can be seen in fig. 4.20 (left panel) the area of the perturbation signal
changes as expected if it depends on a contribution originating from the lipids. This signal
must be the sum of a perturbation and a lipid contribution of a fast relaxation process.
The area of the response belonging to the slow relaxation process (fig. 4.20, right panel)
makes about 95% of the response originating from the lipids. In general, the fast relaxation
process accounts for about 5 − 8 % of the total signal coming from the lipids. Therefore, the
contribution of the fast relaxation process is small.
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Figure 4.20: Transition enthalpy and area of the perturbation and lipid signal (method I) versus temperature.

(left) The temperature dependent transition enthalpy (green, solid curve) and the area of the perturbation

signal (open circles) are shown and can be compared. (right) The area of the response originating from the

lipid (open circles) is compared to the temperature dependent course of the transition enthalpy (green, solid

curve). Both, the response originating from the lipid and the perturbation are proportional to the transition

enthalpy. The temperature dependence of the perturbation response reveals a relaxation process below the

time resolution limit of the experiment.

Large Unilamellar Vesicles

Experiments on unilamellar vesicle systems using method II have not revealed any further
faster relaxation processes. Temperature versus time curves were fitted with one relaxation
process. One explanation of not finding faster processes might lie in the different vesicle
systems, another one in the weak contribution of the fast relaxation process. A limitation of
the time resolution is a third possible reason.

Concentrations in the experiments with LUVs were chosen to be 40 mM . Twice one com-
ponent lipid suspensions (DMPC and DPPC) and once a lipid/halothane system (DMPC +
20wt% halothane) were chosen. DPPC membranes melt at higher temperatures than DMPC
ones. Halothane shifts the profile to lower temperatures and broadens the profile. In the pres-
sure perturbation experiments the pressure change was +40 bar and at each temperature two
pressure jumps were done and relaxation times were averaged. ∆cp-curves were measured at
a scan rate of 5 K

h and the transition profiles were standardized to 20 kJ
mol (DMPC membranes)

and 30 kJ
mol (DPPC system). The transition enthalpies were determined through DSC scans

directly in the calorimeter cells with 10 mM DMPC and DPPC solutions.
A proportionality between heat capacity and relaxation time was found in all measurements

(fig. 4.21). The maximum relaxation times were measured to be τm = 1.5 s (40 mM DMPC),
τm = 1.0s (40mM DMPC + 20wt% halothane) and τm = 2.0s (40mM DPPC). These values
and the respective heat capacity and melting temperature values allow to estimate the three
phenomenological constants L = 15.7 · 108 J K

mol s (40mM DMPC), L = 20.0 · 108 J K
mol s (40mM

DMPC plus 20 wt% halothane) and L = 18.4 · 108 J K
mol s (40 mM DPPC). These values differ,

but it seems that one can estimate an averaged value of (18.0 ± 2.16) · 108 J K
mol s .

At the upper and lower temperature limits of the transition bigger deviations from the
proportionality can be found. This is possibly due to too weak lipid signals at especially
the upper temperature limit. The limited time resolution of around 500 ms is another
explanation.
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Figure 4.21: Relaxation times of large unilamellar vesicle systems. Heat capacity profiles (solid curves)

of DMPC (top panel, left), DMPC plus 20 wt% halothane and DPPC (bottom panel) LUVs are displayed.

Relaxation times (open circles) of these membrane systems were collected after analysis of the temperature

development of the sample solution after a ppj. Halothane broadens the heat capacity profile of DMPC LUVs

and shifts it to lower temperatures in comparison to the measurement without halothane. This affects the

maximum heat capacity value and maximum relaxation time. DMPC LUVs melt at lower temperatures than

DPPC LUVs. The temperature regime of slowed down relaxation processes lies at lower temperatures in

the case of DMPC and at higher temperatures in the case of DPPC. The maximum heat capacity of the

profile measured with the DPPC LUV suspension is higher than the one determined with DMPC LUVs. The

maximum relaxation time of DPPC LUVs is longer than the one of DMPC LUVs. In all three measurements

it is found again that relaxation times are proportional to heat capacity.

Linearity between Relaxation Times and Heat Capacity

In fig. 4.22 relaxation times from all measurements are plotted against respective heat
capacity values. The left panel shows results with multilamellar vesicles, with and without
addition of non-lipid molecules (red circles), with DMPC LUVs, with and without halothane
(blue squares) and with DPPC LUVs (green crosses). The obtained results with LUVs are
also shown in the right panel of fig. 4.22. Solid and dashed lines are respective linear fits.
It is evident that none of the fits intersects with the origin as expected from the theoretical
findings (τ = T 2

L ∆cp; see also sec. 3.2). It seems, however, that this is because of experimental
and evaluation limitations rather than a physical characteristic of the system. The response
of the calorimeter does not allow a determination of relaxation processes faster than 3 − 4 s.
Faster relaxation processes are detected monitoring directly the temperature of the sample
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Figure 4.22: Relaxation time vs. heat capacity plots. (left) Relaxation times from all measurements are

plotted against respective heat capacities. Measurements with DMPC MLVs with or without addition of other

molecules are marked with red, open circles. A linear fit (black, solid curve) of these measurements is drawn

too. It does not intersect the origin. Results from measurements with DMPC LUVs with and without addition

of halothane (blue, open squares) and DPPC LUVs (green crosses) are included too. (right) The obtained

results from pressure perturbation experiments with LUVs are drawn in a separate graph. Measurements with

DMPC LUVs are again marked by blue squares, where green crosses mark results from suspension of DPPC

LUVs. The black, solid and the black, dashed line are respective linear fits. In all graphs the scaling of the

heat capacity and relaxation time axes differ.

solution. The resolution limit is about 300−400ms. It could be argued that with this method
one should have obtained shorter relaxation times at the upper and lower temperature limit
of the transition. This was, however, not the case (see fig. 4.15). This again can be attributed
to experimental reasons. Temperature curves were collected after ppjs. This means that at
the upper temperature limit lipid signals are weak and the determination of relaxation times
is difficult. At the lower temperature limit the signal originating from the lipid is strong since
one jumps through a major part of the transition. This induces relatively big temperature
changes. For MLVs these changes might mean that one obtains a temperature evolution
which is dominated by slower relaxation processes as they would have been expected from
the temperature given by the calorimeter.

We propose that relaxation times and heat capacity are proportional to each other. The
reason why linear fits do not intersect the origin arise probably because of experimental
limitations.

Summary

In table 4.1 all results of the maximum relaxation times and the corresponding phenomeno-
logical constants are given. Concerning the measurements on MLVs in especially two cases
phenomenological constants deviate strongly from the other measured ones. Still it seems
that the phenomenological constant does not depend on the lipid membrane system. Neglect-
ing the two exceptions one finds an average of (6.7 ± 0.7) · 108 J K

mol s . The phenomenological
constants of the LUV suspensions differ from the ones of the MLVs. They suggest, however,
that they are constant for the LUV suspensions with a mean value of (18.0 ± 2.2) · 108 J K

mol s .
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Lipid Membrane System τm/s L/(108 J K
mol s)

Method I

DMPC (MLV) 31.0 6.6

DMPC + 0.1 wt% 1-octanol (MLV) 17.7 6.3

DMPC + 0.5 wt% 1-octanol (MLV) 14.8 6.3

DMPC + 0.5 mM serotonin (MLV) 21.6 6.5

DMPC + 3.0 mM serotonin (MLV) 9.0 7.5

DMPC + 0.5 mol% gramicidin A (MLV) 20.8 7.9

DMPC + 1.5 mol% gramicidin A (MLV) 13.1 5.8

Method II

DMPC (MLV) 25.2 6.8

DMPC (LUV) 1.5 15.7

DMPC + 20 wt% halothane (LUV) 1.0 20.0

DPPC (LUV) 2.0 18.4

Table 4.1: Relaxation times and phenomenological constants at the transition midpoint of various studied
systems.

It can be summarized that the prediction from Grabitz et al. (2002) (see eq. 3.31) that re-
laxation times are proportional to heat capacity is true for one component lipid systems with
and without addition of small molecules and peptides. Addition of anesthetics, neurotrans-
mitters or antibiotics leads to a decrease of the maximum relaxation time and shifts the region
of slow relaxation processes to lower temperatures. The theory by Grabitz and collaborators
relates relaxation processes to fluctuations in enthalpy. It is, however, not automatically clear
whether relaxation times from pressure perturbation experiments are equivalent to the time
scales of enthalpy fluctuations.

In the next section simulated temperature jump experiments are used for the study of the
influence of different temperature jump sizes on the relaxation behavior. These results can
be compared to the autocorrelations of simulated enthalpy traces. Later, this allows one to
discuss whether relaxation times from our pressure perturbation experiments are related to
fluctuations in enthalpy and whether they give the same time scale.

4.4.4 Temperature Jump Experiments: Simulation

As it is shown in the previous section relaxation times and the respective heat capacities
display a linear relation. This is true for one component phospholipid systems independent
of the vesicle type, as well for one component phospholipid systems with the addition of
small molecules or peptides. These results are explained by the introduced non-equilibrium
thermodynamics theory of Grabitz et al. (2002) (see also sec. 3.2). This theory relates
fluctuations in enthalpy to relaxation processes. The experimentally determined relaxation
times are measured after pressure changes which result in rather big enthalpy changes.
Therefore, the question arises whether time scales of the enthalpy fluctuations and relaxation
times obtained after pressure perturbations are equal.
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Time Dependence of Lipid Chain State Distribution

MC simulations using the introduced numerical model (see sec. 3.1.2) allow one to study
the differences of relaxation times as obtained from enthalpy fluctuations in the equilibrium
and from enthalpy courses after a jump in temperature. Temperature changes are equivalent
to pressure changes.

Figure 4.23: Snapshots of the distribution of lipid chain state after a temperature jump. A one component

lipid system with ∆H = 13168 J/(mol chain), ∆S = 44.31 J/(mol chain K) and an interaction parameter

of ω = 1269.94 J/(mol chain) was equilibrated at a temperature of 290.0 K. At time t = 0 MC cycles the

temperature was increased to 297.1 K, so one jumps into the transition regime. Snapshots of the lipid chain

state distribution are plotted as a function of time. Ordered chains are painted red, whereas disordered are

green.

MC simulations also allow one to follow the state distribution of the lipid chains with time. A
one component lipid system with ∆H = 13168J/(mol chain), ∆S = 44.31J/(mol chain K),
ω = 1269.94 J/(mol chain) and Tm = 297.1 K was chosen. The matrix size was set to
60 chains × 60 chains. After equilibration of the system the temperature was changed
from 290.0 K to 297.1 K. At time t = 0 MC cycles the lipid chains are mainly in the
ordered state. A jump into the transition regime leads to melting of lipid chains and to the
formation of domains of ordered and disordered lipid chains (see fig. 4.23). This is reflected
by a characteristic time. Analyzing snapshots, however, does not allow one to determine a
relaxation time. One possibility is monitoring the time course of the change in enthalpy or
the number of ordered or disordered chains after a temperature jump.

Temperature Jump Simulations: One Component Lipid Membrane

The same values for the enthalpy and entropy change as above were used to perform temper-
ature jump simulations with two different interaction parameters (ω = 1186.24J/(mol chain)
and ω = 1269.94 J/(mol chain)). The matrix size was set to 60 chains × 60 chains. At
first 10000 MC cycles were conducted to equilibrate the system. Then the simulation of the
equilibrated lipid system was performed. After another 200 MC cycles the temperature was
changed to the transition midpoint temperature (Tm = 297.1 K). The initial temperature
was varied. For each starting temperature five simulations were carried out. Relaxation times
from these simulations were averaged.

One question to answer is whether the initial temperature has an influence on the relaxation
time. In fig. 4.24 two enthalpy curves after a temperature change are displayed. In this case
the interaction parameter equaled ω = 1269.94J/(mol chain). The two starting temperatures
are above and below the transition midpoint temperature. In the one case one jumps from
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Figure 4.24: Simulated temperature jump experiments. A one component lipid system with ∆H =

13168J/(mol chain), ∆S = 44.31J/(mol chain K) and an interaction parameter of ω = 1269.94J/(mol chain)

was used for the simulation of temperature jump experiments. Shown are results of jumps into the transition

midpoint from temperatures below (red) and above (blue) the transition regime. In the upper panel the en-

thalpy axis of the jump from 304.2 K to 297.1 K is reversed (right, upper axis), so one can easily compare the

time scales of the two curves. The green curve is the respective single exponential fit belonging to the enthalpy

course which was obtained after the jump from 304.2 K to 297.1 K.

the ”so” (290.0 K → 297.1 K) and in the other case from the ”ld” (304.2 K → 297.1 K)
phase into the transition regime. This means that changing temperature leads to an increase
(290.0 K → 297.1 K; bottom panel, red curve) or decrease (304.2 K → 297.1 K; bottom
panel, blue curve) in enthalpy. After the system is relaxed into its equilibrium both enthalpy
curves fluctuate as expected and required around the equilibrium value. The time scale of
the relaxation seems to be the same. For a better recognition the enthalpy axis of the jump
from the temperature above the transition midpoint is reversed (fig. 4.24 top panel).

The time development of the enthalpy curves can be described by a one component expo-
nential fit. The respective fit of the jump from 304.2K to 297.1K is displayed (green curve).
Averaging relaxation times from five simulations at the same initial temperature we found
times of 272±123MCcycles (290.0K → 297.1K) and 242±62MCcycles (304.2K → 297.1K).
The determined relaxation times are of the same order.

