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Chapter 1

Introduction

The development of biological membranes was an important occurrence in the evolution of
life. Every highly evolved cell is full of membranes (see Figdr#&), since it is comprised

of many functional units or organelles. Each of these units also contains one or more mem-
branes.

An Idealized Animal Cell

Plasma

Cytoskeleton A , \ Mmembrane
- Centriole

\ % Mitochondrion

endoplasmic
reticulum

Ribosomes

endoplasmic
reticulum

Cytoplasm

Figure 1.1:Theillustrationof variety of organelles in animal cell [55].

The cell membrane performs a number of important functions for the cell sU¢6;455;
95):

¢ the separation of the cell from its outside environment,

1



2 Chapter 1: Introduction

¢ controlling which molecules enter and leave the cell,

e providing the support and working environment for a great variety of enzymes, recep-
tors and antigens and

e recognition of chemical signals.

All of the membranes inside the cell separate compartments to protect important processes
and events.

Biological membranes contain an interesting array of moledllgsl 7; 55;72;115. These
include glycerophospholipids, sphingolipids, steroiegy( cholesterol), proteins, carbohy-
drates and others which are conjugates containing molecules from two or more of these
groups. The lipid composition varies between different cells and organelles (refer to Ta-
ble.1.1). The primary structural requirement for a molecule to reside in a lipid bilayer is its

Table 1.1:The lipid composition in different membranes; those in bold type are the most common lipids [115].

Percentage of total composition in
Human
Erythrocyte E. coli

Plasma Human | Beef heart Cell
Lipid membrane | Myelin | Mitochondria | membrane
Phosphatidic acid 15 0.5 0 0
Phosphatidylcholine 19 10 39 0
Phosphatidylethanoloamine 18 20 27 65
Phosphatidylglycerol 0 0 0 18
Phosphatidyllinositol 1 1 7 0
Phosphatidylserine 8 8 0.5 0
Sphingomyelin 17.5 8.5 0 0
Glycolipids 10 26 0 0
Cholesterol 25 26 3 0
Others 0 0 23.5 17

amphiphilic naturei(e., part polar, part nonpolar). Because of this lipids form aggregates
in an aqueous environment in which their hydrocarbon region is kept apart from water (see
Figurel.?).

Lipids are stabilised in aggregates by the hydrophobic interaction, van der Waal's interac-
tions between the hydrocarbon chains, electrostatic interactions and hydrogen bonds between
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Figure 1.2:Examples of membrane structures: micelle, bilayer and inverse hexagonal phase [55].

the polar headfb3;55]. The most relevant structure for the biological membrane is the lipid
bilayer. The other molecules,g. proteins, are oriented within the lipid bilayer so that their
nonpolar part is inserted into the nonpolar core of the bilayer. Similarly, the polar parts are
incorporated into the polar headgroups of the lipids. There are extrinsic or peripheral proteins
that are attached to the surfaces of membranes, while the other proteins (known as intrinsic
or integral) interact with membranes so that their nonpolar units become inserted into the
nonpolar part of the bilayer and the remaining polar parts continue to stidd 6U82; 84;

95;/115. There are also transmembrane proteins, such as bacteriorhodopsin, that can pass
through the lipid bilayef32).

Phospholipids are one of the most common lipids (refer to Tallle Most phospholipids

are derived from glycerol to which two fatty acyl residues and a single phosphate, together
with phosphate esters, are attach®® 72|. Phospholipids consist of a polar headgroup and
two apolar chains. The lipids differ in a chain length and number of unsaturated bonds. Fig-
urel.3shows an example of a phospholipid.

The left tail is a straight fatty acid (saturated). The right one has a kink in the tail because
of the cis double bond (unsaturated). This kink affects packing and movement in the lateral
plane of the membrane.

One important property of a membrane is a melting transition at a characteristic temperature.
Figurel.4 shows the bilayer melting transition.

On the left part of Figur&.3 and Figurel.4the lipid chains are presented in &ihns
conformation, where they are parallel and extended fully. This is the order gel state and oc-
curs when lipids are in their state of minimum of energy. With increasing temperature, a free
rotation around each C-C bond in the hydrocarbon chains occurs, this being responsible for
lipid melting. This rotation ot:120° around the C-C bond changes tinens conformation
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Figure 1.4:The scheme of the melting transition in a lipid bilayer.

into thegaucheconformation35; 55;/72;'75;/89]. Above the characteristic temperature, lipid
chains are in a highly disordered fluid state where their orientation is less parallel. Then they
are in any of a great number of excitgducheconformations.

The transition temperature itself depends on the length and saturation of the lipid chains,
composition of the polar head group, ionic strength (ions), pH, as well as the presence of
other molecules such as proteins or cholest=t&l40;/101;'84]. Most biological lipids melt

at a temperature below the physiological temperaltfz 43]. Above the melting temper-

ature, lipids exist in a fluid, disordered state and below the melting temperature, in a gel
ordered state. In going from the gel to the fluid state, the thickness of the bilayer decreases
and the area per molecule increases. In the fluid state, a considerable amount of molecular
motion is possible, whereas this is reduced in the gel state due to close molecular packing.
Many basic cell processes like growth, division, fusion, secretion, endocytosis, exocytosis



depend on membrane component moveni&sit

The membrane structure is derived on the basis of diffraction analysis (x-rays, neutrons and
electrons)6§], electron microscopj65], Raman spectroscog{4; 122 and spectroscopic
approaches (NMR, EPRIG; 65; 71]. There are several membrane models. One example is
the fluid membrane mosaic model developed by Singer and Nicolson in[197R In this,

the membrane consists of two layers of lipids with proteins embedded within these layers
(see Figurél.E (a)). This model takes into account the fluidity of the membrane, but not the
variety of lipids and lipid states (gel and fluid) normally present in biological membranes.
The “mattress model” proposed by Mouritsen and Bloom is based on a real two-component
solution theory which allows for phase separati8g] (see Figurél.E (b)). With this model

the heterogenities and interactions between proteins and lipids have been studied theoreti-
cally and experimentally. The “mattress model” was modified to better suit our needs (see
Figurell.5(c) [43].

In recent years it has been established that the components of biological membranes (pro-
tein and lipids) are not distributed homogeneously within the membrane plane. They form
different domains andg.g, so-called "rafts'{2; 22; [10€]. Rafts are microdomains rich in
cholesterol, sphingolipids and some specific proteins. Cholesterol itself is a very interesting
molecule. At temperatures below the melting temperature of a membrane it increases fluidity
by preventing close packing of acyl chains, inhibiting crystallisation and destabilising the gel
phase. Above the melting temperature cholesterol causes gel clusters to form and immobilise
the surrounding few lipid molecules. More than 30 mol % of cholesterol eliminates phase
transition[4; 39].

However, even in simple pure lipid systems, macro- and micro-domains can be ob&:rved
57;59]. The formation of domains is related to the so-called “hydrophobic mismatch”, which
depicts interactions of lipid chains with water when the hydrophobic chains differ in length
(see Figurel.5 b) [82; 181; 183). It is known that the disordered fluid chains are effectively
shorter than the ordered gel chal&§]. Each lipid tends to be surrounded by lipids with
similar chain lengths in order to protect the hydrophobic parts from the water.

Probably one of the first studies proposing domain formation in a gel and fluid coexistence
phase was carried out by Jdf6]. He proposed the “plate model” of membrane structure
with the organised (gel like) and disorganised (fluid like) regions viewed as plates (refer to
Figurel.6a).
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Figure 1.5:(a). The fluid mosaic model of Singer and Nicolson [107]. (b) The “mattress model” of membrane.
Lipids are indicated as a circular polar head and two flexible acyl chains and amphiphilic impurities (proteins)
as rod-shaped objects. The illustration of “hydrophobic mismatch” when the impurity is shorter than the lipid
bilayer thickness [82]. (c) Schematic drawing of a biological membrane, showing different lipids in different
states distributed inhomogeneously within the membrane plane. The dark colours (red and blue) correspond to
the gel domains and the light ones to the fluid domains. Proteins (green) penetrate through the membrane or are
bound to its surface [43].

The coexistence of gel and fluid domains has recently been visualised by Confocal Fluo-
rescence Microscopy (CFt shown in Figurel:6(b) [6;22; 59 and Atomic Force Mi-
croscopy (AFM) as shown in Figurd;.6(c) [42;-85}. Membrane heterogenity meanwhile
has been detected experimentally in model membranes as well in biological mem{gtanes

17 1NnAl
10] 1LUQ.

Theoretical studies based on statistical thermodynamic fluctuations try to describe lipid

1The principles of CFM are explained in Section 4.2.3.
2The sample is rastered with a sharp tip mounted on a cantilever, which moves with a constant force. In this
way the sample is scanned, resulting in a topographical map of the scanned region.



(c) (d)

Figure 1.6:Examples of domains obtained or predicted by different techniques: (a) The “plate model” of
membrane structure. The organised and disorganised regions are viewed as plates, each having charactel
istic system properties specified by its components [56]. (b) Confocal Fluorescence Microscopy image of
DLPC:DPPC 20:80 GUV. It shows ordered gel regions in red and fluid phase in green [59]. (c) Atomic Force
Microscopy map of DSPC monolayer at its melting temperature. The high difference between light and dark
areas is about 0.5 nm [85]. (d) Monte Carlo snapshoot of a DMPC:DSPC 70:30 mixture at 304 K. The red
symbols correspond to the gel domains and the green symbols to the fluid domains.

melting and self-organisation of a multi-component systa8) 42; 41; 49; 53; 69; 75, 81;

80 88 89]. There are various methods of investigating the melting of lipids theoretically,
two of these are mean-field theory and Monte Carlo simulations (MC). The mean-field the-
ory model proposed by Marcelja takes average energies and entropies of lipid ensembles into
account in calculating the lipid ordering chali®)]. It does not account for phase separation,
unlike MC simulations. MC simulations are statistical mechanical lattice models including
nearest-neighbour interactions. Usually Monte Carlo simulations can be done on the basis of
the 10-state Pink modél4; 49; 81; 88; 89] or of the 2-state Ising modé#2; 44; 76; 109,

110 111]. MC simulations postuiate the formation of gel and fluid domains as a consequence
of near neighbour interactions as in Figuré (d)) [42; 44; 49; 57]. This is one of the very
important predictions originating from the thermodynamicai analysis of membrane proper-
ties. With MC the diffusion processes in membranes can also be simulated.
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The relevance of domain structure and dynamics is discussed highly as a putative control
mechanism of diffusion processes in membrai@?} and thus of signalling cascadiEs;

10€]. In recent years the study of the diffusion of membrane components in model lipid
membranes (GUVs, supported membranes) as well as in biological membranes has become
of great interesf59; 10d. Furthermore, many theoretical studies try to describe diffusion
behaviour in membranes, in order to develop physical principles rulittgjt34; 94; 96;

97]. They suggest that obstacles (proteins) or heterogenities (domains) influence diffusion
processes in membranes. There are several various experimental techniques to study diffu-
sion, Fluorescence Recovery After Photobleaching (FIAP 186; 10§, 120, 119, Fluo-
rescence Correlation Spectroscopy (F{& 13C; 146; 59, 61; 62; 93; [104], Single-Particle
Tracking (SPT)10¢ 104, Resonance Energy Transfer (RHBL], the excimers technique

[34], nuclear magnetic resonance (NMRY; [65] and electron spin resonance techniques
(EPR)[71] and also neutron diffractiof87; 112].

In the research presented here Fluorescence Correlation Spectroscopy (FCS) has been used,
where the fluorescence emitted from a very small focus voluinfé)(is correlated in time.

This technique is based on the analysis of the fluctuations in concentration produced by the
diffusion of diluted fluorescent speciesiim concentrations) on the single molecule level.
Autocorrelation was pioneered by Wiener as a powerful mathematical tool for noise reduction
[127]. Early papers have presented the principle potential of this technique in early 1970’s
[30; 26;67]. The development of the confocal illumination scheme by Riffét, pushed

the sensitivity of this technique to a single molecule (SM) level and led to a renewed interest
in FCS. The single molecule measurements are of great interest since they may give infor-
mation about the physical and chemical properties of a single patizi87; 78,100 103

114.

FCS has a wide range of applications including the following: the determination of particle
concentratiod27], translationa[30; 46; 59; 104 and rotational3; 26; 37; 54; 98 mobility

in two or three dimensions, chemical kineti&y; 93; 124, the release of molecules from
vesicles in membrane permeability studi@g1] as well as the characteristic lifetime of the
excited stat¢25; [12€.

3In FRAP, dyes are photobleached in the central spot by an intense laser light pulse. Because of the random
motion, new markers from neighbouring areas diffuse into the bleached region. The rate of arrival in the pho-
tobleached spot of fluorescent labelled molecules is measured and the diffusion coefficient is then calculated
from the known photobleached spot size and measured diffusion time.



With this method the phase coexistence can be mapped indirectly. With FCS, the fluid and
gel domains can be distinguished by the different values of their translational diffusion co-
efficient D,.. The translational diffusion coefficient in fluid domaifs = 3 - 1072 cm?/s

Is faster by about two orders of magnitude in comparison to the diffusion coefficient in gel

domainsD, = 2 - 107'%cm?/s [59]. Domain formation is obvious in diffusion experiments

as well as in theoretical studies.

The aim of this study is to understand the physical phenomena of diffusion in supported
model membranes of phospholipids. This can provide a basis for understanding diffusion
processes in more complex biological membranes.

For this purpose a confocal fluorescence setup has been constructed by the author, which is
able to record single molecules including fast data acquisition with hardware correlators. A
more detailed description of the FCS setup is given in Section 3.1.1. In this thesis, the rela-
tion of domain formation to diffusion behaviour in artificial planar membranes using Fluo-
rescence Correlation Spectroscopy and Monte Carlo simulations is presented. The shape of
crosscorrelation profiles in the gel and fluid coexistence region suggests that there is not a
macroscopic phase separation but gel and fluid microdomains may exist inside large fluid
and gel domains. The MC simulations were done in collaboration with Seeger, from the
Membrane Thermodynamics and Biophysics Group of MPI for biophysical Chemistry. With
Monte Carlo technique the presence of micro- and macrodomains in two-component lipid
bilayers could be predicted. The experimental FCS curves are consistent with theoretically-
predicted correlation curves, thus confirming the existence of gel and fluid microdomains
inside bigger fluid and gel domains.

The links between the thermodynamic analysis of membrane fluctuations and single molecule
experiments provide information on micro-, meso- and nanoscopic déimamation orig-

inating from nearest neighbour interactions in artificial lipid membranes. This study might
play an important role in investigating the relationships between the physical properties of
membranes and their physiological function.

4The distinction between the micro- and nanoscopic domains is as follows: microscopic length sgate
mesoscopic in the rangel0nm-100 nm; nanoscopic length scal® nm.
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Chapter 2

Theory

2.1 Diffusion

Diffusion is a fundamental process by which particles move. It is thus important in biology
and medicine, chemistry and geology, engineering and physics and in almost every aspect of
our lives. Diffusion is a consequence of the random thermal motion of atoms, molecules, and
particles, resulting in a migration of them from areas of high to low concentration. Thus the
end result of diffusion is a constant concentration. The speed of diffusing particles depends
on the temperature, on the size (mass) of the diffusing particles and on the viscosity of the
environment. The energy due to movement is the average kinetic energy, which is itself pro-
portional to temperature.

Einstein has shown that diffusion can be understood as the independent Brownian motion of
many particles. The quantitative features of Brownian motion were first described by Robert
Brown in 1827. Under the microscope he observed rapid movements of pollen grains sus-
pended in water. This motion is due to the collisions of pollen grains with water molecules,
which causing the particles to undergo a random-walk.

Diffusion processes are of great importance in understanding cellular processes. Transla-
tional diffusion of lipid molecules in biological membranes became accessible to experimen-
tal study some years ago. There are several kinds of possible movements in a lipid bilayer
(Figure2.1).

In lateral diffusion, molecules move laterally within the plane of the membrane. By
contrast, in transverse diffusion, which is much less frequent, a molecule moves from one
side of the lipid bilayer to the other. In this thesis, the focus will be on lateral diffusion of
lipids in a membrane plane. The diffusion process in a lipid membrane is described by the

11



12 Chapter 2: Theory

Figure 2.1:Lateral transport modes on the cell surface: A-diffusion restricted by obstacle clusters, B- diffu-
sion restricted by the cytoskeleton (Corral diffusion), C-directed motion and D- free random diffusion [52].

theories presented in the following sub-sections.

2.1.1 Normal and anomalous diffusion

The mathematical description of a diffusion process as changes in a concentration is based on
Fick’s first and second laws, these comprising two differential equations which were known
before Einstein. Fick’s first law says how quickly particles move from areas of high to areas
of low concentratiort. [1]:

Je=—D; - gradC (2.1)

where: j,. is the current of diffusing particles, equivalent to how many particles are crossing
an area ofl m? during1 s,
D is the diffusion coefficient and
C'is the concentration.
Fick's second law says how the concentration of particles changes with time at a giveén point
[103:
0

aC(?,t) =D, -VC(7,t). (2.2)

1 _ g 0 0
g'f'ad = <%7 3y’ &)

2 2 2 .
2y2 — (%, 2 %) the Laplacian operator
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Assuming that the solvent is isotropic and that diffusion is symmetric in all directions, the
probability (7, ¢) that the molecule under consideration is located at distance r from the
origin at time t for one dimension is equal to:

1 r?

This latter equation was derived by Einstein. In his Ph.D. work and two subsequent papers
[28; 129], Einstein established the theory of Brownian motion. He modelled the Brownian
motion according to molecular thermodynamic theory, and connected the macroscopic pro-
cess of diffusion with the microscopic concept of thermal motion of individual molecules.
Extrapolating Eg2.3for n dimensions gives:

1
P T),t = ——= " €Xp
( ) (47[’D7t)§ 4D7't

|
L (2.4)

Whenever the probability density(7,t) is a Gaussian distribution at long times (large
distances), the diffusion coefficient is a well-defined quantity. Determinipglepends on

used experimental method. It has been common to speak about a macrdscemid then

a normal diffusion, where diffusion is measured over large distances, or about a microscopic
D, and then anomalous diffusion, where diffusion is measured over short distances. Normal
and anomalous diffusion are defined by the dependence of the mean square displacement on
time. In homogeneous, two-dimensional systems (n=2) the mean square displacement MSD
of a tracer moving randomly is defined by the Einstein-Smoluchowski relation:

(r (t)?) = 2nD,t = 4D.t, (2.5)

where (r (t)*) = MSD = (Jr(t+7) —r(t)|*) is the average value of the square of the
distance travelled between beginning and end of an experiment.

The average displacement over a time of a measurefmént) = 0, i.e. there is no pre-
ferred direction for the random walk. In the case of a normal diffusion, the MSD is pro-
portional to the time t. In the case of anomalous diffusion (short distances), the random
walk has no more Gaussian distribution and the MSD is no longer linear but is giM&8e;by
104:

(r(¢)?*y="T-1, (2.6)
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where:I" is the transport coefficient and
« is the temporal exponent a<1 anda>1.

The anomalous diffusion coefficient is defined as:

Dano = lF et (2.7)
4
There is also another parameter, the coherence length, which was introduced in two phase
systems to distinguish between normal and anomalous diff{&oifhe coherence length)
is defined as the essential length scale of the typical domains of the mino? phégesion is
normal whenever the movement is measured over distances much larger than the correlation

length in the system.

2.1.2 Hydrodynamic theories

A continuum hydrodynamic model describes diffusion of particles much larger in size than
that of the solvent. It is applicabkeg. for lateral diffusion of proteins in a membrane. The
hydrodynamic model was applied by Saffman & Delbriick to analyse Brownian motion of
proteins in biological membrang94]. In this model the membrane is represented as a vis-
cous fluid plane sheet with a viscosjtyand a very small thickneds It is surrounded by
infinite regions of liquids of much smaller viscosity (1'<<ux). The protein molecule is
treated as a cylinder with radiaswith its axis perpendicular to the plane of the sheet (mem-
brane) (as in Figur@.2).

Diffusion of a particle due to Brownian motion is described by translation and rotation ac-
cording to the Einstein equations:

(r*) =4Dyt, Dy = kgTby Translationand (2.8)

<@2> = QDRt, Dr = kgThg Rotatior) (29)

where:(r?) is the mean square displacement,
Dy, Dp are the translational and rotational diffusion coefficients respectively,
kg is the Boltzmann constant,
T is the absolute temperature,

3A fluid phase is established as a minor phase which has less mining, a gel phase is established as a major
phase.
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br = ﬁ, br = m are the translational and rotational mobilities respectiV28}
and

(©?) is the mean angular rotation in time t.

woter,

Figure 2.2:The hydrodynamic model. A cylindrical particle embedded in a lipid bilayer membrane bounded
by aqueous phases on both sides. The particle is permitted to move laterally in the x-y plane and to rotate around
the z-axis [94].

The diffusion coefficients are found by assuming finite viscosity of the outer ligittk{)
and using the frequently-used boundary condition of no slip on the surface of the particle as
equal to:

(r*y kT wh
Dpr=-—+== | log — — and 2.10
T At 47TILLh 0og ILL/CL Y ( )
(©?) kT
Dy = = 2.11
" 2t 4drpa’h ( )

where:y = 0.5772 is Euler’s constant.

Hughes has extended Saffman’s model for any ratio of the aqueous gnq membrane viscosities
and characterised the system by the dimensionless parameter; i g The solu-

tion given by Saffman and Delbrtck is valid only for< 1. This is appropriate for model
membranes surrounded by water or dilute salt solutions, but may not be valid for biological
systems where the bounding solutions are often highly viseausytoplasm or glycocalix

[1]. As mentioned earlier, this model is useful for describing the protein diffusion in model

membranes. Vaet al. [120 18] has tried to apply it to lateral lipid diffusion, but they

4;/, ;/2 are the viscosities of the bounding fluids on opposite sides of the bilagerat both ends of the
diffusing cylindrical particle embedded in the sheet.
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have arrived at the wrong diffusion coefficients. There is another model however, which is
applicable for the lateral lipids diffusion in a membrane, this being “free volume theory”.

2.1.3 “Free volume” theories

A free volume theory was introduced by Cohen & Turnbull to describe three-dimensional
diffusion processes in fluid and glass-formic materia. It has been adopted and changed

by Galla for two dimensional translation of lipids in the lipid bilayi&d]. A free volume

model takes into account the discreteness of the lipid bilayer. Lipids are placed on a hexag-
onal lattice where the distance between two lattice points is the average diameter of a lipid
molecule. In the free volume model for diffusion in a lipid bilayer, translational diffusion

of a lipid molecule occurs when a free volume (area) appears next to the test particle (See
Figure2.3) [66;119.

00000
' ‘4_.‘ C‘O C

Figure 2.3: Pictorial depiction of displacement in terms of the free-volume model for diffusion in a lipid
bilayer. The lipid molecules are shown as spheres in a hexagonal lattice. The unoccupied lattice space represents
the free volume and the red lipid molecule the test particle. The double-headed arrow is used to indicate the
possible motions of the test particle during the lifetime of the free volume in the lattice space shown [119].

The free volume area should be greater than a certain critical size and the occurrence of
free volumes is a result of random density fluctuations in the lipid bilayer. The test particle
can move into the vacant space, thus leaving free the space that it occupied originally. The
test particle may jump back into its original position, then there will be no “effective displace-
ment”. When another lipid molecule moves into the position occupied originally by the test
particle this results in “effective displacement” of the test particle. Effective displacements
are viewed as discrete jumps in a random walk on a lattice whose characteristic lengths are
about the same as the diameter of a lipid molecule. In two-dimensions the average diffusion

coefficient is expressed as:
:/ D(v)p(v)dv, (2.12)

where:D(v) is the diffusion constant inside a free volume
p(v) is the probability of finding the free volume of sizébetweerv andv + dv and
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v* is the critical free volume.
The probability density(v) depends exponentially on the free area:

p(v) = X, exp (—u) , (2.13)

vy vy
where:~ is the geometric factor that corrects for overlap of free-ar?as,y <1land
vy = v, — v* is the average free volume in the systembeing the total average volume
per molecule.

The probability of finding the critical free volume is:

p(vx) = exp <—Py . U*) . (2.14)

vy
Areas belowv* are useless for diffusion,e. D(v) = 0 for v < v* and D(v)=D(v*) for
v > v*, therefore the expression for the diffusion coefficient becomes:

(D) = D(v*) - p(vx) = D(v*) - exp <_7U;’*) . (2.15)

Consider that the particle loses its sense of direction and, at thermal equilibrium, has an
average velocity: = % in a random direction, where is the mass of the molecule.
The time necessary for a jump is equalte- ¥ where (v*) is the molecular diameter
(and average “hopping distance”). The jump frequency is equd te % = A(Z*). The
diffusion constant is thus given Bg4:

D(w*)=g-A(v") -u:g-)\(v*)Q-fj, (2.16)
whereg is a geometrical factay = i for two-dimensional lattice.
The formation of a free volume is a consequence of the movements of chain segments that

are induced thermally. Therefore the jump frequency can be related to the hopping frequency,
f», of the defects along the hydrocarbon chains[8dl:

2d?
fi= L_ghfha (2.17)

where:d,, is the lateral displacement of the hydrocarbon chain and

Sv*is a constant, but; and therefore; are in general functions of the temperatuge= (vo) (T — Tp),
where(uv) is the mean van der Waals volume equivalent to the free volunigthe coefficient of thermal
expansion andy, is the temperature at which free volume disappé&bgk
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L is the length of the diffusing molecule.

The hopping frequency is estimated from the activation enéiggf the defects along the
hydrocarbon chains that are involved in the formation of the free volume:

fur f-exp (— ki;) , (2.18)

wheref is the CH-rocking frequency.

Substitution of Eq2.16 into Eqg.2.15 and taking into account the activation energy gives
[18]:

— 1ok _'7'0* o Ea
(D) = AgD'(v") - exp ( o kBT) : (2.19)

where: Aq is a constant dependent only on temperature and

E, is the activation energy per molecule associated with diffusion.

In the case of a lipid bilayer, the activation energy takes into account the interactions of a
lipid molecule with its neighbours in the bilayer, the interaction with the bounding fluid and
also the energy required to create a hole next to the diffusing molecule, whenever this event
is locally associated with an energy change.

2.1.4 Corral diffusion

The corral diffusion describes lipid diffusion in a membrane as a random walk in the presence
of obstacle®.g. proteins, gel lipid domains around proteins. It has been also called “diffusion

in an Archipelago” by Saxtofil; 96;/97]. The presence of an obstacle modifies the diffusion
trace of a lipid. The lipid molecule cannot move across proteins and its diffusion coefficient

is reduced. Saxton has studied restricted diffusion in a lattice by Monte Carlo simulations.
In his study the mobile species (traces) and obstacles occupied sites on the lattice, later being
mobile or immobile. Saxton specified the diffusion constant of lipids dependant on the ob-
stacle concentration, size and mobility. When the obstacle size increases, then the diffusion
coefficient of a tracer increases. It means that smaller obstacles reduced the diffusion coeffi-
cient by less. The mean square displacement, in the case of immobile obstacles, is expressed
by the equation:
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where:(r.) is the corral size and
A, A, are geometrical constants of the corral.

In the case of the motion with diffusion, the mean square displacement is given by the equa-
tion:

(r*) = 4Dt + (vt)?, (2.21)

wherev denotes the velocity of the diffusing protein or the velocity of the moving motor
in cytoskeleton to which lipids are connected.

As presented here, all of the obstuclers: the proteins and gel-fluid domains, influence the
diffusion processes in membranes.

During this work it is attend to understand diffusion processes in a simple artificial lipid mix-
ture containing two lipids with methods from statistical physics. To make the mixture more
complicated we would like to introduce additional lipigsg, cholesterol, then add proteins.
Ultimately we would like to look at diffusion in a living cell.

2.2 Fluorescence Correlation Spectroscopy

2.2.1 FCS Theory

The fluorescent signal can be separated from the background noise by correlating fluctuations
in the intensity of the fluorescent light belonging to the emission from discrete molecules.
The method is called Fluorescence Correlation Spectroscopy (FCS) and its concepts have
formulated in early 1970E30; 26; 67]. However autocorrelation was pioneered by Wiener
already in 1950s as a powerful mathematical tool for noise reduft®r).

Fluorescence correlation spectroscopy is an elegant and extremely sensitive method which
allows single molecule detection, providing information on important molecular properties
such as translation£BG; '46; 59; 104] and rotational diffusiol3; 26; 37; 54; 9€], chemical
kinetics[27; 193,124, binding reaction§27; 67], as well as the characteristic lifetime of the
excited stat¢25;12€] (Section 2.2.2).

The usual way to record a fluorescence signal is to illuminate a small volume element (about
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1 fl) in order to have only single particles, as shown in Fig2i#® [27]. In work pre-

sented here an assumed ellipsoidal 3D-Gaussian observation volume element with a radius of
377 nm and length of 2020 nm was illuminated. An average fluorescence intensity consists
of events produced by single particles as well as by background noise. Here, the fluctuation
of the signals was recorded in discrete time intervals with a temporal resolution.

(a) (b)
Figure 2.4:Detecting the fluorescence of excited molecules. In (a), the focal volgmes much larger than

the volume of the particle territoryr, as is required for obtaining large mean intensitigs,. >> Vr. In (b),
Vioe << Vr, asis required for producing large fluctuations.

When a dye- molecule passes through the focus, it absorbs laser light (changing to the
excited state) and after a characteristic timg, 3.9 ns for Rhodamine R6G, emits a burst of
fluorescent light at a different wavelength (see Fig2i&. The molecule then returns to its
original state.

The corresponding signal can be discriminated from the background noise by auto- or
cross-correlating the fluorescent light intensity fluctuati®fR@) belonging to the emission
from discrete molecules. The intensity recorded at time t is correlated with that recorded at
time (t+r). The product is integrated and normali§e@; 104 123:

G(r) = (F@) - Ft+7) _ ([(FQ) +oF@)]- (F{) +0FE+7)]) _
(F(1)° (F ()’

(F(£)° + (OF() 5F(t+7) _, , (OF()-0F(t+7))

(F (1)’ (F(1)’
where:dF(t) = F(t) — (F(t)) the fluorescent light intensity fluctuations around the average
intensity (F'(t")) and(0F'(t) - (F(t))) = ((F'(t)) - 0F(t)) = 0, since(0F(t)) = 0.

This “particle territory” is the reciprocal of the particle concentratierg. for 10~° M solution we have
10" particles per litre, and thus a particle territory of 10 litre (1 fl).

, (2.22)
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Laser facus

~ Objective

Figure 2.5:Schematic of the laser focus and diffusing particles through it.
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Figure 2.6:Fluorescence intensity fluctuations; (¢), from the average fluorescend#;(t)), of rhodamine
6G diffusing in bidistilated water at 296.2 K performed with 106 (blue colour) and 3Q:m (red colour)
pinhole (p).

Correlation of these both signals shows how much self-similarity they have. If the corre-
lation time 7 is sufficiently small, then the correlation function is close to aree,there is
a lot of similarity between a signal recorded at time t and that recorded at time When
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the correlation time increases(z(7) gets values between one and zero, until the correlation
time 7 is so long that the both functions have no any common part and¥(anis equal to
zero.
From a physical point of view, correlating the fluorescence interisity is very similar to
correlating the fluorescent light intensity fluctuatioris(¢). The product differs only by 1,
as result of normalisation. The correlation function for the fluorescent light intensity fluctua-
tions G s, (7) is defined as:

G puar(r) = G(r) — 1 = ED OFUEHT)) (2.23)

(F'(t))

The fluorescence intensit(¢) is assumed to be proportional to the concentration of fluo-

rescent particle§’ (77, t) that are inside the fixed illuminated volume at that time element V
and to the excitation intensity(7), thus:

Ft) = q- Q/VCEF (F)-1(F)-C (F,1)dr®, (2.24)

where:q signifies the detection quantum efficiency of the detectors and the attenuation of the
fluorescence in the passage from the sample to the detector area,

Q = ows - Py, With: 04,5 the excitation cross section of the fluorescent molecules under
study and®, their fluorescence quantum yield.

CEF (7) the collection efficiency function, defined as the fraction of emitted fluores-
cence at a certain position’, which passes the pinhole in the image plé@id.

For simplicity, I.,,, = CEF (7) - I (7) yields:

Ft)=q-Q /V Lo (7)) - C (7 ,t) dr®. (2.25)

Mathematically, the fluorescent light intensity fluctuatiors(¢) can be expressed as the
concentration fluctuation®C' (7,t) = C (7, t) — (C), where(C) is the equilibrium con-
centration:

SF(t)=q-Q /V L (7) - 6C (7, 1) dr®. (2.26)

Substituting Eq2.25and Eq2.26into Eq.2.23yields:

G () = SFFO OF(+7)) (227

(F(1)’
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fv f\// Tem (77) - Iem ( /) <5C -0C (7)' t+ 7')> dr3dr’
(Jy Lem (77) -6 (7“ t) dr3) ’

The space-time dependence of the concentration fluctuatiofv, ¢) is given by Fick’s
second diffusion equatidf28]":

d
%50( t) = D, - V*C (7,t), (2.28)
hereD. is the diffusion coefficient of the fluorescent molecules.

The concentration correlation function can be expressétiz:

g (7, 77) = (00(P.1) 60 (74 7)) = — ey 7 - (229)
T ’ 7 (47TDT)%

The laser focus is assumed to be of Gaussian shape along the axial as well as the radial
directions:

2 2 2 2
Iem:q-Q-Io-eXp(—lx —zy>-exp(—i2), (2.30)
o
wherer, andz, denote the distance from the centre of the sample volume element in the
radial and axial dimensions respectively, at which the detected fluorescence has dropped by
a factore=? (see Figuré.5).

The size of the ellipsoidal Gaussian focal volume is giveVhy = §7r3 T8 20

Last years Hess and Webb mentioned that the standard assumption of a three-dimensional
Gaussian focal volume is not an accurate approximdd@n47]. That focal volume has a
different shape occurs in the FCS curve in additional exponential component with significant
(>30 %) amplitude and shifts the measured diffusion time as muebB8s%. To minimise

these effects and to keep a more nearly Gaussian observation volume, they suggested using

2 2 2
V2 = (aiw gﬁ,m o ) the Laplacian operator
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a small confocal detector aperture and an underfilled objective back-ageduneo photon
excitation or correcting autocorrelation function.
Substituting Eg2.29and Eq2.30into Eq.2.27 and solving it numerically gives:

1 1 1
G4, = : I — 2.31
e () = 57 (H%) 1) o

207D

with 7p being the characteristic diffusion time during which a molecule resides in the
observation volume of radiug and lengthz,, given by, = % and the mean number of
molecules in the sample volume elementAs) = Vi, - (C).