The deviations are possibly due to statistical uncertainties. This seems that averaging with
results from just five curves is not sufficient and averaging of more curves would be necessary.
Because of the strong fluctuations in enthalpy at the transition midpoint one sometimes finds
ambiguous fitting results. This might explain that results from jumps with other starting
temperatures result in higher relaxation times like 323±241MCcycles or 345±162MCcycles.
Averaging all fitted relaxation times one obtains a relaxation time of 289±140MCcycles. This
is in the time range of the relaxation time which is calculated from the autocorrelated enthalpy
traces as it is presented in sec. 3.2. In the evaluation of the autocorrelation profiles of enthalpy
traces at a fixed temperature one finds that at the transition midpoint (297.1K) the relaxation
is as high as 307±2MCcycles. Relaxation times received from temperature jump simulations
and from autocorrelations of enthalpy traces presumably equal. This statement probably is
valid, even though the average relaxation time from the temperature jump simulations is
shorter, but shows a high standard deviation. The same is true for the simulations conducted
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with a lower interaction parameter of ω = 1186.24 J/(mol chain). The relaxation time from
an autocorrelation curve of an enthalpy trace at 297.1 K is 71 ± 2 MC cycles, whereas the
averaged relaxation time from the temperature jump is 61 ± 20 MC cycles. The obtained
relaxation times do not depend on the size of the lipid system (data not shown). This is
expected because the heat capacity value at one temperature is independent of the matrix
size5. If heat capacities are the same relaxation times should also stay constant.

Figure 4.25: Temperature jump simulation of a two component lipid mixture. An equimolar DMPC:DSPC

system was chosen to perform temperature jump experiments from different temperatures to a temperature of

303.6K. The temperature was changed after the first 500MCcyles in the equilibrated system. The whole trace

was followed over 0.5 · 106 MC cyles. (left) After the temperature change the first 500MC cyles are displayed.

(right) The trace is plotted over a longer time. One sees that in all three cases the enthalpy fluctuates around

an equilibrium value at later times. There are long and short relaxation processes.

Due to statistical uncertainties one cannot make an unambiguous statement, but it
seems that relaxation times obtained from enthalpy fluctuations in the equilibrium and
from temperature jumps equal each other. Relaxation times do not depend on starting
temperature. This means that our pressure jump experiments result in time scales which
equal the ones of enthalpy fluctuations in equilibrium.

Temperature Jump Simulations: Binary Mixtures

So far we have not been able to perform successful systematic experiments on two component
lipid mixtures. Again using MC simulations we can mimic a pressure jump experiment on a
lipid mixture.

Temperature jump simulations were performed on a DMPC:DSPC 50 : 50 mixture. The
system size was chosen to be 80 chains × 80 chains. Three initial temperatures were chosen
(295.0K, 310.0K and 325.0K). After equilibration of the system at the starting temperature,
temperatures were not changed for the first 500MCcyles. After that the system’s temperature
was instantaneously changed to 303.6 K and the enthalpy values were monitored up to a
time of 0.5 · 106 MC cylces. Results are plotted in fig. 4.25. In the left panel the enthalpy
developments for the first 500MCcycles after the temperature change can be followed. In the
right panel the enthalpy course is shown for 200000MCcycles. It is obvious that the enthalpy

5 This is at least true for matrix sizes bigger than a critical one (finite size scaling; see sec. 4.1).
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curves cannot be fitted by one relaxation term. The enthalpy development during the first
500 MC cycles after a temperature jump, however, can be described by a single exponential
fit. All three curves can be fitted with the same time constant of about 40 MC cycles just
considering the first 500 MC cycles after the change in temperature. We find, that after the
first 500MC cycles after the pressure jump in the two cases when jumping from outside of the
transition regime into it (295.0K to 303.6K and 325K to 303.6K) enthalpy fluctuations seem
to be around the same average. When jumping from a point in the transition regime (310.0K)
to the point at 303.6 K fluctuations are around another averaged enthalpy. At long times all
enthalpy curves fluctuate around the same averaged value of about 1212 J

mol chain . This one
is as anticipated equal to the average value one finds in equilibrium simulations. This means
that the relaxation behavior is more complex and it cannot be explained by one relaxation
process. At least one fast and one slow process exist. Evaluating the enthalpy curve after a
temperature jump does not give any unambiguous information. The statistics of the system
would require the evaluation of many simulations. Therefore, it is more favorable to study
the timescales of enthalpy fluctuations in the equilibrated system through an autocorrelation
of enthalpy traces.

4.4.5 Relaxation Processes of DMPC:DSPC Mixtures: Simulation

With the help of temperature jump simulations on binary lipid mixtures of DMPC:DSPC it
is found that the relaxation behavior of binary mixtures can be more complex than for one
component lipid systems (see previous section). The time scale of enthalpy fluctuations of
one component systems is related to relaxation processes (see previous section and sec. 3.2).
Similarly to one component systems autocorrelation profiles of fluctuations in enthalpy of
two component lipid systems in equilibrium can be used to study the behavior of relaxation
processes.

Dependence of Relaxation Processes on Temperature

In the left panel of fig. 4.26 the black curves are autocorrelation profiles of enthalpy traces at
different temperatures of a DMPC:DSPC 50 : 50 mixtures (system size: 60chains×60chains).
In each simulation 106 enthalpy data points were recorded and autocorrelated. The shapes
of the autocorrelation profiles depend on temperature. The corresponding simulated heat
capacity profile (right panel of fig. 4.26) allows to find out that heat capacity values and
the phase state at the four different temperatures differ. At 290.5 K and 322.5 K the lipid
membrane is in the ”so” or ”ld” phase, respectively. The small values in heat capacity
mean that enthalpy fluctuations are small. From the decay of the autocorrelation curves can
be followed that fluctuations are small and happen on a fast time scale. This changes at
temperatures when domains coexist (303.6 K and 309.7 K). At a temperature of 303.6 K
the heat capacity is the highest comparing the values at the chosen temperatures. Therefore,
enthalpy fluctuations are also the largest. The decay of the autocorrelation profile is the
slowest of the shown profiles. Short and long relaxation processes must be present. This is
also true at a temperature of 309.7K. At this temperature, however, enthalpy fluctuations are
not as strong as at 303.6K and the autocorrelation profile decays faster. These findings agree
with the ones from the temperature jump simulations of a final temperature of 303.6 K (see
fig. 4.25). In our experiments we would probably monitor the fast process, since this one is
accompanied with a relatively strong change in enthalpy. The slower process results in rather
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Figure 4.26: (left) Autocorrelation curves of enthalpy fluctuations. Enthalpy traces of a DMPC:DSPC

50 : 50 mixture at different temperatures were autocorrelated. The profiles show that relaxation processes can

be more complex than previously described. Phenomenologically, these curves can be fitted with one, two or

three relaxation times. Red curves are respective fits. Relaxation times can take up to about 2.7·104 MCcycles

(Hac et al., 2005). (right) The simulated heat capacity profile of an equimolar DMPC:DSPC membrane is

displayed. Comparing the heat capacity values at the temperatures of the corresponding autocorrelation

profiles one finds that they differ. At the temperature of the highest heat capacity value (303.6 K) the

autocorrelation curve decays the slowest.

small enthalpy changes. The release or absorption of heat would therefore be stronger in the
first case. The release or absorption of heat is what we measure in our pressure perturbation
experiments.

Phenomenologically, we tried to fit the autocorrelation profiles with one, two or three com-
ponent exponential fits. The red curves in fig. 4.26 are the respective fits of the simulated
profiles. Fluorescence intensity autocorrelation profiles depend on the diffusion time scales
and the time scales of chain state fluctuations (see fig. 4.6). Fits using two diffusion compo-
nents or assuming anomalous diffusion gain good fit results, but they do not allow a deeper
understanding of the underlying physics. This proposes that one should take great care fitting
the enthalpy autocorrelation profiles with phenomenological functions.

The autocorrelation curves at 290.5 K and 322.5 K are described with a single exponential
term. At 290.5K the profile decays slowly at longer times. This decay is not considered in the
fit. The profiles at 309.7 K and 303.6 K are described by two or respective three exponential
terms. At a temperature of 309.7 K the fit might also suggest that at even longer times
a third term would give a better description. In the first hand, it is surprising that using
just two MC steps (changes in chain state and diffusion) three relaxation processes shall be
present. This might propose that there are physical properties which lead to autocorrelation
profiles which seem to reflect more than two relaxation processes, which are actually not
present.

Diffusion and Fluctuations in Chain State

In an earlier section (see sec. 4.2) it is described that diffusion processes are sensitive to
variations in the ratio between chain state changes and diffusion steps. This was also tested
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Figure 4.27: Enthalpy correlation dependence on the rate of state changes and interaction parameters.

Enthalpy traces of an equimolar DMPC:DSPC system at 303.6 K were simulated. (left) The ratio between

state changes and diffusion steps was changed. (right) The ratio was kept constant, but the ordered-disordered

interaction parameters were varied. Both effects influence the shape of the autocorrelation profile. Red curves

in both graphs are respective phenomenological fits.

for autocorrelation profiles of enthalpy fluctuations. Enthalpy values were recorded each time
the algorithm for the state changes was finished. Traces of a length of 1 · 106 MC cycles
were monitored and autocorrelated. The number of diffusion steps between state changes
was varied (1, 10 or 100). Simulations were performed on different systems (DMPC:DSPC
70 : 30, 50 : 50 and 30 : 70) at various temperatures. From the comparison of the experimental
with the simulated fluorescence intensity autocorrelation profiles we cannot draw a definite
conclusion about the ratio of chain state changes to diffusion steps. It seems that the ratio is
rather 1 : 100 or 1 : 1000 instead of 1 : 1.

The black curves in the left panel of fig. 4.27 were obtained from simulations of an equimolar
DMPC:DSPC mixture at 303.6 K. They show that the shape of the enthalpy autocorrela-
tion profile is dependent on the rate of diffusion steps and the rate of chain state changes.
Relaxation processes are influenced by the rates of the two steps.

Phenomenological fits show that found fast time scales are independent of the diffusion rate,
where relaxation on longer time scales is influenced by the ratio of the two MC steps.

As mentioned before temperature jump simulations to a final temperature of 303.6 K show
that there is a fast process resulting in relatively big enthalpy changes and a slow process
accompanied with small changes. After the fast relaxation enthalpies start to fluctuate around
an average which depends on the initial temperature. However, at long times all traces show
fluctuations around the same average, which is independent of the temperature before the
jump (see fig. 4.25). In this context it seems that the fast relaxation process is due to changes
in chain state. The slow relaxation process is dominated by diffusion.

The heat capacity profile of fig. 4.26 was calculated from simulations with the parameters
as they are needed for the description of the experimentally measured phase behavior of the
DMPC:DSPC system. Reducing the ordered-disordered interaction parameters to 90 % or
80 % of the actual values (see table 3.1) lead to a broadening of the heat capacity profile (see
fig. 4.28). At a temperature of 303.6 K this means that the respective heat capacities get
smaller with decreasing interaction parameters. From the fluctuation-dissipation theorem
it automatically follows that macroscopic fluctuations become smaller too. From the right
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Figure 4.28: Heat capacity profiles of an equimolar DMPC:DSPC mixture with different ordered-disordered

interaction parameters. Lowering the interaction parameters between ordered and disordered chains to 90%

or 80% of their original values (see table 3.1) affects the melting profile. The profile broadens with lower

interaction parameters and therefore the maximum values decrease. Higher interaction parameters mean that

contacts between ordered and disordered chains are less favorable than with lower parameters.

panel of fig. 4.27 it follows that relaxation processes become faster. It is also found that the
time scales of the two relaxation processes get closer to each other, which can be seen from
the curve from the simulation with interaction parameters reduced to 80 %. The profile can
be described by one relaxation time. This and the finding that curves can be fitted assuming
one, two or three exponential terms suggest that the relaxation processes cannot be separated.

Fluctuations in the Fraction of Disordered Lipid Chains

Macroscopic fluctuations in enthalpy are related to the fraction of disordered lipid chains.
In the MC simulation one can also directly count the total number of disordered chains or
differentiate between the two lipid species. In fig. 4.29 the fractions of disordered DMPC
and DSPC lipid chains of a DMPC:DSPC 50 : 50 mixture at 303.6K are plotted. Interaction
parameters are the original ones of table 3.1 and the ratio of state changes to diffusion
steps was set to 1 : 1. The strength of fluctuations in the fraction of disordered lipid
chains of DMPC and DSPC differ. The fraction of disordered chains of the DMPC lipids
fluctuates stronger than the one of the DSPC chains. DMPC membranes melt at lower
temperatures than DSPC ones. Therefore, in the vicinity of the first peak of the heat
capacity profile mainly DMPC chains melt. The first maximum of the heat capacity profile
of a DMPC:DSPC mixture is at 303.2 K. Therefore, at a temperature of 303.6 K DMPC
chain state fluctuations are stronger. It can be shown that this changes at the second heat
capacity peak (Seeger, 2002). Analyzing the autocorrelation profiles of the fluid fractions
one finds that the relaxation properties of both lipid species are the same and they agree
with the ones obtained from the enthalpy fluctuations.
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Figure 4.29: Fraction of disordered DMPC and DSPC chains. From the simulations one can extract in-

formation about the fraction of disordered chains. Here, the fractions of DMPC and DSPC disordered lipid

chains were obtained from a simulation of a DMPC:DSPC 50 : 50 mixture at 303.6 K. The ratio between

state changes and diffusion steps was set to 1 : 1. The ordered-disordered interaction parameters equaled the

original set of parameters.The strength of the fluctuations differs. The fraction of disordered DMPC chains

fluctuates stronger.