In the standard case of an assumption of an ellipsoidal, Gaussian observation volume in the
absence of chemical kinetics, the correlation function for the 3-dimensional diffusign (
R6G diffusing freely in water) has the following analytical form:

1 1 1
G3P _(7) = _ — - , (2.32)
Jluct (N) \1+= Lt

2

The thickness of the lipid bilayer 6 nm) is 3 orders of magnitude smaller than the typical
axial length of the FCS observation volumg (=1 xm), and therefore, the diffusion of a
fluorescent label in the membrane can be treated as two-dimensional. For 2-dimensional
diffusion, where the focus highy >> d the correlation function has the following analytical
form [104]:

G?l[q)wt (1) = <]1[> ’ <1_+_1L> . (2.33)

The fluorescence intensity, analysed via the correlation function), gives information
about:

e the focus sizer(), zy), which is determined from Rhodamine R6G reference measure-
ments,

¢ the translational diffusion coefficier?, and diffusion timesp, the half amplitude of
the correlation function,

8Underfilled objective is characterised by the underfilling fagtor 1, which is the ratio of the back-aperture
radius to the beam radius.
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e the mean number of fluorescent molecu|88, at concentratiodC'), from the initial
correlation amplitude, in a defined observation volumg (see Figur@.7).

L6 N=1/(1.6-1) - 2.4
NlOOpm=1'67
g 0
g -22 2
S 15- R6G 31
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Figure 2.7:Cross-correlation profiles of rhodamine 6G diffusing in bidistilated water saturated with oxygen
at 296.2 K done with 10pm (blue colour) and 3@m (red colour) pinhole (p) corresponding to the fluorescence
intensity fluctuations from the Figuze.

It can be seen that the relative fluctuations become smaller with increasing number of molecule
measured. The number of molecules in the focal volume can be reduced by diluting the so-
lution or by using a smaller pinhole. However, the fluorescence signal should be still higher
than the background signal.

2.2.2 Labels

A characteristic property of a dye is the ability to absorb some light in the visible region.
Important requirements for dyes are a high absorbing power, a high fluorescence quantum
yield as well as low phosphorescence quantum yield and low rates of radiationless decay of
triplets. The important radiative transitions appear between two singlet electronic lgyels,
andS; (see Figure.g) [15;123.
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v A
c .

Figure 2.8:Energy level scheme for a dye molecule. Abbreaviations: Abs-absorption, F-Fluorescence, Ph-
Phosphorescence, IC-Internal Conversion, ISC-Intersystem Crossing, S-Singlet state, T-Triplet state [15].

Absorption of a laser photon raises the dye molecule from the ground$tédats first
vibrational excited singlet statg{. First of all the molecule is deactivated very rapidly to
the zero-th vibrational leve$;. Then the excited molecule can release its energy by one of
a few processes, the most probably of which is fluorescence, where a dye molecule comes
quickly back to the vibrational ground statg with emission of a photon§; — Sy + hv;.
For rhodamine R6G the fluorescence lifetime is 3.92f. In generall0* fluorescence
photons can be detected from one label before it bleaches. The other processes cause a less
efficient fluorescence emission. The first of them is a radiationless internal conversion (IC),
where a label goes to a highly vibrationally-excited ground s$§te5; ~~ Sg. The second
Is a radiationless intersystem crossing (ISC), where energy is transferred to the metastable
triplet state77, lying just below theS; state in energy{; ~~ 731). One of three processes
Is possible. The first of them is radiative phosphorescence, where a dye molecule relaxes to
the vibrational ground staté,, 71 — Sy + hv, over a longer time scale. For rhodamine
6G the triplet lifetime is 82 us [74;'10G 12€], whereas for the other labels it can be even
millisecondd15]. The molecule can be also raiseditband pass back to thg state, or can
go non-radiative intersystem crossing (ISC) to the highly vibrationally excited singlet state
So, T1 ~ Sp.
For FCS measurements it is important to reduce phosphorescence as much as possible, this
being visible on the FCS curves for short time scales. Use of a low laser power prevents a
conversion to triplet state, the likelihood of this being a function of excitation power. It is also
possible to quench the triplet state by introducing a quenelgeoxygen into the system.
For calibration of our system we have used a very common dye, Rhodamine 6G chloride
(R:634), which has a known diffusion constant/of= 3 - 107° % at 276 K. This aromatic
molecule (see Figui2.9) was purchased from Molecular ProBeghe absorption and emis-

°Eugene/OR, USA
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sion spectra of the dye are shown in Fig@r&Q This dye absorbs strongly in the blue-green

region, with a maximum at 528 nm, emitting red-shifted light with a maximum at 551 nm
[12€].

CHBCHENH

Fluorescence

Extinction (* 10* imol'cm™)

0 T v y T T
450 500 550 600 650
Wavelength {nm)

Figure 2.10:Absorption spectrum (on the left) and emission spectra (on the right) at various concentrations
of rhodamine 6G [128].

2.3 Differential Scanning Calorimetry

The thermodynamical properties of lipid mixtures such as heat capacities, melting points
and melting entropies were examined by Differential Scanning Calorimetry (DSC). The VP-
DSC'” calorimeter used is a very sensitive instrument, with which it is possible to measure
very dilute agueous suspensions of lipids such as lesslthen'm! of approximately 0.5nl
OMicroCal, Northhampton/MA, USA
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sample volum¢9(]. A differential scanning calorimeter consists of a sample cell (with a lipid
solution) and a reference cell (with a corresponding solvent) as shown in Rdujelaced
in an adiabatic shield. In calorimetric measurements we heat the sample and reference cells

Figure 2.11:Schematic of a differential scanning calorimeter (DSC).

with a constant scan raté&f, whereAt is the time increment) and keep the temperature dif-
ference between them zero. The device records the excess pofter, P, ope — Pre ference at
time ¢ and the temporal temperatufé Then the excess hedk(), for small At is computed
as:

t+At
AQ = / APdt ~ AP - At. (2.34)
t

The difference in power which must be supplied to a sample cell and hence the excess heat,
AQ), at a constant pressupeis proportional to the heat capacity differente,:

dHY . [0Q\ _AQ AP
(ﬁ)p = A = (8T)p S AT T AT (2.35)

At
whereH is the enthalpy.

The data output of the calorimeter is the heat capacity difference as a function of the temper-
ature. Below or above the melting point there is similar rate of heat absorption by both cells,
thus resulting in a small difference between lipids and water. During the melting process, the
probe absorbs heat at a higher rate than water, resulting in a peak in heat capacity profiles.

2.3.1 Phase transition

Differential scanning calorimetry (DSC) makes it possible to determine:
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e T,,; the phase transition temperature is the temperature at which 50 % of the membrane
lipids are transformed from a gel-like structure to a fluid-like structure.

e AH; the transition enthalpy is the actual heat required for the entire transition nor-
malised per mole or per unit weight.

e ¢,; the heat capacity is the amount of heat (per mole or per unit weight) which is
required to increase the probe’s temperature by a given temperature increment (usually,
it is defined for 1 K).

The chain-melting transition of a one component lipid membrane is a highly co-operative pro-
cess where the main transition has a half width-af.05 K [41]. The transition temperature
itself depends on the lipid species. Membrane lipids with shorter fatty acids or unsaturated
fatty acid chains have lower transition temperatures. In the case of shorter lipid chains, the
melting transition is broadéd01]. 7;, increases by 15-20 K for each two carbon atoms extra

in the chain lengtd70]. Moreover, the various polar head groups or the presence of ions
can have a dramatic effef®7; 70; 11€]. Organisms have membrane compositions consistent
with transition temperatures that are somewhat below their lowest body tempe/Eiure

16; '43]. Lower temperatures tend to decrease membrane fluidity because the molecules
of the lipid bilayer tend to form regular, more gel-like structures. As mentioned in Chap-
ter 1 the molecular motion is reduceidg. very slow diffusion and little intrachain mo-

tion. At higher temperatures, lipids form less regular, more fluid-like structures and the
molecules are packed relatively loosely. For this reason there are lots of molecular mo-
tions on a faster time scale in comparison with a gel phase. In going from the low temper-
ature (highly ordered acyl chains) to the high temperature (highly disordered acyl chains),
the thickness of the bilayer decreases (volume decreases by about 49/@hain melt-

ing occurs and the area per molecule increases by aboui2fsee Figure2.12) [40; 53;

84].

% AH , AS /%\:\; Aé;ﬁ/\)x ; ,

Figure 2.12:The scheme of the phase transition of a gel membrane into a fluid one.

11Data for DPPC, fronf40!.
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Figure 2.13:(a): An example of a heat capacity profile for MLVs of DMPC:DSPC 90:10. Scarﬁr%te
10 mM solution. (b): The corresponding example of enthalpy change calculated according to the fluctuation-
dissipation theorem.

The main phase transition of lipid vesicles has been considered to be a second-order
transition[109. It means that the extensive thermodynamic variables of the lipid system
change continously throughout the whole temperature range (FxLg€a) and (b)). The
extensive variables such as internal eneigyenthalpyZ and mean number of lipid state
chains are variables which depend on the size of the system.

2.3.2 Theory of the phase diagram

From a thermodynamical point of view, every substance can exist in one of the following
aggregation phases: solid, fluid or gas. Every substance can undergo a phase transformation
at given pressurgs and temperatures of the environment. The properties of a mixture of
substances in these phases are presented in the form of a phase diagram.

Phase diagrams are applicable also to lipid mixtures since lipids can exist in two phases: a
gel (solid) or a fluid one. The phase is represented as a generally homogeneous macroscopic
volume inside the system limited by the phase boundaries, however in big systems, the in-
fluence of the phase boundaries is neglected. The coexistence of two or more phases in the
system is possible. The phase is characterised by a chemical poteptidl), which has its
minimum at the thermodynamical equilibrium. The chemical potential of a one component
system is the same at two different phases:

p(p.T) =y (p,T). (2.36)
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Eq.2.36can be extrapolated for more phases and for more comporeegis the case of
lipid mixtures, as:

pu= gy == Y

m—1
po = ply =+ = " Y (2.37)
,U/n — /’L;L S — M’Elmfl),

wheren yields the number of components amdyields the number of phases.

There aren different chemical potentials, that make, together with pressurasd tem-
peratured’, n + 2 variables. The degree of freedofrdescribing the number of independent
variables is given by Gibb’s rule as equal to:

f=n—m+2. (2.38)

At constant pressure (as in calorimetric measurements) the constant 2 is reduced to 1 and
hencé?:

f=n—m+1. (2.39)

For each component a transformation from one phase to the other is possible. The class
(order) of transformation is defined as the partial derivative of the chemical potential over
temperature. Theth order transition yields:

om . A =0(m<n
(5Ef>p(“m“ﬂon {:#OEW1:7£ (2.40)

whereu” andp) are the chemical potentials of the phasasd; respectively.

12For a two component system, at the fluid phase- 1, » = 2 andf = 2 so both variableg’ andT can vary
independently and the whole system stays at the fluid phase, at gel and fluid coexistenee phase = 2
and f = 1 so the variablg:/ varies withT and phase separation can be seen. For the gel phaseragaih
n=2andf =2.
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In the case ofi** order transition, the phases are separated so well that there are no phase
boundaries from a thermodynamical point of view.

2.3.2.1 The ideal solution theory

Lee tried to describe the phase diagram phenomenologically with an ideal solution theory
[63]. Considering an ideal solution of lipids the ruling principles can be defined. In that case
two unlike molecules interact in the same way as two similar ones. This means that it does not
take into account molecular interaction, even though the phase diagram of an ideal mixture
may show phase separation also. Molecules are in the gel state at temperatures lower than
the lower limit of the phase coexistence area and in a fluid state at temperatures higher than
the upper limit of the phase coexistence area. There is gel and fluid coexistence phase in the
lens shaped region in Figug&l14 The lipid system is at its equilibrium at any temperature,

330 -
Ideal Mixture

O : Upper limit
O : Lower limit

325

320

Gel+Fluid
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Molar fraction in %

Figure 2.14:The phase diagram of an ideal mixture of the two components (A and B) system.

i.e., the chemical potential is equal for both states of component A and component B in phase
[ andg:

p =49 and (2.41)

Hy = . (2.42)

The chemical potential of component A is given by the equations:
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p9 = o 4 RT Iz and (2.43)

ug) = ,ug)o + RT -1In xx), (2.44)

Where:u(j)o, ,ufi)o are standard potentials (the standard Gibbs free energy) of one mole of the

pure component A at temperatufeunder standard conditions (pressuyres 1 bar),
R is the ideal gas constant and
xg’), xffl) are the molar fractions of component A in the gel state and in the fluid state.

The same equations are valid for component B. There is a relationship between molar frac-
tions of the species at equilibrium:

D @O
vyl " (2.45)

R RT

In

The partial derivative ER.450ver temperature shows connections between molar fractions
and enthalpy:

)
8ln % H(l)o . H(g)o
A _ A A (2.46)

oT RT?
This is the van't Hoff equatiofid]. The general assumption concerningvhen evaluating
the integral of Eq2.46betweenl’y andT), is that there is no difference in the heat capacity

between both phases. A chanfye, = 0 results in:

O]
In "4 = — B [ — 2.47
n xff) R (T TA) ) ( )
with AH, = H — H'Pe,
The transformed E@®.47yields:
oy Ay (1 1\ o Ly (2.48)
xfg{]) = exp 0 T T, = exp A)- .
Similarly for component B:
T8 e |-2H2 (1 1] oy, (—Hp) (2.49)
—~ = €exp |— N — || =exp(— . .

The sum of the molar fractions for the same states is equal to one:
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29429 =1 and (2.50)

2V =1 (2.51)

Transforming Eq2.48and Eq2.49and substituting into E@®.50yields[63]:
xx) =1- xg) = (1 — x%”) -exp (—Ha) and (2.52)

()

(9) _ Tp 253
B eXp<—HB)' (2.53)

Hence the fluid molar fractions are:

L) _ eXP (—Ha) (exp (—Hgp) — 1)

exp (—Hp) — exp (—Ha) and (2.54)

NOBNC S (—Hp) (exp (—Ha) — 1)‘

= 2.55
5 = " exp(~Ha) — exp (—Hp) (259
The gel molar fractions are:
@ _  (exp(—Hp)—1) )
ry = exp (—Hp) — exp (—Ha) and (2.56)
x%;) _ (exp (—Ha) — 1) (2.57)

exp (—Ha) —exp (—Hg)’

The phase diagram for an ideal mixture is established according t2.B4. Eq. 2.55

Eq.2. 56and Eq 2.57, which are valid only in the phase coexistence region. The vaiﬁles
xg), Ty andx depend on the temperature. At a given temperature, the ratio of molecules
in a fluid phase{;, to molecules in a gel phasg,, is equal td63:

i [R-Q]
fi+ [y N |R—P|
The pointsP, @, andR are taken from the phase diagram on Fig@ré4 These points
depend on the temperature, howevgrlepends also on the ratio of molar fractions of both
components. At the temperatufg, lying on the upper limit, the ratio of molar fractions of
both components is equal f%— By cooling the mixture to temperatuie, on the bottom

(2.58)
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.. . . (9)
limit, the ratio of molar fractions reachég;.
Tp

2.3.2.2 The regular solution theory

With an ideal solution only relatively simple phase diagrams can be described. It has been
considered that, in general, lipid mixtures should be treated as “regular solutions”, instead of
an “ideal solutions”. The regular solution takes various interaction energies between unlike
molecules into accounte. F 4 # Eap # Egp. The chemical potential of component A is
given by the equatiof63d:

pia =+ RT - In (w4 ja), (2.59)

wherej 4 is the activity coefficient describing how non-ideal the mixture is.

This concept is expressed by an additional term, which is the excess chemical patgntial

pi = RT -In(ja). (2.60)

Hence the excess free energy of the interactions for the mixture is:

GR:xA~u§+xB -,ug. (2.61)

There is a trick to find expressions for excess quantities which assumes that the entropy of
mixing is like that for the ideal solution:

AS=R[za-In(xza)+ (1 —2z4) In(1—xz4)] (2.62)

and the enthalpy of the interactions is no longer zero, but is given by:

AHR = o9z, 2p, (2.63)

wherep{) = = - <2E§{) —EY, - E%) is the interaction energy parameter wjtke {g, [},
andz the coordination number of the lipid63].

Then the following relations, tested by substituting E@-64and2.65into Eq.2.61, is valid
[63:

pf=p9 . 2% and (2.64)
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i =pf) a4 (2.65)

Substituting Eq-s2.48and2.49into Eqg-s.2.60and2.59respectively yields:

2
MX) = u{° + RT -In xg) + p((]l) (1 — :L‘(/i)) and (2.66)

2
19 — 400 L BT 0 2@ 4 o) (1 _ a:f;;’)) (2.67)

Corresponding equations are valid for component B. At thermodynamical equilihﬁﬁ.)lrﬁ
MX) and,ufgg) = u%) are valid:

0\ 2 ?
R o e e ) O TR N
o BT - R T Ty .