Summary

It is found that the relaxation behavior of lipid mixtures is more complex than the one
of one component lipid systems. A fast relaxation process is due to changes in chain state,
where a slow one is diffusion controlled. These processes cannot be seen independently from
each other. Phenomenological fitting of the autocorrelation profiles is successful, but does not
allow a correct description of the underlying physical principles. The two relaxation processes
cannot be separated. High values in heat capacity indicate strong and slow fluctuations in
enthalpy.

4.5 Domain Formation and Fluctuations in Lipid Membranes

One advantage of applying MC simulations to the study of the phase behavior of lipid
systems is that one does not only obtain information about thermodynamical averages, but
one can also deduce information about the distribution of lipid chain states and fluctuations
in chain state (see fig. 4.30). The lipid chain state distribution gives the matrix configuration
during one particular MC cycle. Local fluctuations in chain state are an average property.
They are calculated by assigning a state parameter S(i, j, t) to chain, (i, j), at time, t, and
calculating the mean square deviation. Values of S(i, j, t) = 0 and S(i, j, t) = 1 are given
to an ordered and disordered chain, respectively. Fluctuations can assume values between
0.25 and 0. In the snapshots of local fluctuations large fluctuations are indicated through
a yellow color, where low ones are black. Simulations were performed with an equimolar
DMPC:DSPC mixture of size 80 chains × 80 chains at various temperatures. At each of the
temperatures simulations were run with three different sets of ordered-disordered interaction
parameters. They were set to 100% (fig. 4.30 top), 90% (fig. 4.30 center) and 80% (fig. 4.30
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Figure 4.30: Dependence of fluctuations and the lipid chain state distribution on temperature and ordered-

disordered interaction parameters. The lipid chain state distribution and the respective fluctuations were

obtained from simulations of an equimolar DMPC:DSPC lipid system. The matrix size was set to 80 chains×

80chains. Simulations were performed at different temperatures. Interaction parameters between ordered and

disordered lipid chains were set to 100 % (top), 90 % (center) and 80 % (bottom) of the original values (see

table 3.1). Local fluctuations of a distribution snapshot are plotted below the lipid chain state distribution.

In the snapshots of the lipid chain state distribution ordered chains are indicated through red colors, where

disordered chains are painted green. The lighter color represents DMPC lipid chains, the darker ones DSPC

lipid chains. Large fluctuations are yellow, small ones black and intermediate ones red (Seeger et al., 2005).

bottom) of the original values which are needed to describe the experimentally measured
heat capacity profiles (see table 3.1). Changed interaction parameters mimic effects of small
molecules like general anesthetics or neurotransmitters (see fig. 4.10). As it is shown in a
previous section heat capacity profiles depend on the choice of interaction parameters (see
fig. 4.7 and 4.28). Profiles broaden reducing ordered-disordered interaction parameters,
unlike-state nearest neighbor contacts become more favorable. Fig. 4.28 shows the simulated
heat capacity profiles of the three sets of interaction parameters. At temperatures of
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302.0 K, 303.0 K, 317.0 K and 319.0 K heat capacity values decrease with reducing the
ordered-disordered interaction parameters. This means that fluctuations in enthalpy become
smaller. Here, it is important to point out that there is a difference between fluctuations
in enthalpy and fluctuations in chain state. The first kind of fluctuation is a macroscopic
property of the system, where the second kind of fluctuation (as seen in fig. 4.30) is a local one.

Temperature Dependence and Dependence on Interactions of Ordered and
Disordered Lipid Chains

Macroscopic phase separation can be found in the intermediate temperature regime per-
forming simulations with the ordered-disordered interaction parameter set which is needed
for the description of the experimentally determined phase behavior of the DMPC:DSPC
system. Only one large domain of ordered and one of disordered lipid chains is present. At
temperatures close to the heat capacity maxima (T = 303.2 K and T = 317.5 K) one finds
that one of the two phases dominates and lipid chains of opposite chain state form domains
smaller than system size. Small domains can be found in macroscopic domains, in general.
These domains are characterized by large fluctuations. It is also found that fluctuations are
enhanced at domain boundaries. Fluctuations in domains of disordered lipid chains are larger
than in domains of ordered chains. This gets evident from comparing fluctuation snapshots
at 290.0 K and 330.0 K. It should also be noted that the different lipid species do not order
randomly in the case that chains are of same state. Domains of different lipid chain species
are present.

A reduction in interaction parameters of ordered-disordered contacts leads to an increase of
domain boundaries and in total to a different domain pattern. Microscopic phase separation
is present. Fluctuations in chain state become enhanced. As mentioned heat capacities differ
using the three different sets of ordered-disorder interaction parameters, such do macroscopic
enthalpy fluctuations. At temperatures of 302.0K, 303.0K, 317.0K and 319.0K fluctuations
in enthalpy are stronger the higher interaction parameters. Local fluctuations in chain
state, however, are increased if ordered-disordered interaction parameters are smaller.
This becomes evident from comparing the fluctuation snapshots of fig. 4.30 at the same
temperature, but different ordered-disordered interaction parameters.

Dependence of Domain Sizes on System Size

The impact of changed interaction parameters gets even more evident performing sim-
ulations at one temperature, but with different simulation matrix sizes. These were done
on a DMPC:DSPC 50 : 50 mixture for the given three parameter sets at a temperature
of 310 K. System sizes were varied to be 30 chains × 30 chains, 60 chains × 60 chains,
120 chains × 120 chains and 180 chains × 180 chains. If one finds macroscopic domains
formation an increase of the simulation matrix automatically leads to an increase of the
macroscopic domains. They stay on the size of the whole matrix. This also means that the
relative proportion of domain boundary decreases. Local fluctuations decrease relatively,
since these are enlarged at domain interfaces. Reduced ordered-disordered interaction
parameters lead to microscopic phase separation. The domain pattern does not depend on
the size of the simulation matrix. Fluctuation properties differ too. Due to a decrease of the
interfacial boundaries in the case of macroscopic domain separation one finds that fluctua-
tions do not dominate the system. Lower interaction parameters result in a domain pattern
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Figure 4.31: Snapshots of the lipid chain state distribution and fluctuations at different matrix sizes

(30 chains × 30 chains, 60 chains × 60 chains, 120 chains × 120 chains, 180 chains × 180 chains). At a

temperature of 310 K simulations of a DMPC:DSPC 50 : 50 mixture were performed. The left column shows

the snapshots of the lipid chain state distribution. Ordered chains are red, disordered ones green. Lighter

colors indicate DMPC lipid chains and the darker ones DSPC lipid chains. The belonging fluctuations can be

found in the right column. Low fluctuations are drawn black and large ones yellow. The ordered-disordered

interaction parameters were varied (100% (top), 90% (center) and 80% (bottom) of the interaction parameters

of table 3.1). In the case of high interaction parameters domains grow with matrix size. Macroscopic phase

separation gets lost with decreasing ordered-disordered parameters. In the latter case local fluctuations in

chain state dominate the matrix (Seeger et al., 2005).

which induces strong local fluctuations which dominate the matrix. This is already obvious
for the system with a reduction to 90% of the interaction parameter values of table 3.1, it is
even clearer with parameters lowered to 80%. In the latter case the whole matrix is dom-
inated by strong local fluctuations due to an almost total loss of large-scale domain formation.

Summary

Small changes in ordered-disordered interaction parameters have strong implications on the
distribution of lipid chain state and local fluctuation properties of lipid membranes. Domain
formation happens on different length scales. Macroscopic and microscopic phase separation
can be found, dependent on temperature and the interaction of unlike-state lipid chains. Local
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fluctuations are enhanced at domain boundaries. A loss of large scale domains formation
leads to a dominance of local fluctuations. Not only domain formation properties describe
the physics, but also fluctuations enter the picture.

Domain formation depends on temperature, composition and the addition of small
molecules. These processes are interesting since they are related to the diffusion and re-
laxation behavior, as described in previous sections of this chapter.



Chapter 5

Discussion

The purpose of this thesis was to achieve a deeper understanding of melting transitions and
accompanying influences on various physical properties in artificial membranes through both
experiments and simulations. The emphasis is put on diffusion, relaxation, domain formation
and fluctuation processes. Experimental techniques are mainly based on calorimetry, but
also results from FCS are used. The latter ones were performed by A. Hac and described in
detail in Hac (2004). A numerical model accompanies the experimental results. Molecules
like general anesthetics, neurotransmitters or antibiotics influence the melting behavior of
artificial phospholipid membranes and therein affect domain formation, fluctuations and also
the diffusion and relaxation behavior.

The model is able to describe and predict measured fluorescence intensity autocorrelation
profiles. It has already been part of my master’s thesis (Seeger (2002)), but the model went
through some further refinements and extensions in the context of this work. Further it
is found that diffusion depends on domain formation and time scales and the strength of
fluctuations in chain state.

From our experimental and numerical studies it becomes evident that relaxation times
are related to macroscopic fluctuations in enthalpy. In the proximity of phase transitions
fluctuations in enthalpy enhance and happen on longer time scales. Hence, changes in the
melting behavior have an impact on relaxation processes.

Finally, a pure theoretical study is concerned with domain formation on different length
scales and fluctuations in chain state. Addition of anesthetics or neurotransmitter lead to a
different domain pattern. Macroscopic enthalpy fluctuations diminish, but local fluctuations
in chain state become larger. A complete physical picture of domain formation must include
domain structure and fluctuations.

In the first part of this chapter the presented results and their relationship is discussed.
Next, the relevance of these studies for biological membranes is illustrated. The final section
of this thesis deals with suggestions about new research perspectives in the topic of biological
membranes and the triggering of the physiology of biomembranes by physical mechanisms.

5.1 Discussion of Results

Heterogeneities in biological membranes are believed to be important in biological function
(Chapman, 1971; Träuble, 1971; Sackmann, 1984; Brown and London, 1998). In biomem-
branes different kinds of domains can be induced through processes such as protein aggre-

103
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gation or lipid domain formation. In this thesis the focus is put on lipid domain formation.
Equilibrium and non-equilibrium experimental studies were carried out including diffusion
studies, differential scanning calorimetry and pressure perturbation calorimetry. A numerical
two state model as introduced by Sugar et al. (1999) was refined for a further evaluation of
the experimental data. At first, a discussion of the model’s possibility in describing the phase
behavior of a two component lipid system and its limitations are given. Then the results
about diffusion properties in a two component lipid system are explained and compared with
previous studies. The next section deals with the influence of anesthetics, neurotransmitters
and antibiotics on melting profiles of phospholipid membranes. Implications on biological
function due to a change of the melting behavior are suggested. Then the findings on the
relaxation behavior of artificial membranes are discussed and compared to previous studies
as they are reviewed in sec. 1.4. Domain sizes, their dependence on order-disorder interac-
tion parameters and accompanying fluctuations are disputed, as well. The discussion of the
presented results ends with a short summary, which intends to explain that all investigated
processes cannot be seen independently.

5.1.1 Modeling of Melting Processes in a Two Component Lipid System

Sugar et al. (1999) introduced a two state model of chain state in order to describe the phase
behavior of a DMPC:DSPC membrane system. Lipid chains are arranged on a hexagonal
lattice and just nearest neighbor interactions are accounted. Rotations of neighboring lipids
and lipid exchange of neighboring or distant (non-physical exchange) lipids are incorporated.
Sugar et al. (1999) also used the model for the analysis of geometrical properties of clustering
of ordered and disordered chains (Sugar et al., 2001). We have refined the model by limiting
lipid chain exchange to the swapping of neighboring lipids. Our model also includes differ-
ences of the rate of diffusion in the “so” and “ld” phase. The model allows the calculation of
heat capacities. Changes in the simulation details, like another definition of the Monte Carlo
cycle, must not lead to other results in heat capacity, since this would mean a violation of
detailed balance. It was verified that various definitions of the Monte Carlo cycle lead to the
same heat capacity profiles.

Considerations about Sources of Error

The model requires the determination of ten parameters which just depend on the used lipid
species and must not differ using different lipid compositions. All parameters can be estimated
directly or indirectly from measured heat capacity profiles. A comparison of experimental and
simulated heat capacity profiles shows that they agree. Small deviations can be monitored
at the low temperature and high temperature regime of the transition and in the regime of
phase coexistence. In the latter case calculated heat capacity values are always slightly lower
than the measured ones. In the first case one finds that in the simulation melting processes
start at lower temperatures and end at higher temperatures. This is indicated through a
smoother increase of simulated heat capacity profiles. Still using tangents on the lower and
upper temperature limits of the ∆cp-profiles one finds that the two determined phase diagrams
agree well.

Inconsistencies among of heat capacity profiles and phase diagrams can be explained by
the strong simplified model, the limitation in determining a perfect set of parameters and
experimental errors. Experimental errors can be due to uncertainties in the weighting process,
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the mixing process of the two lipid solutions when dissolved in organic solvent and the addition
of the buffer solution to the dried lipids. This again means that the parameters applied in
the simulations are inexact. Better accuracy of the parameters used would lead to a better
description. Limits of the model are the strong simplification using a two state model of chain
state, arranging lipid chains on a lattice and neglection of topological effects like the formation
of the ripple phase. In suspensions of multilamellar vesicles one finds a pre-transition from
the ”so” to the ripple phase or vice versa. In the ripple phase line defects of disordered lipids
are present. This transition happens at a temperature well below the one of the main phase
transition.

Limiting the number of chain states to an ordered or disordered configuration does not
correspond to the experimental situation. Simulations with ten states of chain order do
not show any advantage in the description of macroscopic properties like heat capacity or
macroscopic fluctuations. They are favorable in studies describing microscopic properties
(Pink et al., 1980).