I I 2 2
10 o (@) o (o) _am, 1

In—A ¢ - Y (2.69)
| RT R

T 1Tp

Equation2.68and2.69can be solved numerically and give valuesf&}, a:f;;’), xfg? andxg)

as a function ofc , and temperatur@.

The regular solution theory has disadvantages also, because the free énisrgyt de-

fined corrected. It does not take interaction energies between different species of a different
state %, E',) into account. Instead, it assumes that species within phases are mixed ho-
mogeneously, meaning that no any interfaces between phases exist. These phenomenological
theories predict macroscopic phase separation, but not domains formation. Since it is obvious
that the structure of membranes is not homogenous, but includes gel and fluid dfs6hins

was necessary to find physical principles ruling it. The lipids interactions tried to be described
over the complete range of interaction energies, thus including cooperativity parameters be-
tween different lipids in a different phases{{, w'3), that corresponds &%, E',. For

these purpose Monte Carlo simulations which make use of the thermodynamical properties
of lipid mixtures have been done.
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2.4 Monte Carlo Simulations

There are several models available for the study of lipid melting and lateral organisation of
membranes. On one hand mean-field theories take average energies and entropies of lipid
ensembles into accoufl]. In this theory only the properties of one, “central” molecule,

are treated in details and they are extrapolated on neighbouring molecules. On the other
hand, there are numerical methods, Monte Carlo (MC) simulations. MC simulations

give information about fluctuation in membranes, calculate membrane properties like melt-
ing enthalpy and entropy and relate them to experimental data. MC simulations have the
advantage that they can describe not only the phase diagram, but also provide information
on, for example, the magnitude of volume and enthalpy fluctuations. MC simulations can
provide a solution to a complex system or problem. Here so-called “coarse-grained” model
have been used. This model takes cooperativity parameters between lipids into account and
replaced lipids as points, either in a gel or a fluid state, connected with line. The time scales
of the simulated processes play no role. The time of the simulated processes can be in-
ferred by comparison of MC simulations with experimental data. MC can be done on a
basis of lattice models, either on Ising’s two-state, or on Pink’s multi-state model, these
models being used generally for describing lipid systems. In Pink’'s model, a lipid can ex-
ist in one of ten conformational states. The first is the fully-ordered, all-trans, the last is
the fluid conformational state and the other eight are intermediate $1,e53; 81; 88;

89).

2.4.1 Lattice geometry, states and configuration

In our case MC simulations were performed using an Ising niddsla basis, proposed by
Doniach[23]. This approach has been used also by Segat. [10G 111;/11d. In Sugar’s

model lipids form a triangular lattice withV lattice points (see Figui2.15(a)). Each lat-

tice point is occupied by one chain of either DMP©r DSPC? respectively. Every lattice

point has an individual statége. can exist in either a gel (ordered) or a fluid (disordered)
state (see Figur2.15(b)). At low temperatures the lipid chains are in the gel ordered phase,
whereas at high temperatures the lipid chain order is lost and lipids are in the liquid disor-
dered phase. In this model, each hydrocarbon chain is surrounded by six nearest neighbours
(the co-ordination number is z=6). The lipid interactions between all species are modelled

3Ising proposed a magnetic analogy for the representation of the state of the phospholipid molecule: the gel
state is a “spin down” state, the fluid state is a “spin-up” sia@k.

14 14:0-14:0 1,2-dimyristoyl-sn-Glycero-3-phosphocholine.

1518:0-18:0 1,2-dimyristoyl-sn-Glycero-3-phosphocholine.
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through the interaction energy of the nearest neighbours. The interaction energies include
interaction parameters which are given in E&Z9

(b)

Figure 2.15:(a) Schema of a triangular matrix. Every lattice point corresponds to a one lipid chain (black
symbols). (b) The red symbols represent a gel phase and the green symbols a fluid phase. The dark symbols
correspond to DSPC and the light symbols to DMPC. The black lines correspond to the chemical bond.

In the case presented here the triangular lattice is represented by a squar&nvalriy
elements, where each matrix element corresponds to a lattice point. Théfdipicchains,
whereN; is the number of the lipid component= 1 (DMPC) ori = 2 (DSPC) and\V™ is
the number of the lipid component in the state= g (gel) orm = [ (liquid). N;* says how
many lipid chains of théth component are in theith state. It give$105:

N = Ny + Ny,

N = NY + N, (2.70)

N, = N{+ N} and

Ny = N{ + N.,

The number of pairs of nearest neighbour lipid chains, where one of the chains is of compo-
nenti in statem and the second chain is of compongim staten, is N;7". The total number

of possible pairs of nearest neighbour lipid chains for a two-component system i&/{fien

N¢ NI NS NYI | etc. In the case of periodic boundary conditions, which eliminate the
effects of the lattice edge, the following relationships are valid:
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z
SV =N+ NI L NU 4 N9 4 N9+ NI+ NIL + N9+ NZ + NI and  (2.71)

ZN" =2 NIP™ 4 NP+ Ni™ + Njm (2.72)

1y )

wherei, j € {1,2}, (i # j) andm,n € {g,l}, (m # n).

It is assumed that lipids interact via van der Waal’s interactions which are short-range. That
Is why only nearest-neighbour interactions between the lattice points are taken into account.
Sugaret al. has also tried to incorporate long-range dipole-dipole interacfibhd. Doing

this he found out that these interactions do not contribute much to the heat capacity profiles.
The matrix configuratiors gives information on the location and the state of lipid species.
E!™ yields the energies of a lipid chain of a componeit the staten and the energy de-
generacy level of componenin the same state is given k" in the following definitions.

The energied€’” are independent of location and orientation of the rotational isomers in the
lipid chains. TheE[;" are the near-neighbour interaction energies between the lipid ¢hain

in statern and the lipid chairy in staten, with a degeneracy;;". The total free energy of

one layer of the bilayer in the matrix configuratiBryields[10%; 111]:

l 2 2
G(S)= > E'N"+> N >SS EpNg (2.73)

Because of various possibilities for the locations and orientations of the rotational isomers in
a lipid chain, the total degeneracy is considered as:

l l l
r& =TT o™ - TTTITIIT ™ (2.74)
For a one component system the excess free energy is given by:

AG (S) = N (AH — TAS) + N w?! (2.75)

and for a two component system the excess free energy is given by:

AG (S) = N} (AH, — TAS) + NL (AH, — TAS,) (2.76)
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gl gl 99, .99 gl gl u lg lg gl gl
+Nyjwip + Nijwis + Njgwis + N12 12 + Nyjswiy + Nijsway,
where:

AH; = {Ef + gEff} — {Ef - gEfﬂ} Enthalpy change (2.77)

g9
AS; = kgT - Inf! — kT - In fg——k:BT In < ”> Entropy change (2.78)

(23

wi" = |B" — ————— —kgT -In———=| Cooperativity parameters
J 9 B \/W
(2.79)
The probability of finding the configuratio®is given by:
1 (8)-exp (-522)
P(S) = (2.80)

Q(N17N27T7V) 7
where: kg is the Boltzmann constant,
T the absolute temperature and

Q (N1, N2, T, V) is the partition function of the canonical ensemble of the lattice model.

The lipid system is described by ten parameters: two of the enthalpy chandeswo

of the entropy changeAsS from gel to fluid state and six cooperativity parametefs'. In

the case of an one component system, the magnitua@g otiefines the cooperativity of the
gel-fluid transition. For a sharp transition, the cooperativity is high thus resulting in a high
value ofw?™. For non-cooperative transition, where each lipid melts independly, the width
of the transition is very broad thus resulting in a small value/@f. In the case of a two
component system the influence, of the interaction parameters is much more comjiitated
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2.4.2 Determination of the model parameters

All model parameters are derived from differential scanning calorimetric experiments on
multilamellar vesicles (MLVs, see Figugel€). Since diffusion processes on stacks of mem-
branes have been investigated by FCS, parameters were determined from multilamellar vesi-
cles. MLVs consist of several (5 or more) bilayers separated by 3 nm water[Rlyefhe
following six parameters: the enthalpy changed,, A H,, melting temperatures,,, 1.,

for both lipids, as well as cooperativity parametzefé, wgé are estimated from two pure sys-
tems, either a DMPC or DSPE. The other four cooperativity parameterg™ are delivered

from measurements on various mixtures of DMPC:DSPC.

The enthalpy chang& H is defined as the mean of the integral of the complete heat capacity
profile over temperature.

o

?00“03_ DMPC DSPC

s

= 1507 Main transition

OC..

> 100+

53]

g Pretransition

& 50- iy

@) & Pretransition

%‘ ) = |

290 300 310 320 330
Temperature [K]

Figure 2.16:Heat capacity curves of MLVs of pure DMPC and DSPC respectively. The pre- and main-
transition are shown. The enthalpy change per lipid for DMPC is equAIH) s pc = 26342 m(;{'K and the
melting temperature i, ,,,, .. = 297 K. For DSPCAH pspc = 50740 —7— and T, ,,, . = 327.9 K.

The entropy change is determined from the energy change and temperature at the position
of the maximum value of the heat capacity curve. At the melting point, the excess free energy
(Gibbs free enthalpy) has its minimul4; 9; (44]:

Hence the entropy change is given by:

AS; = ATH“‘ (2.82)

1 DMPC: 14:0-14:0 1,2-dimyristoyl-sn-lycero-3-phosphocholine,
DSPC: 18:0-18:0 1,2-dimyristoyl-sn-lycero-3-phosphocholine,
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The cooperativity parametets’" are obtained by a comparison of experimental heat ca-

pacity curves with simulated ones (see Figdrg7). The model parameters are listed in
Table/2.1.

40x10° 4 DMPC:DSPC 50:50 ©
—: DSC scan o)
O : Monte Carlo simulation
30
-
°
E 20+
=
o D
© Fluid
10 #5560 o
o
Gel+Fluid o
0- \ C0009

295 300 305 310 315 320 325

Temperature [K]

Figure 2.17:Experimental (line) and calculated (points) excess heat capacity curves of DMPC:DSPC 50:50
mixture.

Table 2.1:Model parameters of the two-state two-component DMPC:DSPC bilayer model

Parameter W‘écham
AH, 3146.5
AH, 6063.6
AS, 10.59
AS, 18.49

wd! 323.45
wil 352.32
w’? 145
Wl 60
w?l 370
WY 410

The simulated:,-profiles are in quantitative agreement with the measured heat capacity
curves over a broad temperature range. The heat capacity curves are reproduced for the mole
fraction of the DMPC:DSPC mixture fron® % to 100 % DSPC adequately (see Figtd 3.
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DMPC:DSPC
3254 X : Monte Carlo Simulation
O : Calorimetry
g 320
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Figure 2.18:DMPC:DSPC phase diagrams. The crosses and squares represent the calculated and experimen-
tal data respectively. The points correspond to the melting temperatures at different DSPC mole fractions.

2.4.3 Steps in the Monte Carlo simulations

Monte Carlo cycles are performed on the basis of Glauber and Kawasaki algofi2Bins

Initial simulations start from the lattice, where the configurations of the lipid chains’ states
are evaluated creating a probabilfey= exp — (%) which contains information about how
many lipids are in the gel ordered phase or in the fluid disordered phase. During one cycle,
a chain is picked randomly and its state is changed. The conformation obtained at the end of
the first cycle is the initial conformation for the second one. This is repeated consecutively
N times, until the system achieves thermodynamic equilibrium. This equilibrium is reached
when the enthalpy begins to fluctuate around a mean value. Each cycle is done according to
the following order:

e Select a lattice point at random.
e Change its state either from gel to fluid or from fluid to gel.

e Calculate the Gibbs energy difference between the new #ial;, and the old matrix
conformation Syyig,:

AG = AG (Strial) - AG (Sorig) . (283)
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e Determine the Boltzmannn factdk:

A
K =exp (—@—i) . (2.84)

e Calculate the probability for the individual lipid to change from the gel state to the fluid
State:

K

This is Glauber’s algorithm.

e Generate a random number RAN

e Make a decision (YES or NO) on writes to accept the new configuration by comparison
RAN with the calculated probability:

RAN <P — YES

RAN >P — NO

If the decision is YES, the new trial configuratio®,;.;, will be acceptable. If it is NO,

the original old configuratio®,;s, Will be retained. The decision making is thus the most
important step in the whole simulation. The whole process brings the system into thermody-
namic equilibrium independently of the choice of the initial conformation (see F1G&p.

This method of proceedings was first proposed by Metropdlil [75]. After the equilib-

rium state is reached, data are accumulated and analysed.

MC cycles simulate thermal fluctuations of the lipid monolayer. The highest fluctuations
in the numbers of gel and fluid lipids are in the cont&ctetween phases and at the melting
temperatures. Also, fluctuations in a pure fluid phase are higher than in a pure gel phase.
These fluctuations are very useful products of the MC simulation since many important ther-
modynamics parameters, such as heat capacity and relaxation times, may be derived from
them. There are two numerical methods to calculate-thelues from the simulated data.
The first uses the partial differential of the mean enthalpy:

"RAN is a pseudo random number in the interval from O to1l.
8There are no borders in the case of phase separation as well as by ideal and regular solution.
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Figure 2.19:(a) An example of heat capacity performed for DMPC:DSPC 50:50 mixturé)ef0 matrix
at 302.2 K. (b), fluctuations in going to the thermodynamical equilibrium for the first 3000 cycles and (c) in

equilibrium.

¢, = (%)p. (2.86)

The second uses the fluctuation-dissipation theorem from statistical mechanics to calculate
the heat capacity of the systd#f:

A 2>R—T_2<H )’ (2.87)

where:(H?) is average of the mean square enthalpy,

Cp:

(H) is the mean enthalpy,

R= 1.987m;ﬁé€g the ideal gas constant and

T the absolute temperature.
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2.4.4 Simulation of FCS experiments

The aim of this work is to describe the measured Fluorescence Correlation Spectroscopy
(FCS) curves of DMPC:DSPC mixtures with a theoretical model. This is intended to leads to

a better understanding of diffusion processes, two of which are responsible for the dynamics
of the lipid system, swapping and rotation. Swapping is done as an exchange between two
molecules selected at random. That means that they do not have to be neighbours, nor do
they have to be in the same state or of the same species. This is the Kawasaki algorithm.
The achievement of equilibrium in the lateral distribution of molecules is accelerated if no
exchange of nearest neighbours ocddrkl]. A rotation by+60° occurs if the randomly-
selected, nearest neighbour chains form a rhombus. Then one of the chains and the chain
on the opposite node are exchanged (refer to Figuz€). Both processes contribute to the
diffusion. Experimental FCS curves are used to estimate the time scales of the simulated
diffusion processes. It is known from experiment that lipids in an gel environment diffuse
approximately 70 times slower than in a fluid environment. In the FCS experiment a label

(b)

Figure 2.20:(a) An example of exchange between two lipigs four chains. (b) A schematic of a rotation
by £60°.

diffuses through the laser focus. We can simulate this process by Monte Carlo simulation.
After equilibrium (3000 cycles) lipid chains are labelled randomly (see Figwté). The
marked chains are assumed to be able of emitting fluorescent light. The state of all neighbours

306K

Figure 2.21:The lipid snapshot0z70 of 70:30 DMPC:DSPC mixture at 306 K with a Gaussian shape laser
focus indicated as a light spherical shadow and labels (white spheres).
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of the selected four lipid chains are examined (refer to Fi@uP€). Then the total number
of lipid chainsn,;, plus the number of lipid chains in the gel staigare counted. The
diffusion probability is then calculated according to the equation:

P; =exp (— g AGd) = exp (— Tty -4.25) . (2.88)

Ntotal kBT Niotal

The numbe% = 4.25 comes from the distinction between the diffusion time in a gel and
in a fluid phase, compared over many FCS correlation préliles

This probability is chosen in order of getting a difference between the diffusion in a gel and
a fluid environment. IfP;, > RAN then one starts calculations with E2184and Eq.2.8Q

If P, < RAN then lipids rotate or swap. The firé, needs to be done for the following
reasons:

e assuming a pure DMPC gel environment using justZ8§0would lead toP = %

e assuming a pure DMPC fluid environment you would Bet % as well. Therefore the
same diffusion probabilities would be obtained.