The used model is based on arranging lipid chains on a hexagonal lattice structure. It
is, however, well known that lipid membranes lose their lateral order throughout a melting
process (Janiak et al., 1979).

Determined experimental heat capacity profiles are measured on multilamellar vesicles,
which show besides the main phase transition a pre-transition at lower temperatures.
Heimburg (2000) has presented a model which includes coupling of the two monolayers of
a bilayer and curvature. With this model the pre-transition, as well as the main transition
are successfully described. Our model is not sufficient for a description of the pre-transition.

Even though the model has considerable simplifications, it is still able to describe the phase
behavior of a two component lipid system in our case a DMPC:DSPC lipid system. Therefore,
it seems that it is valid to use it in studying diffusion, relaxation and fluctuation properties.

5.1.2 Diffusion in Planar Membranes

Experimental determined FCS autocorrelation profiles (measured by A. Hac; see Hac (2004))
are well predicted by the introduced minimalistic numerical model. Deviations are due to
experimental problems like the scattering in gained autocorrelation curves at the same lipid
composition and temperature (see fig. 4.3) or due to the simplified model. The emphasis of
this thesis is the modeling of the diffusion processes. Therefore, further on the experimental
problems are not discussed and the reader is referred to Hac (2004).

The Model

The modeling of diffusion processes is based on the exchange or a rotational movement of
two neighboring lipids. In the first case four lipid chains are involved, in the second two.
A microviscosity is introduced which models the difference between diffusion in a ”so” and
”ld” membrane. At domain boundaries lipids have an environment of ordered and disordered
lipids. Therefore, it is assumed that lipid exchange rates display an intermediate behavior at
domain interfaces. At these elastic constants might be increased because of strong fluctuations
(Ivanova et al., 2003). This may lead to defect formation and diffusion because of a defect
mechanism. There is, however, a lack in experimental data, so this possibility is not considered
in our model.

Chains are arranged on a hexagonal lattice at all temperatures. This is not true in an
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experimental situation since melting of a lipid membrane includes melting of the lipid and
the lattice structure (Janiak et al., 1979). The melting of the lattice structure, however, is
reflected in the choice of the diffusion barrier as introduced in eq. 3.16.

A further problem is that the experimental diffusion studies were performed on stacks of
bilayers which form a ripple phase. A pre-transition from the ”so” to ripple phase happens
several degrees below the main phase transition. The latter is characterized through the
formation of line defects of disordered lipids (Heimburg, 2000). It has been suggested that
diffusion in an artificial membrane in the ripple phase is along defects (Schneider et al., 1983).
The used model, however, cannot describe the ripple phase. The experimental results might
be influenced by diffusion along line defects. In the model this again is depicted through the
choice of the activation barrier.

All this suggests that the model is a strong simplification which might turn out to be
oversimplified in the long run. It fails in the microscopic description. The strength of our
MC simulation lies in the description of macroscopic properties, as it is successfully shown
in this study.

Comparison to Previous Studies

In the past mainly phenomenological free volume theories have been used for the description
of lipid diffusion (Galla et al., 1979; Vaz et al., 1985; Clegg and Vaz, 1985). In recent years
Molecular Dynamics simulations have become popular (Böckmann et al., 2003; Falck et al.,
2004). The latter method is based on first principles, but simulation times are limited to
roughly 100 ns. Studying diffusion processes in this time regime has to be regarded as not
sufficient if no direct comparisons to experiments can be made. Sugar and Biltonen (2005)
have used the same model as we, but they varied the size of a diffusion step based on free
volume considerations. Our model using a phenomenological microviscosity and the free
volume approach can be translated into each other. E.g. in the case of diffusion in a ”so”
phase, the free volume is small and the diffusion rate in our simulation is decreased. Neither
of the two approaches can be favored over the other. Both models, however, have presently
an advantage over Molecular Dynamics simulations, because of their possibility to describing
diffusion processes over longer time scales.

The introduced model might be an oversimplification. Still, it is successful predicting
experimental fluorescence intensity autocorrelation profiles (see fig. 4.2). This allows us to
believe that additional results from simulations could be valid for the experimental system.
One objection might be that the simulated and the experimental systems are of different
size. As it is shown in fig. 4.4 the autocorrelation curves from simulations do probably not
depend on the choice of matrix size, and if they do the effect is minor. Deviations of the
profiles simulated with different matrix sizes can be explained by a lack of diffusion data
especially in the case of the biggest matrix size.

Timescales in the Simulation

Monte Carlo simulations allow us to change the timescales of fluctuations in state change
and diffusion steps. It is shown that different timescales influence fluorescence intensity
autocorrelation profiles (see fig. 4.5). Due to the scattering in the experimental data we are
not able to determine the most probable ratio between diffusion and relaxation time scales,
even though it is hidden in the experimental curves. Superposition of diffusion processes in
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the ”so” and ”ld” phases fails in describing measured autocorrelation profiles in the case
of ordered/disordered domain coexistence (see fig. 4.5). This suggests that experimental
profiles contain information which is not reflected in the superposition of diffusion processes
in the pure phases. We suggest that this is because the diffusion properties are influenced by
fluctuations in chain state.

Korlach et al. (1999) measured diffusion processes in LUVs of different DLPC:DPPC com-
positions with FCS. They evaluated their data by fitting one or two diffusion processes. They
assumed that there might be a fast and a slow diffusing component. Interestingly, the fast
diffusion constants differed when diffusing in a pure ”ld” membrane or in the phase coexis-
tence regime. These results were verified by studies on supported stacks of DLPC:DPPC and
DMPC:DSPC bilayers (Hac, 2004). In the latter case it was found that in the coexistence
regime diffusion of the slower diffusing component is faster in comparison to diffusion in the
pure ”so” phase. Applying the same fit algorithm using two diffusing components to our
simulated fluorescence intensity autocorrelation profiles reveals that diffusion times of the
slow and fast diffusion component depend on the timescales of fluctuations in chain state and
diffusion steps. They do not equal diffusion times in the pure phases. As in the experimental
systems, diffusion of the slow component is faster and the diffusion of the fast component
becomes slower. These results question the validity of interpreting autocorrelation profiles
of measurements in the phase coexistence regime purely by means of fast and slow diffusion
component. Instead, autocorrelation curves depend on the time scales of state changes and
diffusion steps.

Measured and simulated autocorrelation profiles can also be fitted applying a fit with an
anomalous diffusion term (Schwille et al., 1999). In our study, simulated profiles are equally
well fitted using two diffusing components or anomalous diffusion. The ratio between chain
state changes and diffusion steps influences also the diffusion time τ and the exponent α.
The diffusion time and the exponent decrease with a slower rate of chain state changes.
It is also explained that the choice of order-disorder interaction parameters influences the
mean diffusion time and the exponent α (see fig. 4.8). In the domain coexistence region it
is found that on the length scale of the focus the anomalous diffusion coefficient increases
with decreasing interaction parameters, so in some cases diffusion even gets normal. This
can be understood as being due to the labeled chain’s fluctuations in chain state during
the time in the focus. With smaller interaction parameters local fluctuations in chain state
dominate the membrane system (see fig. 4.30 and fig. 4.31). Calculating averaged chain states
one finds that on average the whole matrix is occupied by chains of almost the same chain
order and the average system is close to being homogenous (data not shown). In other cases,
with bigger interaction parameters, the distribution of averaged chain states shows a higher
degree of heterogeneity (data not shown) since local fluctuations are not dominant. They are
enhanced at domain interfaces and small domains also show strong local fluctuations. The
same is true for comparing results from different ratios of chain state changes to diffusion
steps. With slower local fluctuations and longer domain life times diffusing lipids experience
more hindrances. Again, this means that measured autocorrelation profiles give indirectly
information about local fluctuations of the lipid membrane. A finding about underlying
physical processes which cannot be found by only using phenomenological fit procedures,
assuming a fast and a slow diffusing component or anomalous diffusion. With the help of
our simulations we are able to interpret the experimental autocorrelation profiles in their full
complexity.

Theoretical studies about anomalous diffusion in biological membranes were mainly done
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by M. Saxton. Hard-core lattice models were used. Different kinds of obstacles were defined
and the influence on diffusion properties could be studied. The pure presence of obstacles
might induce anomalous diffusion (Saxton, 1994), but also binding influences diffusion
properties (Saxton, 1996). A shortcoming of Saxton’s works, however, is that they are not
dependent on temperature and that they do not depict situations in a real membrane. This
is the strength of the presented model. It describes thermodynamical averages of artificial
lipid membranes correctly and heterogeneities arise from the physics of the lipid membrane.
Before the publication of parts of this study (Hac et al., 2005) one theoretical paper about
diffusion in a lipid/sterol system based on thermodynamics information was published
(Polson et al., 2001). Recently, Sugar and Biltonen (2005) used a similar model. Our study,
however, has the advantage of direct comparison to experiments.

Summary and Conclusion

The strength of this study lies in a combination of numerical and experimental1 results.
Needed parameters for the description of the phase behavior are taken from calorimetric ex-
periments. Differences between diffusion in the pure phases are considered through introduc-
ing a microviscosity. The parameter which is needed for implementing differences of diffusion
in “so” and “ld” membranes is again obtained from a comparison to FCS experiments. Our
Monte Carlo simulations can predict the expected experimental diffusion behavior. Simulated
and measured profiles agree well. This allows us to gain information from the simulations
and from these conclusions about the physics of the experimental artificial membrane system
can be drawn. It is found that fluctuations have a great influence on the diffusion behavior
of two component lipid membranes. It is also shown that one has to be careful with applying
phenomenological fit routines to the analysis of experimental fluorescence intensity autocor-
relation curves, since they do not necessarily reveal a deep insight on the underlying physical
mechanisms.

5.1.3 Melting Profiles of Artificial Membranes

Phospholipid membranes display a melting transition from a highly ordered to a highly
disordered state at physiological relevant temperatures. Details like the transition midpoint
and the cooperativity of the transition depend on e.g. the kind of lipid, chain length,
degree of saturation, vesicle type, pH, ion concentration and pressure. Addition of non-lipid
molecules influence the melting behavior. In this thesis it is shown that general anesthetics
(1-octanol, halothane), neurotransmitters (serotonin) and peptides (gramicidin A) shift the
temperature regime towards smaller temperatures and broaden the profile.

The Antibiotic Gramicidin A

Gramicidin A is a channel forming peptide which acts as an antibiotic. From its influence
on the melting behavior one can deduce that gramicidin A clusters and fluctuations increase
in the vicinity of the peptide clusters (Ivanova et al., 2003). It decreases the permeability of
phospholipid towards the fluorescence marker rhodamine (Makarov, 2005). It is, however,
known as forming cation specific pores (Gennis, 1989).

1 The experimental work on diffusion properties was performed by A. Hac (Hac, 2004).
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The Neurotransmitter Serotonin

Here, the influence of the neurotransmitter serotonin on the melting behavior was presented.
The same behavior is found for other neurotransmitters (Pollakowski, 2003). The general
consensus of the action of neurotransmitters is that they act on proteins. In some diseases like
schizophrenia the phospholipid metabolism is perturbed (Peet et al., 1999). This suggests
that not just proteins, but also the lipid membrane needs to be considered explaining the
function of neuronal systems. Pollakowski (2003) speculates that neurotransmitter change
the state of neuronal membranes and act indirectly on channel protein activity.

The General Anesthetics 1-Octanol and Halothane

Anesthetics like 1-octanol and halothane influence the melting behavior of phos-
pholipid membranes. In this study it has been verified on DMPC membranes.
Mengel and Christiansen (2005) have analyzed the behavior of the same alcohols on the melt-
ing behavior of DPPC lipid vesicles. They could relate the shift in melting temperature and
clinical concentrations with each other. Alcohols do not completely dissolve in the lipid mem-
brane, but partition in the lipid and the water phase. 1-octanol partitions stronger in the
lipid membrane than halothane. The clinical concentration of halothane is about a factor of 4
higher. In their experiments Mengel and Christiansen (2005) needed about a 7 times higher
concentration of halothane to yield the same shift in melting temperature. It has already
been shown that the higher the anesthetic potency of solutes the more they shift the melting
temperature (Kharakoz, 2001). Heimburg and Jackson (2006) try to relate a recently pub-
lished theory on soliton propagation in nerve membranes (Heimburg and Jackson, 2005) and
the decrease of melting temperature with general anesthesia. In their view a nerve pulse is a
soliton. They claim that a reduction in melting temperature means an increase of the thresh-
old of soliton propagation. The theory by Heimburg and Jackson challenges the accepted one
of Hodgkin and Huxley (1952).

Knowing the partition coefficient of 1-octanol in DPPC (P = 200; see (Jain and Wray,
1978)) they can calculate the molar ratio of 1-octanol in the lipid membrane. They can
determine the shift in transition temperature using:

∆Tm = −RT 2
m

∆H0
x, (5.1)

with ∆Tm the change in melting temperature, Tm the melting temperature, R the gas
constant, ∆H0 the transition enthalpy and x the molar ratio of the anesthetic. We can
perform the same analysis, since the partition coefficient of 1-octanol in DMPC membranes to
our knowledge has not been determined. Taking the same partition coefficient as the one for
DPPC membranes, calculating with it the concentration of 1-octanol in the membrane and
applying the whole to eq. 5.1 one estimates the expected shift of the melting temperature.
The obtained values are, however, in all cases higher than the measured shifts. From
theoretical considerations on the partition of ethanol in binary lipid mixtures it is known
that alcohols partition differently well in different lipid environments (Cantor, 2001a). It
should be noted that partition coefficients increase in the transition regime with a maximum
at the transition midpoint (Trandum et al., 1999). For a final discussion the determination
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of the partition coefficient is needed.