To minimise edge effects, here the square lattice is surrounded by eight replicas. All calcu-
lations are done in the central (“original”) one. In this simulation, a marked chain can emit
one photon immediately after absorption. The predicted fluorescent intensities are analysed
after every diffusion step (lipid exchanges and rotations). Intensities are calculated according
to a Gaussian profile of the laser focus. Every marked chain gets a certain two dimensional
vector(n, m) which says in which matrix the focus sees the label. For example:

(mPos - :L‘Foc)2 + (yPos - yFoc)2
ext

(0,0) : original matrix I = I, -exp [— ] ., (2.89)

(xPos + L — xFoc>2 + (yPos + L — yFoc)2
ext

(1,1): I=1Iy-exp [— ] and (2.90)

(xPos + nL — xFoc)2 + (yPos + mL — yFoc)
ext

(n,m): I =1Iy-exp [— ] (2.91)

For diffusion in a fluid phase, = 0 — P; = 1; in a gel phase, = nyptq — Py = exp (—4.25) = 0.014,
since diffusion in a gel phase is approximately 70 times slower then in a fluid one.
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where: [, is assumed to be equal to 1,
(x pos, Ypos) are coordinates of the marked chain in the “original” matrix,
(T rFoe, Yroc) @re coordinates of the central point of the focus,
ext is the focus extension and
L is matrix size.
Each marked chain has the following intensity:

(IPos + nlL — xFoc>2 + (yPos + mL — yFoc)2
ext

I; =exp |—

Hence the total fluorescent intensity is:

[total = Z [z

(2.92)

(2.93)

The Monte Carlo simulations were performed predominantly 66 & 60 lattice. Calcula-
tions on a larger lattice size3( x 70, 80 x 80 and200 x 200) were found to give the same

results within statistical error of 15 %.
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Material and Methods

3.1 Fluorescence Correlation Spectroscopy

3.1.1 FCS Setup

An important part of this thesis was to construct FCS setup for investigating diffusion pro-
cesses in membranes, as mentioned in introduction. Therefore the optics principle are de-
scribed here in a little bit more details. The experimental setup is presented schematically in
Figure3.1and a brief description is given below. This confocal fluorescence setup consists of
a 532-nm green Nd:Yag laser (LASER 28ppower 5mW, beam diameter 0,36 mm) running

in TEMy, modée. The excitation light is polarispolarisationed linearly (>200€l that less

then one photon per 200 will have a perpendicular polarisation). The laser power is regulated
by inserting one of five neutral filters (OWABwith the following optical density: 3, 2, 1, 0.6

and 0.2.

oD — 1 1 | Intensity
= 10 — = 10
S0\ &10 Intensity after OD filter

where T is transmittance.

(3.1)

The calculated transmittances and laser powers with the neutral density filters are shown
in Tablel3.1. A telescope consisting of two quartz lenses with the focal length 5 mm and
100 mm (Lino%), magnifies the beam diameter to 7.2 mm. The probe is mounted on an

1Reno/NV, USA.

2TEMy, means a single mode laser, with no mode-hopping.
3Staufen, Germany.

4Goettingen, Germany.

49
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Computer

Flex5000 -

correlator card

APD

Lens 100 mm

Polarizing Beam
Splitter

Lens 150 mm
Pinhole
Lens 150 mm

Fluorescence
Filter T:542-622

Dichroic Beam
Splitter 537 nm

Telescope:

Nd:Yag Laser

532 nm 5 mm; 100 mm
—p Microscope
Nanoposition Objective
XYZ System i 60xW; N.A. 1,20

Sample

Figure 3.1:The schema of our FCS setup.

Table 3.1:0ptical Density Filters

OD Filter | Transmission, -| P-Laser Power, mW|
0 1 5
0.2 1.58 3.16
0.6 3.98 1.26
1 10 0.5
2 100 0.05
3 1000 0.005

optical table, equipped with a water immersion objective (Olympus OpticaPCIRLAPO
60xW; N.A.: 1.20; W.D.: 0.25m; F.N.: 26.5; C.C.: 0.13-0.24m; objective focal length

3 mm) and an objective nanoposition XYZ-system ( Fa. Physik Instrumente Gmb$&Co
expansior100um).

The red fluorescent light is passed through a beamsplitter with a dichroic mirror Q537LP

SHamburg, Germany.
6Karlsruhe, Germany.
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and emission filters (AHF Analysentechnik AGIransmission: 542-642 nm and 542-622
nm). These band-pass filters discriminate scattered laser light at the excitation wavelength
and minimise background from Raman scattered light (Anti-Stokes: 443-455 nm and Stokes:
639-665 nm[21]) of the water molecules in the sample volume element. The fluorescence
is collected through collimating quartz lenses with a 150 mm focal length (OWIS). In the
image plane, a pinhole (OWIS, with diameter 1@, 50 xm or 30 um; large enough to
collect virtually all fluorescence excited by the laser illumination in its focal plane) defined
the confocal volume elemeng.@.for 100 um pinhole, the focus diameter is 0.p#h).

The polarising beam splitter (Linos; SBB/450-1100 nm) divides the fluorescent light in par-
allel and perpendicularly polarised light. The light is focused by quartz lenses with a 100 mm
focal length (OWIS). The fluorescence signal is detected by 2 avalanche photo diodes (APD,
LASER COMPONENTS Gmb#fj SPCM-AQR-13) and it is correlated on-line with an FLEX
5000/FAST correlator card (CORRELATOR.c&mBY the use of two detectors we can elim-
inate all inherent noise due to the detectors (dark current) as long as the detectors themselves
are not correlatede(g. by using cross-correlation mode where the signal from one detector
is correlated with the signal from the second one).

3.1.1.1 Calculations for telescope lenses and pinhole

For the construction of an FCS setup, firstly the appreciate optics system (lenses, mirrors,
filers, pinholes) should be decided upon. For this it is necessary to calculate the focal lengths
of the various lenses needed for the system. Using a sta@daftPUSobjective lens with

a focal length of 180 mm , the following calculations were made:

tubelens focal length 180

— =3mm and
magni fication 60

Objective focal length =

Diameter of the back focal plane (diameter of laser beam coming into objective) =

= 2 - Numerical aperture - focallength =2-1.2-3 = 7.2mm.

The objective must have a high transmission efficiency, must not contribute fluorescence from
its internal parts, should have a high light collection efficiency and good resolution. These
criteria are satisfied with an objective having a high numerical aperture (N.A.). The numerical

"Tubingen, Germany.
80Iching, Germany.
9Bridgewater/NJ, USA.
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aperture of a lens is defined as the effective collection angle of a lens, a lens collecting light
from a sample, through air, can only capture that portion of light limited by the reflection
angle (Snell’'s law]61]:

N.A.=n-sin0O, (3.2)

where:n is the reflective index of intervening media for air n=1, for water n=1.33, for glyce-
rol n=1.47 and for microscope immersion oil n=1.52 and
O the half collection angle.

For the water immersion objective used in that setup, the half collection angle is equal to
65°, which gives better light collection and a greater field of view compared to the objective
with air as the medium. For the isotropic light emission, only one-third of the emitted light

will be collected(s - 4 - 7 = 5 - 4-90° = 120°) as shown in Figur8.2, [61].

Without Oil With Oil

Objective
| _—Llens—— |

; | Immersion |; !
Oil
" 208 Cover 5’ 01 20% \_
C—/———— Slip
k7 8‘7;"-.:_ \ S i d e \l Zooj
Il lumination Il lumination

Figure 3.2:The effective acceptance angle at the objective lens with and without immersion oil [61].

The collection efficiency) is given by the equation:

(1 —cos®) =0.29.

N | —

Y=

It means that the objective collects only 29 % of all photons emitted in whole spage (4

At the laser beam exit, the diameter of the beam is 0.36 mm. The back focal plane of the
objective is equal to 7.2 mm. The beam expander was placed between laser and objective
to increase the beam diameter. The focal lengths of the beam expansion lenses have the



Fluorescence Correlation Spectroscopy 53

following values:

0.36 mm
2mm

f(lensl) = - f(lens2) and

f(lensl) = % - f(lens2).

Lenses with focal lengths of 5 mm and 100 mm respectively were chosen. The focal diameter
(Rayleigh distance) of an objective is equal to:

122 Naser  1.22-532nm
N.A. 1.2

= 0.541 pm.

The pinhole diameter corresponding to an air disc was calculated as being equal to:

Focal diameter of an objective - magni fication = 0.541 uym - 60 = 33 pum.

A point inside the focal volume of a half higly emits a light in all directions. The emitted

light was collected through the objective and in the pinhole plane, the point was represented
as an circular shaped image with a raditis The sharpest image and the smallest radius,
R(z = 0) = Ry, belong to the points placed in the focal pldrag = 0) (see Figuré.3) [24].

The pinhole in the image plane blocks any fluorescent light not coming from the focal region
thus providing better axial resolution.

Is that image small enough that the whole fluorescence signal is focused on an active area
of APD, which is equal to 176mx 176 um? Lenses focusing light on a pinhole have a focal
diameter of 150 mm, and focusing light on an APD have focal lengths of 200 mm or 20 mm.
The image diameter was calculated according to the equation:

focal length of the APD lens
focal length of the pinhole lens’

pinhole diameter -

for a 100pm pinhole:

100
100 i - —"™ — 100 jum - 0.667 = 67 gm and
150 mm
20
100 pom - =" 100 jum - 0.133 = 13 um
m
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Figure 3.3:The function of the pinhole.

For a 30um pinhole, the image diameters are equal tqu2®and 4um for a 100 mm and
20 mm lens respectively. So all of the fluorescent light is focused on the active area of the
photodiode.

3.1.1.2 Focus size

The dimensions of the laser beam focus, the diameter of the pinhole in the image plane of
the confocal setup, the magnification and the numerical aperture of the microscope objective
define the sample volume from which fluorescent light is collected. The radius of fecus,

and the mean molecule numbél), are determined from the translational diffusion time of

10 nM rhodamine 6G solution (with a known diffusion coefficient equdbto= 3-10° cm?/s

at 296 K[33]), obtained from FCS measurements as follow:

2

D, = -0 =y =\/4-D, 1p. (3.3)

:4'TD

The radius was taken as the mean value of the radii measured by both avalanche photodiodes
(A and B) (ro) = ™15 and its standard deviation is given byw:\/w. The

mean values of the radiys, ), and their standard deviations, , for different optical density

filters and both pinholes are presented in Tibk:

Then, the mole number in a focus is estimated. Since 1 Molé.has- 10~23 molecules,
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Table 3.2:The mean radiugro), and its standard deviations,.,, for 100 zm and 30um pinholes.

Pinhole (o) T (ro)
ODFilters | -10~"m | 107" m
100 pum; 2 3.62 0.10
100pum; 1 3.77 0.16
100pm; 0.6 4.28 0.32
100pm; 0.2 5.81 0.39

30 um; 2 2.60 0.25

30um; 1 2.86 0.21
30um; 0.6 3.39 0.31

than the mean molecule numbél), determined from R6G measurement corresponds to a
mole number:

Imole - (N)
6.023 - 10-23°
From the calculated mole number and from the known rhodamine R6 solution of 10 nM per
litre e a focal volumeY/, is estimated as being equal to:

(3.4)

mole number =

mole number - 10~3m3
V = L0 ) (3.5)

It is assumed that the focal volume, for the highest intensity, has an elliptical shape:

3V

5
4dmrg

V =-nriz = 2= (3.6)

3

The mean half length&;) of the focal volume and their standard deviations, for differ-
ent optical density filters and both pinholes are presented in the 3able

A small volume element 1f[) facilitates a fast exchange of fluorophores in and out
the sample volume element. Due to the short passage times, higher excitation intensities
can be applied without photobleaching the molecules, thus allowing higher count rates per
molecule. Another important factor is the strong reduction in the background noise. The
scattering is proportional to the sample volume, the number of solvent molecules and
to the excitation intensity. When the excitation intensity is high, the background intensity
consists predominantly of Raman scattering from the solvent. At lower excitation levels, the
background count consists mainly of the dark current from the detecto?9({ cps)*° (see

0¢ps= count per second



56 Chapter 3: Material and Methods

Table 3.3: b The mean half lengtt,) of the focal volume obtained from particle number and concentration
of Rhodamine 6G via mole number for 10én and 30um pinholes.o ., is its standard deviations.

Pinhole Molecule | Mole number | Volume (20) T ()
OD Filters | number 1072 10718 m® | -107%m | -107%m
100pm; 2 4.22 0.70 0.70 1.28 0.01
100pm; 1 7.23 1.20 1.20 2.02 0.02

100pm; 0.6 | 10.09 1.68 1.68 2.21 0.04
100pm; 0.2 | 19.12 3.17 3.17 2.24 0.03
30 um; 2 3.30 0.55 0.55 1.94 0.04
30um; 1 431 0.72 0.72 2.10 0.03
30 m; 0.6 7.86 1.30 1.30 2.70 0.03

Fig/3.4) and corresponds to about one thousands times less than the emission rate detectable
from a single rhodamine molecul& (1000 kcps).

Dark count

280

260 4

2404

220
_I

200

Count rate [Hz]

1804

160 4

140

0 10 20 30 40 50 60

Time [s]

Figure 3.4:The dark count of the photodiodes.

3.1.1.3 The excitation power of the laser

The excitation power of the lasét was measured with a Powermeter (Fieldmaster) from the
company Coherent Model LM-2 (up to 50 mW). The output power was measured as equal
to 5.05 mW. The measured excitation power of the laser and the percent of transmission are
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shown in Table3.4. More than 60 % of the laser light passes through our optical system

Table 3.4:The measured excitation power P of the laser.

oD After After After After Transmission
Filters oD the beamsplitter| the mirror | the objective %
3 3.94uW 3.0W 291 W 2.41 W 61.2
2 41.3uW 31.2uW 30.3uW 25 uW 60.5
1 406 uW 309 uW 300 uW 247 uW 60.8
0.6 1.13 mwW 868 uW 839 uW 692 uW 61
0.2 3.14 mW 2.81 mwW 2.60 mW 2.18 mW 69
0 4.47 mW 3.48 mW 3.38 mW 2.78 mW 62

including the objective. The rest of the light is lost because some of it is partially reflected by
the surface of lenses and optical system, some is lost in the imperfect transmission through
optic components (absorption of the glues and coatings), and some is scattered by dust and
surface imperfections on lenses and on the optical system. Really the actual power at the
sample is lower still due to losses at the coverslip and water.

3.1.2 FCS properties

The photophysical and photochemical aspects of dyes are of great importance for the appli-
cation of fluorescence correlation spectroscopy. For a high sensitivity it is required to have
a high count rate per molecule and low background naieea high signal-to-background

ratio. Itis possible to achieve this by using higher dye concentrations, resulting in lower inten-
sity fluctuations, although longer measurement times are then necessary to analyse the lower
amplitudes of the correlation curve. Nowadays one uses very small detection volumes, objec-
tives with high apertures and highly selective band-pass filters. Nevertheless photophysical
properties of the fluorescent label like its absorption coefficient, as well as its fluorescence,
triplet and photobleaching quantum yields, are fundamental limits for the sensitivity and cor-
rect performance of FCS measuremdiz].

A triplet state (see Figurg.8 in Section 2.2.2) is a metastable state laying just below the
lowest excited singlet state. It returns to the ground state by long-lived phosphorescence. In
this case phosphorescence is an unwanted process which disturbs the FCS curve on a shor
time scale (see Figu/@5(a)). Oxygen is used to try to quench the triplet state, this being a
very small molecule and therefore can penetrate into the membrane well, and it has a high,
constant rate for quenching ~ 10 litres/(mole - sec)) [15] (see Figure3.5 (b)). The
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measurements were performed in fast crosscorrelation fodkarious mechanisms for the
transfer of excitation energy from the triplet state of a donor (a wide variety of dye molecules)
to an acceptor (oxygen) have been suggested. The transfer occurs as a triplet-singlet transi-
tion in the donor and as the excitation of oxygen from its ground state to its low-lying singlet
state or, as a singlet-triplet transition in oxygen to be relaxed. Oxygen can be involved in
the formation of a charge-transfer complex with the excited molecdte - O ), which re-

leases the excitation energy through internal conversion procki&eshe photochemical
process in which triplet energy transfer occurs is called photoquenching. Another unwelcome
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Figure 3.5: (a) FCS correlation curves of rhodamine 6G without oxygen. (b) FCS correlation curves of
rhodamine 6G with oxygen as a quencher. All of measurements were performed with different laser power in
Single Cross Fast mode (SCF).

side effect is quenching of the fluorescence. It occurs when dye molecules interact with each
other thus forming complexes which release the excitation energy in a non-radiative way. It

results in a lower fluorescence intensity and in a lower mean label molecule number.

One of the most important processes, that define the image quality and number of photons
detected from the sample is photobleaching, this being an irreversible process of photo-

HFast crosscorrelation mode means that the fluorescent signal from one avalanche photodiode (APD) at time
is correlated with the signal from the same one at time, wherer is very small thus resulting in correlation
over fast time scale.
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degradation of a fluorescent molecule. It occurs at higher excitation intensities, where the
excitation rate is on the same level as the decay of the excited singlet states of labels. Then
the excited singlet state is saturated such that the molecule can never come back to the ground
state by fluorescence. The saturation is observed at higher laser power (seg.5a0IBs

0.2 and 0), resulting in decreasing count rate per molecule (see Fd)ré>hotobleaching

is related to the triplet state, the probability of which increases with increasing excitation
irradiance. The triplet state releases its excitation energy in non-radiative processes: inter-
system crossing (ISC) and internal conversion (IC) which are assumed to be photobleaching
reactions. Photoblinking is a case of a reversible photo-degradation, where a dye particle,
can after a while, emit fluorescent light again.

The level of photobleaching has been determined according to Egdé@4ly The cal-
culated radius of the laser focus from rhodamine 6G measurements was the same for both
photodiodes A and B (rA =rB). The area in the plane of focus is:

S =-r
The focal excitation irradiance [5]:

LY (3.7)

05712’

whereP is the measured laser power.

The power of the laser petn? in focus is expressed by E8.8 and its values are shown
in Table3.5:

- (o) (3.8)

2 m-r? cm?