Summary and Conclusion

Interestingly, all three groups of molecules (anesthetics, neurotransmitters, antibiotics) in-
fluence the melting behavior of lipid membranes. In this way, they also change other phys-
ical properties like diffusion properties, relaxation behavior, domain structure and local and
macroscopic fluctuation properties. This e.g. influences permeability (Makarov, 2005) or
elastic constants (Heimburg, 1998), which are coupled to fluctuations.

5.1.4 Relaxation Time Measurements

Pressure perturbation calorimetry is used to study relaxation phenomena of domain forma-
tion processes in artificial membranes. Systems range from one component lipid systems of
different vesicle type to one component lipid systems with addition of anesthetics, neuro-
transmitters or antibiotics. Relaxation processes are monitored by measuring the calorimeter
response of the VP-DSC or following the temperature course of the sample solution after a
change in pressure. The first method gives a time resolution of about 3 − 4 s and the second
method one below 500 ms.

All measurements reflect a linear relation between relaxation times and the respective
excess heat capacities (see figs. 4.15, 4.17, 4.18, 4.19 and 4.21). This is an interesting finding
since membranes of different lipid species melt at different temperatures, the half width and
melting temperature of the transition depends on the type of vesicle and on addition of
other non-phospholipid molecules. Through Monte Carlo simulations and a non-equilibrium
thermodynamics theory one can relate these relaxation times to cooperative fluctuations in
enthalpy (Grabitz et al., 2002). Relaxation times are a function of the final temperature.

Evaluation of the Calorimeter Response

As mentioned method one uses the response of a calorimeter to keep the temperature con-
stant after a change in pressure. The strength of the lipid signal depends on the point of
transition one jumps to and the lipid concentration. The latter one needs to be high enough
so that the lipid signal is strong enough in comparison to the perturbation signal, which arises
from the setup. On the other hand it should not be too high. This is because the calorimeter
needs to compensate the heat release or absorption. If it is too high the calorimeter fails in
its compensation and the temperature cannot be kept constant. This is especially a problem
after positive pressure jumps (ppjs), when the calorimeter needs to cool which is slow.

The heat compensation of the calorimeter is not perfect and after a pressure jump the
sample’s temperature changes, which again is compensated with time. The phase behavior
at the maximal and minimal temperature are different. How much it differs depends on
the difference between the maximal and minimal temperature and the cooperativity of the
melting transition. At temperatures in between the both extremes the phase behavior might
again vary. If temperature changes are small these differences are, because of the fluctuations
of the system, not distinguishable. The calorimeter response can be analyzed in this case.
This is different when temperature changes are big. Then the system is not in a defined
state. The relaxation behavior of the system changes with time and the measured relaxation
process reflects a superposition. Whether a temperature change has to be seen as being big
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or small depends on the system. In the case of very cooperative melting transitions (like
for MLVs) with transition half widths of around 0.1 K the temperature change must be
kept smaller than this. For LUVs with transition half widths of several degrees a difference
of 0.1 K would not have a strong influence on the phase state. High lipid concentrations
enhance this problem. Performing npjs one finds that problems mainly occur at higher
temperatures, whereas it is the lower temperature regime for ppjs. One can use results from
both jump directions, so that they complement each other.

Temperature Corrections

Temperatures used for ppjs need to be corrected, since melting temperatures under higher
pressures increase. Even the temperatures from npjs have to be corrected by −0.01 K, if
compared to a ∆cp-profile measured at 5 K

h . This might lie in hysteresis effects (see fig. 4.13).
Excess heat capacity profiles depend on scan direction and scan rate. Fast pressure changes
lead to fast changes, which might be reflected by a heat capacity curve measured with
higher scan rates. Melting profiles from scans with high scan rates shift profiles to lower
temperatures. In this context, it is, however, puzzling why relaxation time profiles measured
with ppjs need to be shifted by 0.90 K and not 0.84 K as expected from the previous
arguments. This is not understood at this point. The same shifts need to be used for results
gained with method II, where the temperature development of the lipid solution is evaluated.

Broadening of Heat Capacity Profiles

In some cases it seems that the relaxation time profile is broadened in comparison to the
excess heat capacity curve. This can be understood with a broadening of the respective transi-
tion profile during the experiments. A series of relaxation time measurements were performed
on successive days. Comparison of ∆cp-profiles which were measured on different days some-
times showed a broadening of the heat capacity profile with time. This also means an altering
of the relaxation behavior. Already Grabitz et al. (2002) reported about a measurement were
they measured different relaxation times on the same sample. They claimed that this arose
from a swelling of the sample and therefore a change in melting behavior. They, however, did
not do another DSC-scan since the effect was discovered too late. Their sample was kept in
the fridge for a week between the two different measurements. Therefore, our samples were
kept in the fridge for a few days after preparation. DSC-scans, however, often resulted in the
same profile independent of how long the sample was kept in the fridge.

One possible reason for a broadening might be contaminations of the pressure cell or the
sample itself. Impurities usually lead to a broadening and in a shift in melting temperature.
Shifts in temperature were usually not found. If a contamination of the lipid sample was the
reason for the broadening, still the influence of the melting behavior because of the addition
of anesthetics, neurotransmitters or antibiotics was dominating. Therefore, the change in
relaxation behavior is attributed to mainly the anesthetics, neurotransmitters or antibiotics.

Another putative reason might have been a swelling of the vesicles during the measurements
which were performed on several days.

Comparing relaxation times and heat capacity curves one notes that stronger deviations of
the profiles usually occur at the upper and lower temperature limits of the transition. One
reason might be a possible broadening of the transition profile. This would be especially
evident at temperatures where fast relaxation processes are expected. The limited time
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resolution is another explanation.
Broadening of the heat capacity profile can also explain why in some cases phenomenological

constants strongly deviated from other measurements since broadening also means a reduc-
tion in the maximal relaxation time. Comparing measured relaxation times to the wrong
heat capacity profile automatically means a wrong determination of the phenomenological
constant.

Faster Relaxation Process

Comparison of the areas of the calorimeter response at different temperatures verifies
that the area is proportional to the released transition enthalpy (see fig. 4.14). This is
also true for the area of the lipid and of the perturbation signal (see fig. 4.20). Since the
perturbation signal displays a proportionality to the transition enthalpy, there must be a
contribution of the lipid in the perturbation signal. We can conclude that the lipid membrane
also displays a faster relaxation process which happens on a time scale below the second
regime. The contribution of these fast processes is small in comparison to the one of the slow
relaxation. As discussed below faster relaxation processes have been reported in the literature.

Evaluation of Temperature vs. Time Curves

Results from analyzing the temperature course of the sample solution (method II) have not
revealed faster relaxation processes either. All curves could be described by one relaxation
time. This does not mean that there are no more processes. The findings of the evaluation of
the calorimeter response suggest that the contribution of the fast process is small. Therefore,
it might lead to a temperature change which is not resolvable with our method.

In our evaluation only results after a pressure increase were used. The choice of lipid
concentration is crucial. Concentrations need to be high enough so that relaxation processes
can be detected at higher temperatures where the heat release from the lipids is small. If
concentrations are too high a strong lipid signal might lead to temperature changes which
perturb the analysis. This problem gets evident when jumping through a major part of the
transition.

As well the choice of pressure change depends on two considerations. The first one is that
bigger changes in pressure result in a stronger perturbation signal. This means that the
contribution of the lipid signal decreases relatively to the perturbation signal with increasing
pressure change. If the pressure change is not high enough heat capacity profiles measured
with and without additional pressure might intersect. Therefore, the lipid contribution de-
creases again at lower temperatures. In the case of LUVs pressure changes were +40 bar and
lipid concentrations 40 mM . For the measurement on the DMPC MLVs the concentration
was set to 20mM and the pressure was increased with 15bar. Because of the small half width
of the transition of MLVs already a pressure of 15 bar is enough so that the two profiles do
not intersect. In the case of LUVs profiles still intersect if the pressure difference is 40 bar. It
was controlled that relaxation times do not depend on the choice of amplitude of the pressure
change.

The time resolution using npjs is not as good as the one of ppjs. The reason is that
the pressure release takes about a factor of 2.5 longer than the one of pressure increase.
Therefore, just ppjs were performed and analyzed. Results gained from the two different
pressure change directions cannot be used for complementing each other as in the case of the
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previous method (method I). Often there is a lack in the number of measurement points at
lower and higher temperatures. Still, one can conclude a proportionality between relaxation
times and excess heat capacity curves.

Comparison Method I and Method II

With pressure perturbation experiments on solutions of MLVs of DMPC using method
I and method II it was controlled that both methods reflect the same behavior. In the
two cases relaxation times at the transition midpoint differ. Using method I the relaxation
time was measured to be 31.0 s and 25.2 s with method II. The heat capacity values at
the transition midpoint, however, vary and the two profiles show different broadening. The
deviation is small. The phenomenological constants agree with each other. Using method
II it was determined to be L = 6.8 · 108 J K

mol s . The other analysis using method I it was
calculated as L = 6.6 · 108 J K

mol s . Since the gained phenomenological constants should
equal rather than the absolute relaxation times it can be concluded that the two different
evaluation methods lead to the same results.

Linearity of Relaxation Times and Heat Capacity

Plotting relaxation times against heat capacity (see fig. 4.22) we found a linear relationship
between relaxation times and heat capacity. Linear fits do not intersect the origin. We argue
that this behavior arises presumably because of the time resolution limit of the two methods
applied. With evaluating the calorimeter response we cannot detect relaxation processes
faster than about 3 − 4 s. Using the temperature course of the sample solution we can
obtain relaxation times down to 300 − 400 ms. We do not attribute the deviation from not
intersecting with the origin to any physical characteristic of the artificial membrane systems.

Phenomenological Constants

All estimated phenomenological constants are displayed in table 4.1. There is no theoretical
justification, but the calculated phenomenological constants suggest that they are the same
for MLV suspensions. The average value is 6.7± 0.7 · 108 J K

mol s . Especially two measurements
deviate strongly from the average. This possibly occurred because of a broadening of the
melting transition profile during the experiments. A wrong maximal value in heat capacity
was presumably taken as a reference to the relaxation time measurements.

Phenomenological constants gained from measurements on the LUV suspensions also seem
to be constant (〈L〉 = 18.0± 2.2 · 108 J K

mol s). It is not as evident as in the case of MLVs. More
measurements are needed to verify this finding. Phenomenological constants are, however,
different to the ones of the MLV systems.

Already Grabitz et al. (2002) suggested that phenomenological constants are the same for
all systems, even biological membranes. Our findings support this suggestion in the sense that
they are constant when considering the same vesicle system. They seem to differ between
LUVs and MLVs.

In our experiment the transition enthalpy of our experiments on multilamellar DMPC vesi-
cles was measured to be 21.5 kJ

mol . In the literature this value is given as (25 ± 10) kJ
mol

(Koynova and Caffrey, 1998). Taking this value phenomenological constants of the DMPC
MLV systems are 20 % higher. With this higher transition enthalpy we would calculate a
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phenomenological constant of about 8.0 ·108 J K
mol s . Grabitz et al. (2002) report a phenomeno-

logical constant of 7.4 · 108 J K
mol s for a suspension of DMPC MLVs and 8.5 · 108 J K

mol s for
multilamellar DPPC vesicles. It needs to be noted that Grabitz et al. (2002) compared their
relaxation data to heat capacity profiles scanned at a rate of 1 K

h . Ours were measured with
a scan rate of 5K

h . In general heat capacity profiles measured with different scan rates differ
in half width, maximum heat capacity and transition midpoint temperature.

They also measured relaxation times in a DPPC LUV suspension. Relaxation times were as
high as 3 s, which is in the resolution limit and the measurement has to be taken with care.
From this they calculated a phenomenological constant of 13.9 · 108 J K

mol s . This is in the range
of our findings too.

There are deviations but all in all our results and the ones of Grabitz et al. (2002) agree.
New is that addition of small molecules or peptides alters the relaxation behavior, but heat
capacity and relaxation times are still linear. This is a non-trivial finding.

Grabitz and collaborators estimated that relaxation times of biological membranes lie in the
10− 100ms regime 2. This estimation stays true even if one takes a higher phenomenological
constant as a reference as it is found in suspensions of large unilamellar vesicles. This is an
important conclusion since a time scale of 10 − 100 ms is of physiological relevance.

Degree of Perturbation

One critics on the studies of Grabitz et al. (2002) and ours is that in the non-equilibrium
theory fluctuations in enthalpy around an average are considered. Jumps from the pure
membrane phases into a phase coexistence regime, however, induce rather big changes in
enthalpy. One might doubt that time scales of enthalpy fluctuations and from pressure
perturbation experiments differ. Temperature jump experiments simulations verified that
time scales of enthalpy fluctuations probably are the ones which are measured in our pressure
perturbation experiments.

Comparison to Previous Studies

As mentioned in sec. 1.4 relaxation times have been reported in the literature from the ns to
hour regime. Most of the results suggest that relaxation processes slow down in the melting
regime. The work by Yager and Peticolas (1982) states that relaxation times increase with
increasing temperature in the case of melting and increase with lowering temperature in the
case of freezing. Since this study is an exception, it is not considered in the following. It
seems more important to discuss why others usually report about faster relaxation processes
and in two cases slower processes than they are revealed in our experiments. One class of
experiments uses perturbations by pressure or temperature change and detection by optical
means using fluorescence markers or turbidity. The first one presenting results of temperature
jump experiments was Träuble (1971). Sonicated3 DPPC lipid vesicles with and without
cholesterol were used as model systems. Relaxation times were between 100ms and 1200ms.
Turbidity vs. time curves were fitted with just one relaxation process. Cholesterol led to

2 This estimation was gained from a heat capacity profile of lung surfactant. Strictly speaking, one needs to
know the exact ∆cp-profile of each biomembrane if one wants to estimate the expected relaxation times of a
biological membrane.