The probability of photobleaching at each excitation event for Rhodamine R6G is a con-
stant level of1.2 - 107 for the laser power below0?* 1W/cm? (refer to Figure3.6) [25]. In-
creasing the laser intensity aboM& 17//cm? results in a decreasing count rate per molecule,
especially for the lower density filteesg.0.2 and 0. This means that for such high intensities,
photobleaching and saturation of labels occur and consequently it was decided to use a filter
with an optical density of 1 for the R6G measurements. The diffusion time of Rhodamine
through 377 nm radius of the focus is approximately equal togEJ¥0r pinhole 10Q:m. The
diffusion time of a label in a fluid membrane is about 10 ms and in a gel membrane about
200 ms. So the label in fluid membranes needs 100 times more time for diffusing through the
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Table 3.5:The irradiance in the focus.
oD Molecules Count Radius lo/2 Count rate
Filters number | rate kHz | -10°cm | -10*-%; | per moleculekH =

3 7.29 4.3 4.13 0.022 0.59
2 4,22 25 3.62 0.304 5.92
1 7.23 172 3.77 2.767 23.79

0.6 10.09 241 4.28 6.015 23.89

0.2 19.12 366 5.81 10.28 19.14
0 17.57 317 591 12.67 18.04

laser focus than a dye in solution (in gel membranes 2000 times more time). It means, that
for keeping photobleaching processes on a neglible level, one should reduce the power of the
laser (by 100 times in fluid membranes and 2000 times in gel membranes) by using higher
OD filters,e.g. OD 3, when measuring membranes. This is a rough approximation, because

10° 10°* ,
I,/2 [W/em®]

10°

Figure 3.6:Probability of photobleaching for Rhodamine R6G [25].

the probability of photobleaching differs for various labels.

Another important parameter for single molecule detection is signal-to-backgrouni2itio

The background is composed of scattered laser light, Raman scattering from the solvent, as
well as of the own solvent and optical fluorescence. The Raman scatering from water was

blocked with band-pass fluorescent filters (refer to Section 3.1.1). Signal-to-background ra-

tios are kept above a limit of 1000:1 for rhodamine 6G in solution.




Membrane preparation 61

3.2 Membrane preparation

Hydrated, multilamellar membranes of mixtures of various phospholipids (diacyl phosphatidy-
locholines) with different chain lengths were investigated. Membranes were supported on
quartz coverslips (Firma Plai) or on glass coverslips. The lipids were purchased from
Avanti Polar Lipids, Iné:

DLPC: 12:0-12:0 1,2-dilauroyl-sn- glycero-3-phosphocholine,

DMPC: 14:0-14:0 1,2-dimyristoyl-sn-Glycero-3-phosphocholine,

DPPC: 16:0-16:0 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,

DSPC: 18:0-18:0 1,2-distearoyl-sn-glycero-3-phosphocholine,

POPC: 16:0-18:1 PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.

Figure 3.7:An example of the chemical structure of DLPC.

DLPC, DMPC, DPPC, DSPC are saturated phospholipids, where POPC is an unsaturated
phospholipid with one doubl€ = C' bond in the longer chain. As a label we have used one
of the following fluorescent lipid analogues: TRITC DHPE, DilC18 and BODIPY-C12-HPE.
Before the sample preparation, the quartz glass was washed with a solution of 2:1 Dichlo-
romethane : Methanol, then in an ultrasound bath with acetone and afterwards in bidistilled
water. Firstly lipids and labels were dissolved separately in Dichloromethane : Methanol
(2:1) or TFE (2,2,2 - Trifluoroethanol). The solvent TFE has the advantage that it reduces
surface tension and a drop of lipid solutions lies flatter on a slide. In the case of FCS ex-
periments, 1 ml of 10 mM lipid mixture was mixed with a 25of a 10 nM dye solution.

\Wetzlar, Germany
B3Alabaster, AL, USA.
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Fluorescent labels were purchased from Molecular Probes (Leiden, The Netherlands). The
ratio of lipid molecules to fluorescent label molecules is4 - 107, resulting in only a few

dye molecules being in a focus during an FCS experiment. For single molecule measure-
ments 1 ml of 10 mM lipid solution was mixed with a8 of 10 nM dye solution, which
makes the ratio of lipid molecules to fluorescent labels molecules eqRallt@®. Then two

10 ul drops of this solution was put on a quartz glass (or on a glass coverslip in the case of
the TFE solvent). The solvent was evaporated under a stream of nitrogen and left for some
hours in a desiccator (vacuum) in order the rest of the organic solvent was removed. A drop
of bidistilled water (3@l), saturated with oxygen, was put on the dried lipid and the sample
was heated at a temperature above the melting point for approximately 2 minutes. Oxygen
reduces the noise on fast time scales because it quenches the triplet state (see Section 3.1.2.).
The loss of water during experiments because of heating was thus compensated. If the sample
was dried out accidentally, a new one was substituted immediately.

In the present of water, lipid bilayers are formed, these being approximately 5 nm in thick-
ness and there is an aqueous layer of approximately 2 nm thickness as in &gug;

68). In the case presented here many multilamellars (stacks) were used. The formation of
stacks is well known from FCS experiments via the mean number of days in thé%casis

well as from neutron and X-ray scattering experimd@ti. The sample was covered with

a second coverslip in order to avoid increasing the thickness of a water layer, which might
result in vesicles forming as well as bilayers swimming in and out of focus. Using a stock of
bilayers allows to avoid an influence of a quartz on diffusion processes in membranes. It will
influence diffusion mainly in the first monolayer, therefore the mean number bilayers into
focus in the range of 10 to 100 what in that case the influence of the quartz support can be
neglected.

Temperature can be changed in this setup. For this purpose water was heated or cooled
in a water bath (RKS 20, mgW), and pumped through a heating/cooling system. This sys-
tem consists of specially constructed sleeves placed around the objective and the sample.
However the pumping system was switched off during the measurement periods (120-300 s),
because it was a source of mechanical vibrations that would otherwise have disturbed the
measurement. Temperatures were measured in a drop of water on a covering coverslip with
an ultra-thin thermocouple in the beginning and the end of measurements. The difference in

4The concentration of lipids and labels is known, so the ratio of lipid molecules to labels is known also.
From FCS the mean number of dyes (from the amplitude of correlation function) and the size of the focus is
computed. From this information the mean number of bilayers can be established.

BLauda, Germany.
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Figure 3.8:Schema of a stack of labelled bilayers supported on a quartz coverslip. The green colours corre-
sponds to lipids in a fluid state, the blue ones in a gel state, and the red colours represents a Dil label.

temperatures between beginning and end of measurement period was typall (with
a measured maximum change®0.5 K).

3.2.1 Label properties

The fluorescent signal comes from a dye diffusing through the laser focus. Different labels
with absorption maxima lying as close as possible to the 532 nm wavelength of the laser were
used. These large polyatomic organic molecules dissolved in solution have broad absorption
and emission spectra due to the large number of vibrational transitions (refer to Biglj)ce

Such a broad spectrum has the advantage that even when the absorption maximum and the
laser wavelengths differ for some nanomiters, it is still possible to have a high probability
of absorption of a photon. As diffusing particles in the membranes one of the following
fluorescent lipid analogues, purchased from Molecular P¥esre used:

e T-1391: TRITC DHPE; N-(6- tetramethylrhodaminethiocarbamoyl)-1,2- dihexadecanoyl-
sn-glycero-3- phosphoethanolamine, triethylammonium salt. This has a fluorescent
particle connected to the head and carries a negative charge in the head group (see
Figure3.9). It has an absorption maximum at 540 nm and an emission maximum at
566 nm.

e Dil dyes: D-384: DilC16; 1,1'-dihexadecyl-3,3,3",3- tetramethylindocarbocyanine

16Alabaster, AL, USA.



64

Chapter 3: Material and Methods

+
(CH,,CH,).NH
0 3723
CH4(CH,), o ~C=OCH,
H,(CH.,), ,—C—0OCH
CHyCHgh 450G 0 .
O CH,0=PR =0CH,CH,NH-C

0 S

Figure 3.9:The chemical structure of TRITC DHPE.

perchlorate and D-282: DilC18; 1,1'-dioctadecyl-3,3,3’,3- tetramethylindocarbocya-
nine perchlorate. They have a fluorescent particle built into the head group (refer to
Figure3.10). They have the same photochemical properties, but they differ in chain
length for two carbon atoms. They both absorb strongly at 549 nm and have emission
maxima at 565 nm (see FiguBell(a)). Dil dyes incorporate a lipid molecule between
their chains thus they are more likely to mimic the properties of natural lipids. They
might also be used for rotation measurements of single lipids.

H.C CH
/ CH=CH-CH
N, N

i |
(GHa)7 (CHo) 5

CH3 DH3

clo

Figure 3.10:The chemical structure of DilC18.

D-3813:3-BODIPY/(r) 530/550 C12-HPE; 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a, 4a-
diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3- phosphoethanolamine,
which has a fluorescently labeled acyl chain (see Figufg). BODIPY has an absorp-

tion maximum at 534 nm and an emission maximum at 551 nm (see F3dLi:€b)).
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Figure 3.11:An example of an absorption (left curve) and an emission (right curve) spectra for (a) DilC18
and for (b)3-BODIPY C12-HPE.
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Figure 3.12:The chemical structure of BODIPY C12-HPE.

D-3813 is intrinsically lipophilic, unlike most other long-wavelength dyes. BODIPY flu-
orophores have a high photostability, strong absorbance and are largely insensitive to their
environment, but in high concentrations aggregation may result in self-quenching. It has the
advantages that it does not carry any charges, so it can be used for salt measurements, nol
will it interact with the ions.

The purpose of this work was to investigate diffusion behavior in membranes and the label
has therefore to be distributed randomly throughout the whole system. Therefore calorimetric
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studies has been performed to find out the optimal label which will partition equally well in a
gel and in a fluid phase. For these studies, 5 mM lipid solutions were mixed with various dyes
separately so those mixtures contain 1 % labels. The transition enthalpy was corrected for
a 10 nM lipid solution. The calorimetric melting profiles for DLPC, DPPC, DMPC, DSPC
multilamellar vesicles with dyes obtained at a scan rate/of hr are shown in Figur8.13

The same measurements were then repeated at a scan rdt¢ lof over a shorter tempera-

ture range. DLPC has a melting temperature just below the freezing point of water, therefore
it has been measured in a capillary cell with a smaller volume immersed in a 40:60 ethylen-
glycol:water mass % solution. Since it has a very broad transition it was difficult to see the
influence of a label.

In the presence of various dyes, the maxima of the heat capacity curves are shifted progres-
sively to lower temperatures. This indicates that these labels prefer fluid-like domains. The
partitioning into a fluid or a gel phase depends on the relative chain lengths of the label acyl
chains and the phospholipids acyl chains. When the dye chain lengths are close those of
the lipids, packing is efficient and thus stronger interchain interactions in the gel provides
favourable partitioning into that phase. However the chain length is not the only parameter
for maximum partitioning into the gel phase. That is why it is necessary to perform calori-
metric measurements in order to know the partitioning of labels into gel and fluid domains.
The dye DilC18 seems to have almost the same distribution in a fluid phase as well as in a
gel one in DMPC and DSPC membranes, this being found also by FeigEI3in TRITC

DHPE prefers slightly a fluid phase in the mixture DLPC:DPPC, although it has been used
here because of its high photostability.
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Figure 3.13:(a) Heat capacity curves of MLVs of DLPC. (b) Heat capacity curves of MLVs of DPPC with

1 % of labels. (c) Heat capacity curves of MLVs of DMPC with 1 % of labels. (d) Heat capacity curves of
MLVs of DSPC with 1 % of labels. In both cases, the scan rate3wgghr.



68

Chapter 3: Material and Methods




Chapter 4
Results

This section presents the results of diffusion measurements using FCS and their interpretation
with the help of Monte Carlo simulations.

The diffusion processes in artificial lipid membranes at various temperatures were investi-
gated using Fluorescence Correlation Spectroscopy (FCS). Our systems consist of hydrated
multilamellar planar membranes supported on coverslips made from mixtures of various
phospholipids with different chain lengths (DLPC:DPPC, DMPC:DYP&pproximately

20 measurements of time length 120-300 s were measured and then averaged. Time scales
were calibrated with a Rhodamine R6G (10 nM) solution at 296 K with a known diffusion
constant o8-107¢ cm? /s [33]. Most of the measurements on membranes were recorded with

a 100um pinhole and optical density (OD) filter 3 which reduces the irradiance in a focus
to 0.022 - 10~*W/cm? in either crosscorrelation or autocorrelation mode. Crosscorrelation
mode means that the fluorescent signal from one avalanche photodiode (APD), which detects
parallel polarised fluorescent light at the timés correlated with the signal from the second
APD, which detects perpendicular polarised fluorescent light, attisme. This method of
correlation results in a reduction of the electronical noise of both photodiodes. Autocorre-
lation mode means that the fluorescent signal from one APD at thettismautocorrelated

with the signal from the same APD at the time- 7. In the case of autocorrelation mode,
there are much more electronic artifacts on fast time scales due to the dead time of the photo-
diode (30 ns). The data were analysed using a software written by the author. This software
calculates the diffusion time and the focal radius for rhodamine 6G measurements and the
diffusion time and diffusion coefficient in the case of membranes.

IDLPC: 12:0-12:0 1,2-dilauroyl-sn- glycero-3-phosphocholine,
DMPC: 14:0-14:0 1,2-dimyristoyl-sn-Glycero-3-phosphocholine,
DPPC: 16:0-16:0 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,
DSPC: 18:0-18:0 1,2-distearoyl-sn-glycero-3-phosphocholine,

69
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4.1 Single molecule measurements

For detection of a single molecule (SM), the ratio of lipid molecules to fluorescent label
molecules was reduced 20 10%. This results in less than two dye molecules in the detected
volume of~ 0.7 fI (on average, 1.7 molecules in the fluid phase and 1.65 molecules in the
gel phase). The average number of molecules was established as being equal to the inverse
of the amplitude of the correlation function at a correlation time of zero. This study was
performed on the stack of DMPC membranes labelled with TRITC DiHREwo different
temperatures: one at which the lipids were in the fluid phase (301 K) and one at which the
lipids were in the gel phase (282 K). The diluted rhodamine solution had a concentration of
5 nM and it was measured at 296 K. These measurements were recorded at a Birofvidth

10 s with 10° intervals and 10Q:s with 10* intervals, so each measurement was 1 s long.
Afterwards, the fluorescent traces for the rhodamine 6G and for fluid and gel domains were
integrated with different bin widths. The count rate per single molecule ranged from 1.2 to
2 kHz with OD filter 3 &22 to 26 kHz for rhodamine 6G with OD filter 1). The background
noise from water was equal to 500 Hz with OD filter 3 and 2 kHz with OD filter 1 (refer to
Figure4.1). Count rates differed by a factor of four although there a factor of one hundred
in filter transmission exists. This means that the fluorescent band-pass filters does not totally
exclude the additional scattered laser light on optics, Raman scattering from the water and
optical fluorescence.

The fluorescent intensity fluctuations were performed in two ways. Firstly the detected
photons were registered by a multichannel counter (CIO-C¥ROS&(th this multichannel
counter it is possible to detect each single photon separately. The stored data were analysed
later. The fluorescent trace of a marker reflects the environment of the label within a given
domain. In Figured.2 the fluorescent light intensity fluctuations coming out from very fast
diffusing soluble molecules in water can be seen along slower diffusing labels in fluid mem-
branes and very slow diffusion in gel membranes. The diffusion time was established by the
duration of the burst which, from definition, is the number of detected photons associated
with a transit of a single molecule through the probe volume. Since a lot of randomly dif-
fusing molecules cross only the edges of the detection volume, a short diffusion time results.
Also only a few molecules traverse the centre of the focal volume. One can further see this on

2T-1391, N-(6- tetramethylrhodaminethiocarbamoyl)-1,2- dihexadecanoyl-sn-glycero-3- phospho-
ethanolamine, triethylammonium salt.

3The bin width is the integration time for a single photon.

4PLUG-IN Electronic GMBH, Eichenau, Germany.
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the fluorescent traces as detected photons at both shorter and longer times. Single molecule
events that have a long pathway through the focal volume were chosen in order to compare
these results with the average diffusion times detected using a FLEX 5000/FAST correlator
card from the FCS setup. This correlator card has the advantage that the fluorescent signal is
correlated online, but the disadvantage is that it stores the fluorescent events integrated over
100 s so one can not see the real fluorescent traces.

OD Filters:
—:1
—:3

2.54

2.0

1.54

Count rate [kHz]

1.0+

0.54

0.0-

0 20 40 60 80 100x10°
Time [us]

Figure 4.1:The background noise from water for OD 1 and OD 3 recorded with a multichannel counter. The
fluorescence traces were integrated with a bin widthodfintervals.

Simultaneously correlation functions in crosscorrelation mode were recorded and calcu-
lated . With FCS, one can also distinguish between the time scales of diffusion processes.
The mobility of dye strongly depends on the environment. The half-value decay time of these
curves determine a diffusion time. Its value varies by several orders of magnitude between the
small rhodamine 6G (108s) molecule in water and the large dye molecule in gel membranes
(211 ms, see Figu4.3). The corresponding diffusion coefficients can also be calculated.