3 Sonification of MLVs leads to a rupture of the vesicles and the formation of small unilamellar vesicles (typically
15 − 30 nm in diameter). These ones are unstable and fuse to form LUVs with time.
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faster relaxation processes. Cholesterol shifts the melting temperature and broadens the
transition profile. Therefore, relaxation times should decrease if seen with respect to our
findings. This was also verified by Grabitz et al. (2002). The findings of Träuble (1971) agree
with ours qualitatively, since suspensions of sonicated vesicles display a broader transition
than solutions of MLVs or LUVs. With time they fuse to form LUVs. From our studies we
would expect relaxation times in the regime as measured by Träuble (1971).

Tsong and collaborators (Tsong, 1974; Tsong and Kanehisa, 1977) using the same method
as Träuble (1971) gained different results. They described their turbidity measurements with
two relaxation processes. The faster relaxation time on unsonicated samples is in the 10 ms-
regime, the slower one in the several 100 ms-regime. Both display maxima at the transition
midpoint. For a solution of DMPC they determined relaxation times up to 2 s. Relaxation
times on DPPC membranes were measured to be faster. Experiments on sonicated vesicles
revealed faster relaxation times than in the case of unsonicated ones. From our point of
view it is surprising that they found that relaxation times of DMPC are higher than the
ones of DPPC. It is expected that sonicated vesicles display faster relaxation processes than
unsonicated ones. As already mentioned this is because of the lower cooperativity of the
transition. Our experiments have shown that there probably are faster relaxation processes,
which means that we cannot rule out that there are processes in the time regime measured
by Tsong and collaborators. Still, one would expect that also slower processes should be
measurable, as it was reported by Träuble (1971). There are about 30 years between Tsong’s
and our measurements. In a time range of 30 years purities of lipid samples might have
improved. Lipids used in our experiments have a degree of purification of > 99%. For the ones
used by Tsong and collaborators no information is available. In the case of MLVs already small
impurities might lead to a broadening of the melting curve and therewith shorter relaxation
times. Another reason might be the need to implement a window into the setup so that an
optical detection is possible. It might act as a heat sink and the sample temperature is not well
defined. Membranes which display a very cooperative melting behavior need a very precise
temperature adjustment. This is why possible heat sinks might perturb the measurements.
However, the same arguments are true for the measurements of Träuble (1971).

A possible temperature inaccuracy is also true for measurements of the groups of
Blume and Gruenewald (Gruenewald et al., 1980; Gruenewald, 1982; Elamrani and Blume,
1983; Blume and Hillmann, 1986). They detected kinetics using turbidity or fluorescence
anisotropy. They report up to three relaxation processes on various phospholipid systems.
They are usually faster than the ones found in our experiments. In one case using a phosphatic
acid they found relaxation times as high as 3 s. In most cases, however, they were measured
to be in the 1−10ms, 10−100ms and 100−1000ms regime. The exact values depend on the
used lipid species. Another study (Genz and Holzwarth, 1986) using fluorescence techniques
report again three relaxation processes. Based on results by Holzwarth and Rys (1984), who
claim the occurrence of five relaxation processes, (Genz and Holzwarth, 1986) assume that
there are two more relaxation processes which they cannot resolve. The maximal relaxation
times of DPPC solutions are smaller than 20 µs, 2.5 ms and 20 ms. Cholesterol influences
the relaxation behavior (Blume and Hillmann, 1986; Genz et al., 1986). Whereas, the first
study claims that all three relaxation times decrease with cholesterol content, the second one
concludes that one relaxation process becomes faster, one stays constant and the third one
slows down. It is not quite clear where these ambiguities come from. That absolute relaxation
time values differ is not surprising. In the context of Grabitz et al. (2002) and our study it is
evident that changes in the details of the experiments like sample preparation or the choice
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of lipid species have a great impact on the expected relaxation times. In some experiments
as reported in the literature lipids were dissolved in ethanol before injection into the buffer
solution. Possible incorporation of ethanol means an impurity and therewith an influence on
the transition profile. Faster relaxation processes would be expected. All in all it is difficult
to compare the different results with ours, because of the lack of heat capacities or transition
profiles in general. We cannot rule out the existence of faster relaxation processes, but it is
surprising that non of the cited papers with exception of Grabitz et al. (2002) report about
relaxation times for suspensions of multilamellar vesicles up to 30 s. One reason might be
problems in the accuracy of temperatures, but also small changes in the experimental system
and impurities. We applied a thermodynamical evaluation, where other experiments were
analyzed by optical means. With out measurements we evaluated macroscopic relaxation of
domains formation, where other methods measure microscopic processes.

Another possibility for the study of relaxation processes is applying ultrasonic methods.
Three relaxation processes were found (Halstenberg et al., 2003). Two are seen as being
associated with rotational isomerization of hydrocarbon chains and diffusion in the ns-regime
and a last one with critical fluctuations in chain state in the 10 µs time regime. Again, no
slower processes are found. This might be since we monitor macroscopic processes, whereas
ultrasonics measures microscopically ones.

Ac-calorimetry has been used to study relaxation phenomena too (Yao et al., 1994;
Nagano et al., 1995). An oscillating heat input results in oscillations in temperature. The
amplitude of these oscillations depends on heat capacity. One can adjust different frequencies.
From the temperature oscillations one can calculate a heat capacity. If relaxation processes
are slower than the oscillations the sample cannot get into its equilibrium and heat capacity
values depend on frequency. This allows one to estimate maximal relaxation times. With this
technique it has been found that maximal relaxation times are 120 s (MLV DMPC) , 260 s
(MLV DPPC) (Yao et al., 1994) and < 3 s (LUV DMPC). In the case of the MLV systems
relaxation times are higher then ours. Results on LUV DMPC membranes agree with ours.
In principal one can determine relaxation times in dependence on temperature. Practically,
this is, however, hard to realize. For each temperature one needs to determine the frequency
when the heat capacity does not depend on the frequency any more.

The group of Biltonen used a volume perturbation calorimeter to analyze relaxation pro-
cesses (Johnson et al., 1983). On MLV lipid vesicles they report relaxation times up to 4 s
(van Osdol et al., 1991). They describe that one finds a pronounced maximum slightly above
the melting temperature. Relaxation times on LUVs are about 80 ms over most of the tran-
sition range. The anesthetic dibucaine results in faster relaxation process by a factor of two
(van Osdol et al., 1992). The last finding agrees qualitatively with our expectancy. In general
relaxation times are again faster than ours. Possibly this is due to the experimental setup
of the volume perturbation calorimeter. The pressure in this method oscillates by a value
which corresponds to a shift in temperature of 0.1 K. This corresponds to the transition half
width of MLVs. The volume perturbation calorimeter does not allow a well defined state.
The response might be dominated by fast relaxation processes. Still, in this context it seems
puzzling, that relaxation times of LUVs do not show any temperature dependence. A shift in
temperature of 0.1 K should not have influence on the relaxation behavior, since transition
half widths of LUVs are bigger.

So far our measurements on one component lipid systems have been compared to results
of other groups on similar model membranes with one lipid species. Relaxation times range
from the ns to the min time regime. The discrepancy might occur because of experimental
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limitations or because different methods monitor other relaxation processes. Most studies
agree on a slowing down of relaxation processes in the transition regime.

Membranes of Binary Lipid Mixtures

Biltonen and Ye (1993) applied the use of volume perturbation calorimetry to binary lipid
mixtures. They describe that relaxation phenomena consist of more than one decay. Re-
laxation times are smaller than the ones of unitary lipid samples. In equimolar mixtures of
different kinds of lipids they asserted that in each case two relaxation time maxima were
found. This was even when just one maxima in heat capacity was measured.

We have tried to extend our studies to two component lipid systems. Systematic experiments
on DMPC:DSPC 90 : 10 mixtures failed. A collection of relaxation times on just a few
temperatures was successful. Problems are probably due to sinking of the heavy MLV vesicles
in the pressure cell. The few successful experiments, however, suggest that temperature curves
can be described by one relaxation process. Relaxation times lie in a regime as it would be
expected from heat capacity and the averaged phenomenological constant of MLV vesicles.
A linear relation between relaxation times and heat capacity seems to be the case, as well.
Still, this statement has to be taken with great care because of the limited data.

Jørgensen et al. (2000) and de Almeida et al. (2002) report about relaxation processes in
two component lipid mixtures on the order of hours. It is claimed that non-equilibrium
processes lead to the formation of local lipid structures on various length and time scales
(Jørgensen et al., 2000). Using fluorescence techniques and infrared spectroscopy they de-
scribe relaxation times up to hours. With our method we gained relaxation processes for
DMPC:DSPC 90 : 10 (MLV) up to several seconds. Biltonen and Ye (1993) write that their
long relaxation times were around a second, which they relate to diffusion.

Our results from autocorrelations of enthalpy traces and from temperature jump sim-
ulations can conclude that there is a fast and a slow relaxation process. The first one
is accompanied by a big change in enthalpy and the second one with smaller enthalpy
changes. The fast relaxation time is due to changes in lipid chain state. The second process
is dominated by diffusion. These conclusions agree with the findings and the conclusions
of Jørgensen and Mouritsen (1995). They performed Monte Carlo simulations on a two
component lipid membrane described by a ten state model (Pink et al., 1980). Domain
formation processes were followed after a sudden change in temperature. Jørgensen et al.
(2000) and de Almeida et al. (2002) chose to focus on the slow relaxation process, whereas
our experiments are sensitive to enthalpy changes and therewith the fast process dominates
the signal. This might be an explanation of the differences in the time scales. We can rule
out that our measurements, even though not systematically successful, show long relaxation
processes up to hours. If further successful experiments on two component mixtures can be
performed they can deepen the understanding of relaxation processes in lipid mixtures and
in biological membranes in general.

Summary and Conclusion

Our study has confirmed that time scales of domain formation processes are altered by small
molecules like anesthetics or neurotransmitters and antibiotics. In all cases relaxation times
are proportional to heat capacity. Relaxation behavior of domain formation in binary lipid



CHAPTER 5. DISCUSSION 118

mixtures becomes more complicated, but still relaxation times are related to heat capacity,
even though fast and slow processes might occur. Domain formation can occur on different
time scales.

5.1.5 Domain Formation and Fluctuations

Heterogeneities in biological membranes play a role in biological function (Chapman, 1971;
Träuble, 1971; Sackmann, 1984; Brown and London, 1998). One putative reason for such
heterogeneities are the formation of lipid domains. As seen (see sec. 4.5) these ones can be
on the order of system size (macroscopic) or independent of system size (microscopic). The
size distribution of clusters was extensively studied by Sugar et al. (2001) using a similar
model like ours. In the latter study, however, the authors purely focused on geometrical
properties, but neglected fluctuation properties of the system. System and domain size and
accompanying fluctuations in chain state have been the emphasis of our study. We claim that
for a complete physical understanding fluctuations need to be considered.

We report about domain formation processes on different length scales (see figs. 4.30
and 4.31), as it is also verified experimentally (Korlach et al., 1999; Bagatolli and Gratton,
1999; Nielsen et al., 2000b; Kaasgaard et al., 2002; Tokumasu et al., 2003). We report about
macroscopic and microscopic phase separation. In the case of macroscopic domain formation
we find microscopic domains in macroscopic ones. These ones can be of different chain
order or different species. The first case is especially interesting since these domains display
large local fluctuations. In general, fluctuations are enhanced close to domain interfaces.
This is also true for interfaces between lipids and peptides (Ivanova et al., 2003). Addition
of small molecules like alcohols (see fig. 4.30) or compositions of other kinds of lipids
(Bagatolli and Gratton, 2000) can alter domain formation. Formally speaking, a decrease
in order-disorder interaction parameters leads to microscopic phase separation. In these
cases fluctuations dominate the matrix. Fluctuations have been experimentally verified by
neutron scattering (Czeslik et al., 1997; Winter et al., 1999) or AFM (Nielsen et al., 2000a).
They become evident through a power law behavior of the structure factor. In principal
we could evaluate our snapshots of the lateral lipid chain state distribution by means of a
structure factor or pair-pair correlations (Jørgensen and Mouritsen, 1995). Even though this
has not been done it is evident that our results support a suggestion of Sackmann (1984):
”Consequently the lipid heterogeneity is rather due to extended concentration fluctuations
which form and dissolve rapidly.”. This is true for small domains. Domains with high
cholesterol and sphingolipid concentration (”rafts”) are assumed to be in the nm-scale
(Simons and Vaz, 2004). These should be dynamic and not static like the term ”raft”
suggests. Fluctuations enter the physical picture. “Rafts” are discussed to play an important
role in trafficking processes (Brown and London, 1998), therefore a detailed understanding of
the underlying physical processes might be necessary. Our study adds to this understanding.

5.1.6 Summary

Diffusion, relaxation, domain formation and fluctuation properties change when artificial
membranes undergo a melting transition. The details depend on the used lipid species, the
type of lipid vesicle or the addition of non-lipid molecules.

In the melting transition regime fluctuations are enhanced, domains on different length
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scales might form, relaxation processes become slow and the diffusion properties deviate from
a normal diffusion behavior.

One cannot regard these processes independently. It is a direct consequence of the melting
transition of artificial membranes.

5.2 Biological Relevance

In this work experimental and simulation methods are combined to deepen the physical
understanding of melting transitions in artificial lipid membranes. The focus was put on
diffusion4, relaxation5, domain formation and fluctuation properties of the chosen model
systems in the transition regime.

The physics of the presented findings is interesting in itself. Further, a major question is
whether biochemical reactions in cells are purely based on biochemistry or whether melt-
ing phenomena in biological membranes might be involved in the triggering of physiological
function. Answering this question, however, is not trivial. The complexity of biological
membranes makes it difficult to unambiguously assign a physiological process to a physical
mechanism. In the following sections we discuss about a possible role of melting processes
and their implications on domain formation, fluctuation, diffusion and relaxation processes
in cell physiology.

5.2.1 Phase Transitions, Lipid Domain Formation and Protein Activity

Already in the early 1970s the idea that phase transitions of lipid membranes and thereby
membrane heterogeneities display an important role was formulated (Chapman, 1971;
Träuble, 1971; Sackmann, 1984). A very prominent example of an enzyme with an activity de-
pending on inhomogeneities of the lipid membrane is phospholipase A2 (PLA2). It hydrolyzes
phospholipids into fatty acids and other lipophilic substances. Phospholipases in general play
an important role in the structure and function of membrane systems by controlling the level
of free fatty acids (van den Bosh, 1980). First reports on the activity dependence on the phase
state of model systems dates back to the years 1974 and 1975 (Kamp et al., 1974, 1975). Al-
ready then they concluded that a hydrolysis is only possible at the transition temperature
of the liposomes used. These findings were supported by Gabriel et al. (1987) and especially
the group of R. Biltonen (Lichtenberg et al., 1986; Burack and Biltonen, 1994; Hønger et al.,
1996, 1997). A work using fluorescence microscopy could verify that PLA2 starts to hydrolyze
lipids in the ordered state starting from the domain boundaries (Grainger et al., 1989). A
second example is protein kinase C (PKC) which modifies proteins by chemically adding phos-
phate groups to them. This enzyme reflects importance in the regulation of various physio-
logical responses like cell growth and differentiation (Nishizuka, 1989; Kikkawa et al., 1989).
In this case, it was shown that the lateral structure of the lipid bilayer controls the activation
of the enzyme (Bolen and Sando, 1992; Dibble et al., 1996). In the case of PLA2 Biltonen
(1990) relates the rate of activation to thermodynamical fluctuations: ”It thus appears that
the rate of activation of the enzyme requires that the substrate exists in a phase-transition
region and that the rate of activation is proportional to the magnitude of the thermodynamic
fluctuations characteristic of the system.”. Exactly in the phase transition regime fluctua-

4 Experimental measurements were performed by A. Hac (Hac, 2004).
5 Experiments on DMPC/Gramicidin A systems were conducted by M. Gudmundsson (Gudmundsson, 2004).
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tions happen on longer time scales. This can be modulated by processes which change the
phase behavior. In experiments, this can be a change in temperature, which, however, is not
likely in nature. Variations in pH or ion concentration (Träuble and Eibl, 1974) or addition
of small molecules like anesthetics and neurotransmitters can influence the domain structure
and fluctuation properties. The activity of the enzyme can be regulated in this way. These
considerations might play a general role since the activity of proteins depends on the lipid
composition and on lipid state (Lee, 2003, 2004).

Altering protein diffusion in biological membranes by changes in the lateral structure is
another possible mechanism controlling biochemical reactions. Reaction yields between two
reactants depend on the lateral heterogeneity and provide an on- and off-switch (Melo et al.,
1992; Vaz and Almeida, 1993; Thompson et al., 1995; Hinderliter et al., 2004; Salinas et al.,
2005). Again, addition of small molecules or using different lipid species alters the life times
of domains and the details of the lateral structuring. Perturbations of the lipid membrane
might induce an increase or decrease of protein activity because of a change of the lateral
structuring with its characteristic time scales.

Whether lipid domain formation is important in the function of cells remains an open
question. It is evident that they provide a possible role, but in biological membranes different
kinds of domains can be found (Edidin, 1992; Jacobson et al., 1995; Almeida and Vaz, 1995;
Edidin, 1996; Saxton, 1999). Lipid domains are one possible hindrance to diffusion, but also
protein aggregation, or the cytoskeleton6. The lateral structure of biomembranes is not just
governed by lipid-lipid, but also lipid-protein and protein-protein interactions. The formation
of inhomogeneities depends on the interplay between them.

5.2.2 Passive Permeation

Cell membranes provide a barrier to ionic solutes like protons, calcium, potassium and sodium.
This is necessary to maintain ion gradients, which are believed to be necessary for bioenerget-
ics function and nerve activity (Paula and Deamer, 1999). Biological membranes are semiper-
meable meaning that they are a lower barrier towards the flux of water, oxygen or carbon
dioxide than to the flux of ions such as protons and sodium. One divides between passive and
active permeation processes. Ion pumps requiring energy stand for the latter class. Textbooks
teach that passive permeation from the side of high concentration to low concentration can
be achieved through a transport through the membrane itself, peptide induced pores, channel
proteins or using conformational changes of carrier proteins. Nowadays, it is believed that
mainly peptide induced pores or opening or closing events of channel proteins are responsible
for the regulation of membrane permeability.

In a recent study Makarov (2005) relates structural fluctuations to the rate of pore formation
in lipid membranes. In the cited work, the permeability of the fluorescence dye rhodamine
through a lipid vesicle is measured. Results are compared to a numerical model. It is shown
that the permeability of a pure lipid membrane increases in the phase transition regime. In
their model pore formation processes are coupled to area fluctuations. Adding the pore form-
ing peptide gramicidin A leads to a decrease of permeability at the temperature corresponding
to the transition midpoint temperature of the lipid vesicle without peptide. This is attributed
to decreasing local fluctuations as it can be deduced from the heat capacity profiles of the

6 The cytoskeleton is a dynamic structure which is believed to maintain cell structure, enable cell motion and
directed intra-cellular transport.
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lipid/peptide mixtures. Fluctuations are high at domain boundaries and at lipid/peptide in-
terfaces (Ivanova et al., 2003). Makarov (2005) shows that pore formation mainly appears at
lipid domain and lipid/peptide interfaces. The addition of gramicidin A also shifts the regime
of enhanced permeability related to its influence on the melting behavior. The maximum
permeability, however, is less than for the lipid vesicle without peptide.

These findings allow to suggest that physical properties of lipid membranes might be involved
in the regulation of membrane processes which require permeation. Addition of molecules like
anesthetics might perturb the lipid membrane instead of directly influencing the activity of
channel proteins or the occurrence of peptide induced pores. This also allows to raise the
question whether channel proteins and pore forming peptides might act through perturbing
the membrane and inducing strong local fluctuations in their vicinity. This of course means
that the role of channel proteins and pore forming peptides is another one than the traditional
picture proposes. A combination of mechanisms might be possible too.

Pore forming peptides can induce large pores (Oliynyk, 2005). Therefore, it would be
surprising if they purely act through changing the physical properties of the lipid membrane.
In the case of channel proteins it is different. This topic is discussed in the next section.

5.2.3 Nerve Pulse Propagation, Ion Channels and Anesthesia

Nerve pulses are seen as a propagation of an action potential7 along a nerve. The accepted
theory is the one by Hodgkin and Huxley (1952). It represents the membrane by a Kirchhoff
circuit. The membrane displays a constant capacitance and shows a conductivity to potas-
sium, sodium and a leakage current. It is believed that opening and closing events of specific
protein channels control the conductivity of potassium and sodium during an action potential.

Ion Channels

Static measurements on systems of the potassium and sodium conductivities are functions of
time and changes are interpreted as resulting from opening and closing of specialized channel
proteins. They are interpreted as specific “ion channels”. Single channel current recordings
were first presented in 1976 (Neher and Sakmann, 1976), where macroscopic conductance
fluctuations had been reported before (Bean, 1973). An example of single channel recordings
can be seen in the left panel of fig. 5.1. Current fluctuations of a membrane with channel
proteins show characteristic steps which are taken as evidence of the opening and closing of
protein channels. Inducing pore forming peptides into lipid membranes also results in discrete
conductance steps (Hladky and Haydon, 1970; Ermishkin et al., 1976; Kappel et al., 2000).
However, also lipid membrane systems without any protein or peptide show the characteristic
behavior (Antonov et al., 1980; Boheim et al., 1980; Kaufmann et al., 1989; Woodbury, 1989;
Antonov et al., 2005).

(Antonov et al., 1980; Boheim et al., 1980; Antonov et al., 2005) relate their measurements
to lipid membrane phase transitions. In the right panel of fig. 5.1 a graph taken from
Antonov et al. (2005) is displayed. A DPPC lipid membrane was taken and the sample tem-
perature was varied. The upper and lower traces were measured at temperatures well above
and well below the main phase transition temperature. The remaining trace was recorded
at the main phase transition temperature. The trace shows steps in the electrical current,

7 An action potential is a wave of electrical discharge traveling along membranes.



CHAPTER 5. DISCUSSION 122

Figure 5.1: Electric current fluctuations. (left) Current traces are collected from measurements on a mem-
brane system with channel proteins. Steps in the traces are interpreted as being opening and closing events of
single channels. The picture is fig. 8.7 of Johnston and Wu (1997). (right) Current traces are monitored on
a DPPC membrane at different temperatures. Below and above the main phase transition temperature one
finds only noise, where in the main phase transition regime current fluctuations appear. These one show the
same characteristic steps as they are monitored with the presence of channel proteins. The presented traces
are taken from Antonov et al. (2005).

whereas the traces monitored outside of the transition regime only show noise. One should
note the different time and current scales in the two panels of fig. 5.1. These findings challenge
the traditional interpretation of single channel events. Previously the term ”ion channels”
was used for pore formation in pure lipid membranes (Kaufmann et al. (1989)).

It is well known that permeability increases during an action potential (Keynes, 1951). As
discussed in the previous section passive permeation through the lipid membrane is related to
thermal fluctuations (Cruzeiro-Hansson and Mouritsen, 1988; Corvera et al., 1992; Makarov,
2005). The rate of pore formation increases in the phase transition regime, as does the life time
of these pores (Makarov, 2005). This behavior agrees with our results, that relaxation times
and the time scale of fluctuations display a maximum in the transition midpoint. Depending
on the addition of small molecules or using unilamellar instead of multilamellar vesicles one
finds differences in the absolute times. One might assume that both time scales are related.
If the life time of pores and the time scale of thermal fluctuations of the lipid membrane
are the same one would expect that traces of current fluctuations show signals in the time
range of the relaxation times. For a planar DPPC bilayer one would expect signals in the
second regime. Antonov et al. (2005) using a planar DPPC system found traces with signals
up to 10 s, but also shorter ones (around 1 s). One problem of the measurements lies in
the inaccuracy of the temperature (±0.5 K) and the usage of n-decane/chloroform/methanol
solution during the preparation procedure which was not completely removed. 25 years earlier
the same group reported about signal durations of about 1 s using planar DSPC bilayers
(Antonov et al., 1980). DSPC membranes display a more cooperative melting than DPPC
membranes. Following our considerations longer duration times would have been expected.
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However, due to the experimental preparation, inaccuracies in the temperature control and
problems with signal recording one cannot rule out that time scales are shorter than expected
due to the experimental conditions. Measurements on lipid mixtures show a reduction in
signal duration (Kaufmann et al., 1989). This would be expected from our considerations.
Lipid mixtures show a broad transition regime. Absolute heat capacity values are decreased
in comparison to the one component systems. This means that relaxation times are shorter.
In Kaufmann et al. (1989) experiments were performed at room temperature. Heat capacity
values are not known, as is not the melting behavior of the lipid membranes used. Still, the
findings agree qualitatively with our results and considerations. Proteins or peptides lead to
a broadening of heat capacity profiles. Maximal relaxation times therefore decrease. Current
fluctuations on membrane systems with proteins or pore forming peptides show signals with
shorter duration as it is seen in fig. 5.1 (left panel), as well. Our considerations basically
mean that relaxation processes, as measured in the context of this thesis, determine the time
scales of ion conductance measurements.

The traditional picture of conductance through protein channels and peptide pores and con-
ductance through pure lipid membranes is, however, challenged by experiments on silicon rub-
ber or synthetic membrane filters (Neher et al., 1978; Sachs and Qin, 1993; Lev et al., 1993).
Erwin Neher and Bert Sakmann received the Nobel prize in medicine for their recordings on
”single ion channels” in 1991. Even these two authors reported about ”behavior contrary”
to what was expected performing control experiments on silicon-rubber (Neher et al., 1978).
These measurements showed ”ion channel” behavior too. This was dismissed explaining it
with technical difficulties. Sachs and Qin (1993) report the same behavior and conclude that
one has to be careful with the interpretation of experiments on ”unfamiliar preparations”.
Experiments on synthetic membrane filters also show the same characteristic current fluctu-
ations (Lev et al., 1993). In all cases, as well the one on pure membrane, membrane/protein
and membrane/peptide systems, one finds ion selectivity. This means that different ions
permeate differently. It seems that for the existence of characteristic current fluctuations
some kind of pore is necessary. In the measurements of Lev et al. (1993) the same amount
of pores with the same size is present at all times. This raises the question whether one can
interpret traces by means of opening and closing times of pores and channels. A definitive
answer cannot be stated at the moment. Still, especially the work by Antonov et al. (2005)
verifies that the phase transition and the enhancement of fluctuations might play a major
role. They showed that at temperatures (below and above the phase transition temperature),
where there is no pore formation, one only measures noise. In the phase transition regime
current fluctuations occur.