The results obtained with a multichannel counter are consistent with the results obtained
with the correlator card. In contrast to the Flex card, the multichannel counter detects each
single photon separately. Thus one can see the different movements of a single molecule in
gel and fluid domains. However it is time consuming to record a lot of fluorescent traces in
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Figure 4.2: The fluorescent traces of rhodamine 6G diffusing in water (OD 1) and a dye TRITC DHPE

diffusing in fluid and gel DMPC membranes (OD 3) recorded with a multichannel counter and then integrated
with different bin widths.
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Figure 4.3:The corresponding normalised correlation function for rhodamine 6G diffusing in water (OD 1)

and the dye TRITC DHPE diffusing in fluid and gel DMPC membranes (OD 3) calculated with a correlator
card.
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order to have sufficient data points for statistical analysis. Although the correlator card has
the advantage that the fluorescent signal is correlated online, the disadvantage is that it stores
the fluorescent events integrated over 180so one can not see the real fluorescent traces.
However, with both cards one can study extremely small fractions of fluorescent labels and
the time scales of diffusion processes.

4.2 Domain visualisation

4.2.1 The phase diagram

Heat capacity profiles of various DLPC:DPPC and DMPC:DSPC mole fractions allow the
creation of phase diagrams which depict interactions between adjacent lipids. These in-
teractions are expressed by the cooperativity paramefér The highest Valuewll% =

410 cal/ (mol - lipid chain), is for interactions between one molecule of DMPC in a fluid
state and one DSPC molecule in a gel sate. The smallest vélue, 60 cal/ (mol - lipid chain),

is for fluid-fluid interactions and{§ = 145 cal/ (mol - lipid chain), for gel-gel interactions
between DMPC and DSPC lipid molecules. The other cooperativity parameters have val-
ues between)!y andw? (refer to Table2.1). These values differ due to a difference in
chain length. Mouritsen explains these parameters by “hydrophobic mismatch” which de-
picts the interaction of hydrophobic lipid tails with water when near neighbour molecules
have different chains length. “Hydrophobic mismatch” suggests that the highest value of the
cooperativity parametes;;", occurs for interactions of short fluid-like DMPC chains with

long gel-like DSPC chains.

Differential scanning calorimetry (DSC) measurements for DMPC:DSPC lipid mixtures were
performed by Schilbtzer of the Membrane Thermodynamics and Biophysics Group of MPI for
biophysical Chemistry99]. In going from lower temperatures to higher temperatures, the
lipid mixture starts to melt at the certain temperature. The lipids undergo a transition from a
gel to a fluid state. There are two temperatures which determine the lower and upper end of
transition and there is a region with a coexistence of gel and fluid phases (see£#ja)e

The lower end of transition represents a temperature at which mainly the lipids, with a lower
melting temperature (shorter acid chains), are melted. The upper end of transition represents
mainly the melting of lipids with a longer acid chain length since those with a shorter chain
length are melted earlier. Usually, one establish the phase limit as the intersection of the tan-
gent of thec, profile with a base lin¢76]. These temperature points from various mixtures
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are used to construct the phase diagram.

A phase diagram is proposed by the regular solution theory which assumes macroscopic
phase separation. In that case, heat capacity profiles show sharp defined transition tempera-
tures (refer to Figurd.4b). However, very often there is no macroscopic phase separation
when the real lipid systems melt. Lipid mixtures show a second order transition. The contin-
uous nature of the melting causes the lateral separation of lipids in different states into micro-
and macroscopic domains as discussed in Section 4.2.2 and by Mourif&ij.ifThe “tan-

gent approximation” makes the regl profiles closer to the regular solution heat capacity
profiles. Even finding the phase limits precisely for real lipid mixtures is problerfizfic

105 the determination of the phase diagram is possible. The phase diagrams (refer to Fig-
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Figure 4.4:(a) The heat capacity curve of MLVs of 50:50 DMPC:DSPC mixture. Scarbratéhr. (b) The
heat capacity profile of a regular mixture. The transition begins exactly at the sharp temperature and also ends
exactly at the sharp temperature.

ure4.5and Figure4.€) show that the gel and fluid phases can coexist over a large tempera-
ture range. There are again regions in the gel phase (below the lower line), in the fluid phase
(above the upper line) and between the two is a region in which the fluid and gel phase coexist
(see Figur@t.5and Figured.6). Phase diagram provides macroscopic phase separation.

With such a phase diagram, the number of lipids in a fluid and the number in a gel state
can be estimated more precisely. For a 50:50 DMPC:DSPC mixture, the molar fraction of
DSPC is taken a® = 50 at a given temperature. Then, the molar fraction of DSPC in gel
phase is taken aB, and the molar fraction of DSPC in fluid phase is takenPagefer to
Figure4.€). Thus, the total fraction of both lipid species in a gel state is given by,
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Figure 4.5: Phase diagram for a DLPC:DPPC mixture. Markers represent mixtures and temperatures at

which FCS measurements were performed. The upper line is a limit between the fluid phase and the gel and
fluid coexistence region, whereas the lower line between the gel phase and the gel and fluid coexistence region.
The filled squares correspond to FCS experiments at a given temperature and for a given molar fraction of

DPPC.
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Figure 4.6:Phase diagram for a DMPC:DSPC mixture. The upper line is a limit between the fluid phase
and the gel and fluid coexistence region, whereas the lower line between the gel phase and the gel and fluid
coexistence region. The filled squares correspond to FCS experiments at a given temperature and for a given
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The total fraction of both lipid species in fluid state is given by,

R—-Q
=1—-f, = ——=. 4.2
fl fg R_P ( )
The expected,.; and measuredj;,,, gel fractions and their standard deviations,_, are
shown in Table4.1 for DLPC:DPPC lipid mixtures and in tabke2 for DMPC:DSPC mix-

tures.

Table 4.1:The expectedf(,.;) and establishedf(;..,) gel fractions from the FCS experiments (recorded in
crosscorrelation mode) in DLPC:DPPC lipid mixtures with TRITC DHPE at various temperatdfes, is
the standard deviation of The measured data with FCS slow fraction.

DLPC:DPPC | Temp. Foel Fotow Tfon
a molar fraction K from DSC, % | from FCS, % | from FCS, %
281.4 72 100 -
40:60 292.8 61 44 13.4
302.9 42 28.1 3.8
281.2 100 100 -
20:80 294.3 90 62.8 8.13
302.8 82 28.8 9.0

The aim of the FCS experiments was to determine how many species are in the fluid
phase (thus having a fast diffusion coefficient) and how many are in the gel phase (with a
slow diffusion coefficient). For achieving this goal, a two component fitting procedure which
assumes macroscopic phase separation (big gel and fluid domains) was used. Some devi-
ations between the expected gel fractions from the phase diagram and those found in FCS
experiments exist. In the FCS experiments the detected gel fraction depends on the parti-
tion of labels in the fluid and gel domains. Usually, dyes prefer a fluid phase as seen in
the differential calorimetric measurements DSC (refer to Fi@uig). In the presence of
a label, the melting point is shifted to a lower temperature. This results in smaller values
of detected gel fractions in FCS experiments, especially for DLPC:DPPC mixtures and for
the DMPC:DSPC 30:70 mixture. The second explanation of lower detected gel fractions is
photobleaching or photoquenching of slowly diffusing fluorescent dyes in gel domains. In
the case of DMPC:DSPC mixtures, a good agreement between calorimetric and FCS mea-
surements was obtained, whereas the even partition of the DilC18 in gel and in fluid domains
with DSC was observed. These values differ by maximally 18 % of the expected gel fractions
from DSC. Even for mixtures, DMPC:DSPC 50:50 and 70:30, higher values of the gel frac-
tions in FCS experiments were obtained like in the calorimetric experiments. The gel fraction
in pure DMPC and pure DSPC close to their melting temperatures were also measured. In
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Table 4.2: The expected f;,.;) and establishedf(;,.,) gel fractions from FCS experiments (recorded in
crosscorrelation mode) in DMPC:DSPC lipid mixtures with DilC18 at various temperaturgs, is the
standard deviation of the measured data with FCS slow fraction.

DMPC:DSPC Temp. fgel fslow O forow
a molar fraction K from DSC, % | from FCS, % | from FCS, %
100:0 296.6 50 76.5 9.1
291 100 100 -
30:70 310.1 92 75.7 13.8
317.6 68 57.5 11.9
330 0 0 -
290.5 100 100 -
50:50 303.6 68 69.8 3.4
309.7 51 65 2.2
3225 26 0 -
289.3 100 100 -
70:30 303 40.4 44.9 20.5
309.2 24 26.6 2.4
319.2 0 0 -
0:100 328.2 50 56.5 22.5

the case of DMPC, these values differ by 53 % at its melting temperature. It is hypothesised
that this may be due to the accuracy of the temperature measurement in a sample in the FCS
experiments£ 0.1 K), since the melting transition has a very narrow half width-@f.05 K

[45].

However, these deviations suggest that the fitting procedure, based on macroscopic phase
separation may not be the adequate for estimating gel and fluid fractions. From the shape of
correlation profiles in a coexistence region of gel and fluid phases, it is hypothesised that gel
and fluid microstructures exist inside big domains. Microdomains have been visualised on
Monte Carlo snapshots which include thermodynamical properties of lipid mixtures (Section
4.2.2. and 4.4.2). Thus, the fitting procedure requires revision based on this finding.
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4.2.2 Monte Carlo snapshots

With Monte Carlo (MC) simulations, heat capacity profiles over a broad temperature range
can be simulated. On the basis of statistical thermodynamics a phase diagram can be con-
structed (see Section 2.2.2). From these simulations one can deduce the matrix snapshots.
The MC snapshot is a picture of a matrix after the end of a Monte Carlo cycle. MC snapshots
taken in the gel, in gel and fluid coexistence phases and in the pure fluid phase are pre-
sented in Figurd.7. The dark symbols correspond to DSPC and the light symbols to DMPC.

2893 K 301K 305K

308 K 310K 3192K

Figure 4.7:The Monte Carlo snapshotst x 70 of a DMPC:DSPC 70:30 mixture at different temperatures
(305 K, f,=28 %; 308 K, f,=19.6 %). The first heat capacity maximum is at a temperatuté ef 301 K
(f4=57 %) and the second one/at= 310 K (f,=13.2 %). For the phase diagram, the temperatiires300 K
and7 = 313 K were determined according to the “tangent approximation”.

The connection between points represents the chemical bond. The red symbols represent a
gel phase and the green symbols a fluid phase. Gel and fluid macroscopic and microscopic
domains are shown on the snapshots. At temperatures below the lower limit of the phase
transition (" = 300 K), almost all of lipids are in the gel state. There are only a few fluid
micro-clusters. With increasing temperature, the amount of lipids in a fluid state increases
as well as the size of fluid domains. In a gel and fluid coexistence region there is a macro-
scopic domain formationi.€. huge gel and fluid domains). However, one can see the mi-
croscopic clusters of gel and fluid lipids at temperatures aBoves and below313 K [76,

105. The number of fluid and gel chains increase with increasing matrix size in a way sim-
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ilar to the increasing in the mean size of the macroscopic clusters, whereas the mean size of
microscopic clusters stays mainly constant. At higher temperatures, the number of gel-like
lipids decreases and the size of gel macro-domains also decfdd€ks At temperatures

above the upper limit of the phase transitidh+£ 313 K), almost all of lipids are in a fluid

phase whereas some gel microdomains exist.

4.2.3 Confocal Fluorescence Microscopy

The existence of domains, predicted through statistical thermodynamics, has been verified
using Confocal Fluorescence Microscopy (CFM) and Atomic Force Microscopy (A&2)

85]. With AFM, Mouritson has been able to detect domain formation directly in the transi-
tion region of DMPC and DSPC monolay¢B$]. There are several papers of Bagati|i5;

22] that present domains in giant unilamellar vesicles (GUVs) of DLPC:DPPC, DMPC:DSPC
and DMPE/DMPC mixtures at temperatures corresponding to the fluid-gel phase coexistence
using CFM.

Fidorra and Schlotzd®9] of the Membrane Thermodynamics and Biophysics Group of MPI

for biophysical Chemistry have observed domain formation in DLPC:DPPC, DMPC:DSPC
mixtures using CFM. GUVs were prepared using the electro-formation mé€hodh that

case, lipid-label solutions was spread between two ITO coverslips. The ITO coverslip was
coated with Indium-Titanium-Oxide on one side in order to be electrically conductive as well
as transmit light in the visible spectrum. Approximatelyul2of 0.8 mg/ml concentration

of the lipid-dye dissolved in TFEwas spilled on the conducting side of one coverslip. The
ratio, label to lipid, was kept on the level of 1 to 500. The dye absorbs light either at 488 nm
or at 633 nm. Lipids are labelled with two different dyes. The first dye prefers to partition
mainly in a fluid phase and absorbs in a green wavelength while the second dye prefers to par-
tition mainly in a gel phase and absorbs light at a red wavelength. The partitioning of labels
into either gel or fluid domains was investigated using differential scanning calorimetry. The
principle of these measurements is analogous to that described in a Section 3.2.1. ABODIPY
dye, D-3808 with absorption maximum at 503 nm and emission maximum at 512 nm for

a fluid phase and a DiD dye, D-775With absorption at 644 nm and emission at 663 nm

for a gel phase in both mixtures were used. The solvent was evaporated under a stream of

52,2,2 - Trifluoroethanol

6 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a, 4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphocholine.

71,1’-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt.
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nitrogen gas and then the ITO was left in a desiccator for more than 3 hours. Afterwards, a
drop of water was added between the two coverslips, with their conducting sides facing each
other, 1.5 mm apart. The water was heated to temperatures above melting transitions. Then
an electrical AC-field as a sinusoidal wave function was applied with an amplitude of 3 V
and frequency of 10 Hz for 10 to 30 minutes. In the presence of an electrical field, GUVs
are formed. They grow from pm to 200um in a diameter. The mean size of GUVs was
approximately 3Q:m. A scan rate of 20Qks was used to acquire an image evernyn for

both dyes. The superposition of the GUV images, taken with the red laser and with the green
laser, was performed. Domains where gel and fluid phases coexist are shown in&gure
for the DLPC:DPPC mixture, and in Figu#eg for the DMPC:DSPC mixture [unpublished
results].

(b)

Figure 4.8:An example of domain formation in the DLPC:DPPC 30:70 mixture at room temperature. (a)
The green fluorescence of BODIPY dye partitioning in a fluid phase. (b) The red fluorescence of DiD dye
partitioning in a gel phase. (c) The superposition of fluid and gel domains. Bars corresponchto (@ourtesy
Fidorra from Membrane Thermodynamics and Biophysics Group of MPI for biophysical Chemistry.)

@ (b)

Figure 4.9:An example of domain formation in the DMPC:DSPC 30:70 mixture at 298 K. (a). The green
fluorescence of BODIPY dye partitioning in a fluid phase. (b) The red fluorescence of DiD dye partitioning in
a gel phase. (c) The superposition of fluid and gel domains. Bars correspongo. {Gourtesy Fidorra from
Membrane Thermodynamics and Biophysics Group of MPI for biophysical Chemistry.)

Different shapes of domains in the gel-fluid phase coexistence region were observed. The
domain shape depends on the phospholipid composition and on the temperature. In the case
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of the DLPC:DPPC 30:70 mixture, the gel domains are presented as many of thin but long
domains connected with each other and surrounding vesicles. In the case of the DMPC:DSPC
mixtures, the gel domains show a “dendritic shape”. Recent studies observed that with de-
creasing temperature gel domains expand and migrate around v§3G;16g].

Giant unilamellar vesicles are large, thereby they have a small radius of curvature and their
surface can be treated as a flat area. These “cell size” vesicles are objects of interest for
good cell membranes model systems and for investigating membrane beHay22lr The
advantage of GUVs is that they represent a free unilamellar membrane without wall contact.
However, there are undulations on the surface which can be interpreted as dif]siBor

this reason, multilamellar membranes supported on a coverslip were used. Another reason to
reject GUVs for diffusion measurements was that their generation was not reproducible.

4.3 Diffusion in a DLPC:DPPC mixture

It was obvious from calorimetric measurements and from Confocal Fluorescence Microscopy
(CFM) that there is a phase coexistence region which can influence diffusion processes in
membranes. Diffusion processes and domain formation indirectly by Fluorescence Correla-
tion Spectroscopy (FCS) were investigated.