Pore forming peptides and channel proteins are present in biological membranes. Thus,
one needs to answer the question about the role of ”channel-proteins” and ”pore forming
peptides”. One interpretation which has already been raised above is that fluctuations at
lipid/protein and lipid/peptide interfaces are increased and pore formation in their vicinity is
enhanced. It has already been shown that spontaneous opening of ”sodium channels” depends
on lipid composition and temperature (Duch and Levinson, 1987). The traditional picture of
a biological membrane is that it is in a ”ld” phase. If this is the case the pure lipid membrane
would not show the characteristic current fluctuations and the task of ”channel-proteins”
and ”pore forming peptides” might be to ensure the control of membrane permeability. The
latter interpretation corresponds to the accepted picture. Using ”ld” membranes and pore
forming peptides one finds characteristic current fluctuations (Hladky and Haydon, 1970;
Ermishkin et al., 1976; Kappel et al., 2000). It might be that the truth lies in between both
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views.

Nerve Pulse Propagation

Permeability increases during an action potential (Keynes, 1951), which is seen as occurring
because of opening of protein channels. If considering the passive permeability of a lipid mem-
brane an increase of it means that thermal fluctuations have enhanced. This can be achieved
through going from a phase state away from the transition regime into it. If this might
happen in a nerve membrane during an action potential further physical parameters should
change. It was monitored that temperature increases adiabatically during an action potential
(Tasaki and Byrne, 1993) and structural changes of the membrane are present (Tasaki et al.,
1968; Tasaki and Byrne, 1992). These processes cannot be explained by the model of Hodgkin
and Huxley. Keeping, however, the interpretation of opening and closing events of protein
channels the favored explanation is that these processes arise from conformational changes
of macromolecules (Kobatake et al., 1971; Tasaki and Byrne, 1992). Another view is that
a phase transition of the cytoskeleton induces an action potential and structural changes
(Pollack, 2001). This latter view contradicts the concept of Hodgkin and Huxley.

In a recent publication Heimburg and Jackson (2005) present a theory which treats the
nerve pulse as a soliton which naturally arises after a jump from the ”ld” phase through or
into the phase transition regime. From our point of view the case of a jump into the phase
transition regime would be interesting. As seen in our experiments (see fig. 2.6) a jump from
the ”ld” phase into the transition regime results in an increase of temperature. Diffusion
gets slower as it is measured during a nerve pulse (Kobatake et al., 1971). Fluctuations
increase and thereby membrane permeability. If the nerve pulse is a soliton induced through
a change in the phase state of a nerve membrane, the importance of domain formation on
characteristic time scales is obvious. However, the question how a biological system might
induce a change of the phase behavior arises. One possibility was described by Kaufmann
and collaborators (Kaufmann and Silman, 1980, 1983b,a). The idea is based on the fact
that in the presence of acetylcholine (ACh) acetylcholinesterase (AChase) induces ion
channel properties (Kaufmann and Silman, 1980). The hydrolysis of ACh through AChase is
important during synaptic transmission. The monitoring of ion channel behavior is believed
to arise from a local decrease in pH which leads to a protonation of lipid head groups. This
again results in an increase of the transition temperature8 and induces a change in phase
behavior (Kaufmann and Silman, 1983b,a). In general each process leading to a change in pH
or ion concentration leads to an altering of the phase behavior. Our findings are especially
interesting in the context of the theory of Heimburg and Jackson (2005). All in all a deeper
understanding of melting transitions and accompanying domain formation, fluctuation,
diffusion and relaxation properties can lead to new insights concerning permeability and
nerve pulse propagation. Despite the current believe still many open questions need to be
answered. Some solutions might provide new ways of thinking.

Anesthesia

Heimburg and Jackson (2006) try to apply their treatment of a nerve pulse as a soliton on
the action of general anesthetics. As it is shown in this thesis (see sec. 4.3) and in other

8 For a description of the effect of pH on phase transitions of lipid membranes see Träuble and Eibl (1974).
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works (Lee, 1976a; Tamura et al., 1991; Mengel and Christiansen, 2005) general anesthetics
lower the transition temperature of lipid membranes. If a nerve pulse arises after a jump into
a transition regime a reduction in melting temperature would result in a higher threshold
(Heimburg and Jackson, 2006). This might induce the anesthetics effect of general anesthet-
ics. In favor of a treatment like this is that the anesthetics effect of general anesthetics is addi-
tive and unspecific, suggesting an underlying physical effect (Overton, 1901). Higher pressures
result in higher melting temperatures. Following the arguments of Heimburg and Jackson
(2006) this explains the reversal of anesthetics effects of general anesthetics at high pressures
(Tamura et al., 1991) since the threshold of the emergence of a soliton decreases again. That
anesthetics act through perturbing the lipid membrane was already suggested even before
the postulation of the fluid mosaic model (Overton, 1901). In the recent years this has been
dismissed because of several reasons. One was a cut-off of the anesthetics action of alcohols
after a certain chain length. It could, however, been shown that alcohols not showing anes-
thetics action shift the melting temperature to higher temperatures (Tamura et al., 1991).
This again favors a theory which treats the lipid membrane phase transition as an important
aspect of nerve pulse propagation. The stereoselectivity of some anesthetics was taken as
another evidence against a mechanism based on the lipid membrane (Tomlin et al., 1998).
Two isomers of entomidate disrupt the lipid bilayer in the same way, but display different
anesthetics potencies. This seems to be the biggest challenge towards a theory based on a
melting temperature reduction of anesthetics. However, it cannot be excluded that in biolog-
ical membranes binding effects towards proteins change the disturbing effect. Especially, it
has been suggested that anesthesia should be seen as a combination of effects on lipids and
proteins (Ueda and Yoshida, 1999).

It seems worthwhile to follow ideas relating influences on the melting behavior of lipid
membranes to problems like nerve pulse propagation and “ion channel” conductances.

5.2.4 Speculations

In the previous sections possible roles of the investigated processes in biological function were
discussed. In some cases these considerations challenge traditional pictures. They are based
on a biological membrane in which heterogeneities induced through lipid domains formation
play an essential role.

The fluid mosaic model by Singer and Nicolson (1972) has been challenged the recent years.
It is obvious that inhomogeneities are present (Edidin, 1992; Jacobson et al., 1995). This
heterogenous lateral structure, however, has several reasons, where lipid domains might be
one. Interactions in biological membranes are complex and changing outer parameters like
ion concentration or pH might have a series of consequences which again influence each other.
Focusing the view onto influences of parameters like pH or ion concentration on lipid mem-
brane melting properties, one easily understands that changes in pH or Ca2+ concentration
might have considerable consequences on the structuring induced through changes of the lipid
membrane lateral order. These thoughts are especially interesting since a biological system is
a system which is not in equilibrium. Local changes in pH or ion concentration could induce
local changes in membrane structure and thereby a local control of biological function. This
is a picture of a biological membrane which is highly dynamic, not in equilibrium and physical
properties trigger indirectly physiological function.
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5.3 Future Research Perspectives

In this thesis studies on diffusion, relaxation, domain formation and fluctuation properties
of lipid membranes are presented. Further, it is suggested that these processes might play
an important role in the physiology of biological cells. To gain direct evidence is compli-
cated because of the complexity of these systems. It is crucial to perform experiments, which
can indeed allow an analysis by physical and especially thermodynamical means. In general,
it cannot be excluded that nature has found ways to use different strategies to accomplish
biological function. Evidence on one system against a certain mechanism does not automat-
ically rule out the existence of this mechanism in another system. The interplay of different
strategies in one system might be a possibility.

From the results presented in this work one can already deduce ideas for further experiments.
In the last sections statements were made which need experimental verification. Next, gen-
eral suggestions about the direction in which future research should go in order to evaluate,
physical effects as triggers of biological function are given too.

5.3.1 Further Experiments

In the following some ideas about possible extensions of the presented experiments and
results are given. In detail, these are suggestions about diffusion, relaxation and fluctuation
studies.

Diffusion

In this thesis shown is that the numerical model used can predict measured FCS autocor-
relation profiles. Fluctuations in chain state influence diffusion properties. Fluctuations and
domain structure play an essential role. Effects of anesthetics or neurotransmitters on dif-
fusion properties are suggested through simulation studies with changed ordered-disordered
interaction parameters. These findings could be easily verified performing diffusion experi-
ments on lipid membranes with addition of the mentioned molecules. A problem of course
is that anesthetics and neurotransmitters do not only reduce interaction parameters, but
shift the transition profile to lower temperatures. A careful analysis should allow to test the
predictions of this thesis.

Another experiment concerning diffusion processes is the diffusion of proteins. This can be
done on a numerical level, but also experimentally. The numerical method requires the intro-
duction of interactions between lipid chains of different state and species with the protein and
an interaction between proteins themselves. A diffusion rate of protein to lipid and protein
diffusion in different lipid membrane domains also needs to be formulated. In dependence
on temperature protein diffusion can be studied. These studies can mimic diffusion after
a distortion of the domain structure through addition of anesthetics or neurotransmitters, too.

Relaxation Measurements

For various one component lipid membrane systems with or without addition of small
molecules it was shown that relaxation times are proportional to heat capacity. Simulations
on binary lipid systems suggest that in the transition regime the slow and fast relaxation
are present and they are related to heat capacity. One finds a fast and a slow relaxation
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process. After a pressure perturbation the fast process is accompanied by high changes in
enthalpy, the slower ones with smaller changes in enthalpy. Therefore, it is expected that
using our method monitoring the temperature course after a pressure change is dominated
by the faster process. This one is the one which can be monitored. These experiments
would allow to investigate domain formation processes in two component mixtures. An
important step towards biological membranes in which several lipid species are found. Of
course an extension of the relaxation studies towards biomembranes is wishful as well. In
this case using a chip calorimeter (see ch. 2.5) with a presumable higher time resolution
might turn out to be helpful. The design of the chip calorimeter should also allow to study
relaxation processes induced through perturbations by changing pH or ion concentration.
Measurements combing perturbation techniques and the monitoring of protein activity seem
to be challenging, but might be helpful to understand whether relaxation processes after
local pH or ion concentration changes might be a possible trigger mechanism in biological
systems.

Thermal Fluctuations

Local fluctuations are enhanced close to domain interfaces. Makarov (2005) relates pore
formation and therefore passive permeation to fluctuations. Pore formation is enhanced in
the case of strong fluctuations. In the case of macroscopical phase separation one would
expect pore formation along domain boundaries. It might be interesting to combine optical
detection of domain structures as it is done with confocal fluorescence microscopy and ion
current measurements. It is expected that in areas where there are no domain interfaces
one does not monitor characteristic steps in current traces, but at domain boundaries they
should appear. A problem concerning these measurements might be of course that confocal
fluorescence microscopy does not show possible micro-heterogeneities. They might also result
in a higher probability of pore formation. This problem should, however, be possible to
minimize using two phospholipid species with big differences in chain length. It is expected
that traces show different characteristics, depending on the measurement position.

It is also wishful to combine measurements of current fluctuations on different one component
lipid systems at different temperatures. It is interesting whether timescales as they can be
found in current traces differ from system to system and show a temperature dependence,
which can be related to the melting behavior. This is expected following the arguments
concerning fluctuations, their time scales as gained from pressure perturbation experiments
and pore formation processes.

A few experiments are suggested. They directly follow from the presented studies of this
thesis. In the following paragraph a more general view of future research is presented.

5.3.2 General Suggestions

As mentioned biological membranes are very complex. Not that there are just different kinds
of lipid species, but also proteins, peptides, enzymes, sugars, the cytoskeleton and so on.
Lipids have an influence on protein activity, lipid domains play an important role in trafficking
processes. Lipid metabolism is important for a proper function of cells too. A crucial question
is whether physiological function in biomembranes is purely based on biochemistry or whether
physical effects of the lipid membrane may provide a control mechanism. That this may be
the case is argued in previous sections.
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Future research should try to focus on a clear thermodynamical description of these systems.
One has to understand how pH changes, ion concentration changes might or might not trigger
biochemical reactions through changing the phase behavior of the lipid membrane. Various
molecules which are related to physiological function could also act through influencing the
melting properties of a biological membrane. Diffusion pathways might become influenced
and therewith probabilities of reaction cascades. Controlling on- and off states of proteins
could be possible changing the lateral membrane structure too.

Biological membranes relax into equilibrium if outer parameters like pH or ion concentration
are constant. A biological system, however, is not in equilibrium if alive. Changes in pH or
ion concentration, pH or ion gradients can have major effects on the physical behavior of a bi-
ological membrane. Biochemical studies, in which outer parameters are changed might in the
control of physiological function suggest biochemical mechanisms. This interpretation might
be possible even if the underlying mechanism is rather of physical nature. Whether there is
a dependence on temperature might be helpful in learning more about underlying processes.
Since living systems are not in equilibrium studies applying non-equilibrium methods gain
importance. This kind of research has not gained much attention in the past.
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Abbreviations

AFM : Atomic Force Microscopy
FCS : Flourescence Correlation Spectroscopy
FRAP : Fluorescence After Photobleaching
DSC : Differential Scanning Calorimetry
DLPC : 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine
DMPC : 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine
DOPC : 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
DPPC : 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine
DSPC : 1,2-Distearoyl-sn-Glycero-3-Phosphocholine
EDTA : Ethylen-diamin-tetra-acedic-acid
HEPES : 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethane-sulfonic-acid
Monte Carlo : MC
MSD : Mean Square Displacement
NPJ : Negative Pressure Jump
PKC : Protein Kinase C
PLA2 : Phospholipase A2

PPJ : Positive Pressure Jump
SPT : Single-Particle Tracking
TRITC DHPE : N-(6-tetramethylrhodaminethiocarbamoyl)

-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt
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