Firstly the diffusion processes in a DLPC:DPPC mixture was studied since it has gel and
fluid coexistence phase already at room temperati298 K). Cooperation with the Bio-
physics group of MPI for biophysical Chemistry led by Prof. Schwille was sought for the
investigation of diffusion in GUVs. The values of diffusion coefficients coming from both
experiments are in a reasonable agreerffsfijt

Multilamellar DLPC:DPPC membranes on a quartz support by FCS were investigated. The
used phospholipids differ in chain length by four methylene groups. The fluorescent signal
was detected by two avalanche photodiodes (APD) and correlated on-line in crosscorrelation
or autocorrelation mode. Lipids were labelled with a fluorescence marker: TRITC-DHPE
and hydrated with bidistilled water saturated with oxygen. Using the crosscorrelation mode
and oxygen gas, one reduces noise on short time sqagsihereas crosscorrelation mode
eliminates the electronical noise of photodiodes and the oxygen quenches the triplet state
(see Section 3.1.2.). Some experiments with auB0pinhole were performed to show that

the diffusion coefficient does not depend on the focus size (see FAglie In that case,

time scales were calibrated with rhodamine 6G and were measured withua ginhole.
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The presented correlation curves were normalised by the multiplication with a mean num-
ber of moleculeg V) and the subtraction of the value of a base lhevhich varies around
1. Measurements for pure DLPC, DLPC:DPPC 40:60, DLPC:DPPC 20:80 and pure DPPC,
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Figure 4.10:Normalised crosscorrelation profiles of TRITC DHPE diffusing in a DLPC membranes done
with 100 um (dark red, green, blue) and 3@n (light red, gree, blue colours) pinhole. Markers are from FCS
measurements, solid lines represent one component fits.

each at three-four different temperatures corresponding to the fluid phase, the gel and fluid
coexistence phase and the gel phase respectively were also performed . The amount of a gel
phase was regulated by changing the molar fraction of DPPC and by changing temperature.
At every temperature, several samples at several different regions were measured, resulting
in approximately 20 measurements with a duration of 120 s (fluid phase) or 300 s (gel phase).
The fluorescent signal from the gel phase was recorded for longer times in order to have a
good quality of correlation curve, since label diffusion occurs slower. Count rates were typi-
cally between 5 and 200 kHz and the background noise was less than 2 kHz. The count rate
per molecule was 1.2 to 2 kHz.

In a pure fluid and in a pure gel phase, it was hypothesised that lipids are in one of the
phases: either in a gel or in a fluid phase. Therefore, pure fluid and pure gel phases were
fitted with a one component diffusion coefficient fit using the following equation,
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1 1
G(T):B+<N>- =) (4.3)

where: B is the value of a base line which was around 1,
(N) is the mean number of dye in a focus and
7p is the diffusing time of label through the focus.

The diffusion coefficient, in both cases, was calculated using?Esjand the standard de-
viation according to the equation,

2rg - oy, T% “Orp
o = + ) 4.4
<D‘r> \/ (47'1))2 (47—D)2 ( )

where:ry, o,, are the focus radius and its standard deviation and
o, IS the standard deviation of the diffusing time.

The representative normalised correlation profiles for DLPC in a fluid phase and for DPPC
in a gel phase are graphically depicted in Figdrgl and Figured.12.
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Figure 4.11:Normalised cross-correlation profiles of TRITC DHPE diffusing in DLPC membranes at various
temperatures. Markers represent FCS measurements, solid lines represent one component fits.
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Figure 4.12:Normalised cross-correlation profiles of TRITC DHPE diffusing in DPPC membranes at various
temperatures. Markers represent FCS measurements, solid lines represent one component fits.

For mixtures with gel and fluid coexistence phases, a simple diffusion model was not suf-
ficient to describe the correlation profiles. Therefore, a two component diffusion coefficient
fit, assuming superposition of slow and fast diffusing species in a gel and a fluid domain
respectively, was used. The data were fitted according to,

1 fslow 1— fslow
G =B . T —— 4.5
(1) s T + ) (4.5)
slow ast

where: fa.u, 1 — fa0w 1S the expected fraction with either a slow or a fast diffusion constant
respectively and,

TDuwws TDsase 1S the diffusing time of label through the focus of a slow or a fast compo-
nent respectively.

With the two component fit, two macroscopic phases are assumed: big gel and big fluid
ones (but no microstructure).
In Figure4.13and Figured. 14, the representative normalised curves for every mixture at

8We called them a slow and a fast diffusing component since there is not macroscopic phase separation ( two
big pure gel and pure fluid phases) but there are micro-heterogenities, see also discussion in chapter 4.2.2.
and 4.4
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each temperature are shown.
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Figure 4.13:Normalised cross-correlation profiles of TRITC DHPE diffusing in a DLPC:DPPC 40:60 mix-
ture at various temperatures. Markers represent FCS measurements, solid lines represent one component fits at
281.4 K and at 302.9 K, or a two component fit at 292.8 K.

The average values of translational diffusion coefficieti,) = £=, overn measure-
ments and their standard deviationg, ), are shown in Tablg.5and in Table4.4 The
relative standard deviation varies with the sample preparation and makes up a maximum of
27 % of the measured diffusion coefficient what is a good result for measurements on soft
material samplek77].

The FCS curves from each measurement were repeatable to within 25 %. In the cases of
gel and fluid phase coexistence, they were more scattered that sometimes a one component
or both components at one temperature overlap FCS curves at slightly different temperatures.
However, the change for different conditions can clearly be seen (see idibe
The measurements performed in crosscorrelation mode give the same results within the stan-
dard deviation, similar to the measurements in autocorrelation mode, see Foiib .

In both modes a fast diffusion coefficient in fluid domains at high temperatige)LPC
at 302 K:D, = 6.72 - 1078 cm? /s was observed in FCS experiments in comparison to those
in gel domains at low temperatuesy. DPPC, 281.7 KD, = 2.08 - 1072 cm?/s.
Different diffusion behaviour in the gel and fluid coexistence region (like in pure fluid and
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Normalised correlation function G(t)-<N>-1

Figure 4.14:Normalised cross-correlation profiles of TRITC DHPE diffusing in a DLPC:DPPC 20:80 mix-
ture at various temperatures. Markers represent FCS measurements, solid lines represent one component fits at
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281.2 K and 302.8 K, or a two component fit at 294.3 K.

Table 4.4:Average translational diffusion coefficients of a slow compongéht, ,. ), and of a fast compo-
nent,(D;,,.,), in DLPC:DPPC lipid mixtures at various temperature measured by £GS, is the standard
deviation of an averag€D.). Experiments were recorded in crosscorrelation mode. (-) means that at a given

temperature, a gel or a fluid phase does not exist.

DLPC:DPPC | Temp. | (D,,.) | o (0r0) | Do) | T(p,,
amolar fraction| K 108 e | oS e | g9 et | -9 e
100:0 281.2 2.27 0.62 - -

294.0 3.21 0.46 - -
302.0 6.72 0.12 - -
281.4 - - 8.09 0.15
40:60 292.8 2.48 0.68 2.48 0.11
302.9 6.68 0.81 3.64 0.71
281.2 - - 2.25 0.17
20:80 294.3 3.79 0.12 2.31 0.14
302.8 4,23 0.19 2.69 0.66
281.7 - - 2.08 0.55
0:100 293.4 - - 1.83 0.15
302.8 - - 2.53 0.13
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Table 4.5:Average translational diffusion coefficients of a slow componéht, ,. ), and of a fast compo-
nent,(D.,. . ), in DLPC:DPPC lipid mixtures at various temperature measured by £GS, is the standard
deviation of an averagéD. ). Experiments were recorded in autocorrelation mode. (-) means that at a given

temperature a gel or a fluid phase does not exist.

DLPC:DPPC Temp <D7-fast> U<D7fast> <D7_slow> O-<DTslo'Lu>
a molar fraction| K 108 et | s ent | g9 emt |9 e
281.2 2.37 0.52 - -
100:0 294.0 3.22 0.54 - -
302.0 7.79 0.81 - -
281.4 - - 7.62 0.53
40:60 292.8 2.86 0.54 2.29 0.11
302.9 4.62 0.11 3.01 0.17
281.2 - - 3.52 0.29
20:80 294.3 3.19 0.86 2.28 0.14
302.8 4.14 0.24 3.03 0.29
281.7 - - 2.22 0.35
0:100 293.4 - - 1.94 0.31
302.8 - - 2.31 0.11
5 9x10” 1 Slow D
8x1079 Fast D, % & : DLPC:DPPC 40:60
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Figure 4.15Diffusion coefficient of TRITC DHPE in various DLPC:DPPC mixtures of a fast component (a)
and a slow component (b) as a function of temperature . The open symbols represent measurements performed
in the croscorrelation mode, whereas the filled symbols in the autocorrelation mode.

pure gel phases) were noted. Lipid mixtures at temperatures corresponding to the coexistence
phases were fitted assuming superposition of two diffusion coefficients, as a result of the gel
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and fluid domain coexistence.

The diffusion coefficient of the slow componere,d. D, = 2.48-10~% cm? /s for DLPC:DPPC
40:60 at 292.8 Kf,=61 %) is faster tha, in a pure gel phase(g. D, = 2.48-107? cm?/s

for DPPC at 293.4 K) at a corresponding temperature (see flabénd4.5).

The diffusion of a fast componerg.g.4.23 - 10~ ¢m? /s for DLPC:DPPC 20:80 at 302.8 K,

fi= 82 %) is slower than the diffusion in a pure fluid phasg.6.72 - 1078 cm?/s for DLPC

at 302 K at the same temperature (see Figui& Figure4.14).

This may indicate that there are gel microdomains inside huge fluid domains, and fluid mi-
crodomains inside big gel domains.

Microdomains have been seen on Monte Carlo snapshots of DMPC:DSPC mixtures therefore
such a membrane picture would be now introduced. In Figutéis showed an example of

a MC snapshoot where micro- and macrodomians occur is presented. The gel microdomains

303K 305K 307K

Figure 4.16:The Monte Carlo snapshai8 x 70 of DMPC:DSPC 70:30 mixture at temperatures correspond-

ing to the gel and fluid coexistence phase (303(}G40.4 %; 305 K,f,=28 %, 307 K, f,=26 %). The dark
symbols correspond to DSPC and the light symbols to DMPC. The red symbols represent lipids in a gel phase
and the green symbols in a fluid phase. The connection between points represents the chemical bond.

contain only a few DMPC and DSPC lipids in a gel state. The fluid microdomains contain
only few lipids with a shorter and with a longer chain length in a fluid state. The presence
of such microdomains requires revision of the two component fitting procedure for coex-
istence phases. The best example for failure using this fitting procedure is the mixture of
DLPC:DPPC 40:60 at 281.4 K (refer to Tabkesgl and 4.5). From the phase diagram, ap-
proximately 30 % of the lipids should be in a fluid phase (refer to Tdble It was not
possible to mark off the fluid and gel parts with two component fits. However, the mean
diffusion coefficient, equal t6.09 - 10~ em?/s, is almost four times faster than ttig. in a

gel phase at the corresponding tempera®uig - 10~2 cm?/s. It is almost three times slower
than D, in a fluid phase at the same temperat@e7q- 1078 cm?/s).

This may indicate that there is no macroscopic phase separation. On the other hand, it may
predict that there are microscopic fluid and gel domains because the diffusion coefficient has
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values betwee®.. in a fluid phase and, in a gel phase. The size of these domains may be
smaller than the diameter of the focus (754 nm), thus they cannot be separated by the fitting
procedure.

Another source of deviations is the curves fitting procedure which assumes a Gaussian shape
for the focus. Hess and Webb found that if the focal volume has a different shape, then it oc-
curs in the FCS curve as an additional exponential component, as discussed in Section 2.2.1
[46; 47]. Both assumptions (macroscopic phase separation and the Gaussian profile of the
focus) results in small misinterpretations of the correlation curves.

Obviously, the shape of the correlation profile reflects the coexistence of gel and fluid do-
mains. A decrease in temperature results in a lower mean diffusion coefficient caused by the
relative increase in the gel domain area with respect to the fluid domains (see &igip)re

To understand better diffusion processes, microdomain and domain formation in lipid mem-

oo DLPC:DPPC 302 K
g O :0:100
5 A :20:80

1.04%

0.8

0.6

0.4 4

0.2+

Normalized correlation function G(7)-<N>-1

0.0

10" 10 100 100 100 10
T [ms]

Figure 4.17:Normalised cross-correlation profiles of TRITC DHPE diffusing in DLPC, DLPC:DPPC 40:60,
DLPC:DPPC 20:80 and DPPC stocks of membranes at 302 K. Symbols are from FCS measurements, solid lines
represent one component fits for DLPC and DSPC, and two component fits for mixtures.

branes, it was decided to perform Monte Carlo simulations on the basis of the thermodynam-
ical properties of the lipid system.
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4.4 Diffusionin a DMPC:DSPC mixture

Since a control of the temperature during measurements over a wide temperature range
(253 K to 353 K) is possible the diffusion processes in different mixtures that have the
gel and fluid coexistence phase at temperatures other than room temperature can be stud-
ied. Therefore, DMPC:DSPC mixtures were investigated. The main reason for choosing a
DMPC:DSPC membrane is the large knowledge about this system. Already, Sugar has anal-
ysed this system with a Monte Carlo simulation similar to the model currently emplagéed

111].

4.4.1 FCSresults

The diffusion in artificial hydrated multilamellar membranes supported on a coverslip were
investigated. Mixtures of different DMPC and DSPC molar fractions labelled with the fluo-
rescence marker DilC18 were used. These phospholipids differ in length by four carbon
atoms. The temperature of the experiment was regulated to vary the amount of a gel phase in
every DMPC:DSPC mixture. Approximately 20 measurements were carried out over times
of 120 s (fluid phase) or 300 s (gel phase). For each sample and each temperature, a series
of measurements was made. The area under investigation was also changed. Count rates
were between 2 and 50 kHz, the background noise was less than 2 kHz. The count rate per
molecule was equal to 1 kHz in all measurements.

Normalised crosscorrelation profiles of DilC18 diffusing in planar DMPC and DSPC bi-
layers are graphically depicted (see Figdreg and Figured.19. The measured correlation
curves were fitted according to a one-component diffusion coefficient fit for a pure gel and a
pure fluid phase (refer to E4.3) and with a two-component diffusion coefficient fit for a gel
and fluid coexistence phase (refer to Bd).

The average values of the translational diffusion coefficigt) = 2=, overn measure-
ments and their standard deviations; , are shown in Tabld.€and Table4.7. The relative
standard deviation in determination(@. ) is a maximum of 40 % of the measured diffusion
coefficient.

For both autocorrelation and crosscorrelation modes, good agreement within standard de-
viation of the diffusion coefficient values was obtained (compare Tél@levith Table4.7,

9Normalisation means the multiplication with a mean number of molecu{gsand the subtraction of the
value of a base lin& which varies around 1.
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Figure 4.18: Normalised cross-correlation profiles of DilC18 diffusing in DMPC membranes at various
temperatures. Markers represent FCS measurements, solid lines represent a two component fit at 296.6 K
whereas at the other temperatures represents one component fits.

see Figur&.2(). Since this was seen it in the DLPC:DPPC mixtures, it was decided to per-
form measurements only in crosscorrelation mode.

The FCS profiles from each measurement were highly reproducible (see Zigdirelt
was difficult to make a detailed error analysis, because the standard deviation in measured
FCS curves depended also on how the probes are premagedydration rate)77,. Fig-
ured.?1gives an impression of the typical scatter of the FCS profiles in a gel phase, a gel and
fluid coexistence phase and a fluid phase. Although the FCS profiles are spread out, it can
been seen that experiments performed on the different conditions (temperatures) are clearly
separate from each other and the trends are visualised easily. The middle curve at every tem-
perature has been chosen as the most representative curve (red curves) for comparison with
MC simulations (see Figui4 21).

In a pure gel, the diffusion coefficienh,, is equal td).86 - 10~ cm? /s (DSPC at 290.6 K),
whereas in a pure fluid it is equal 504 - 107 em? /s (DSPC at 330.4 K,).
For DMPC membranes in a pure gél, is equal tol.48 - 1079 cm?/s (DMPC at 291.1 K),
whereas in a pure fluid it is equal 484 - 107 em? /s (DMPC at 310.7 K).
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Figure 4.19:Normalised crosscorrelation profiles of DilC18 diffusing in DSPC membranes at various tem-
peratures. Markers represent FCS measurements, solid lines represent a two component fit at 328.2 K whereas
at the other temperatures represent one component fits.
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Figure 4.20:Diffusion coefficient of DilC18 in various DMPC:DSPC mixtures of a fast component (a) and a
slow component (b) as a function of temperature . The open symbols represent measurements performed in the
croscorrelation mode, whereas the filled symbols in the autocorrelation mode.
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Table 4.6: Average translational diffusion coefficients of a slow componé, , ), and of a fast
component,(D-,, ), in DMPC:DSPC lipid mixtures at various temperature measured by BGS, is

the standard deviation of an avera@e,). Experiments were recorded in crosscorrelation mode. (-) means
that at given temperature, a gel or a fluid phase does not exist. Temperatures with * are close to the melting

temperatures of DMPC and DSPC.

DMPC:DSPC Temp. <D‘Ffast> U<D7fagt> <DTsluu7> U<DTelozu>
a molar fraction K 1078 % 1078 % 1079 % .107° %
291.1 - - 1.48 0.36
100:0 296.6* 5.64 1.86 1.87 0.46
303.8 4.16 0.55 - -
310.7 4.84 0.66 - -
291.0 - - 1.69 0.58
30:70 310.1 3.22 0.98 4.77 1.55
317.6 4.56 0.12 3.48 0.15
330.0 5.68 0.12 - -
290.5 - - 0.79 0.17
50:50 303.6 3.47 0.68 0.83 0.25
309.7 5.24 0.26 1.03 0.51
3225 4.39 0.39 - -
289.3 - - 1.39 0.29
70:30 303.0 3.32 0.86 2.11 0.88
309.2 3.34 0.99 2.58 0.17
319.2 517 0.82 - -
290.6 - - 0.86 0.05
0:100 310.7 - - 1.74 0.55
328.2* 3.76 2.54 2.5 0.12
330.4 5.04 452 - -

Slower translational diffusion coefficient was observed as the amount of gel increases (see
Figure4.1§ Figure4.19and Figured.20).

The shape of the cross-correlation profiles for phase coexistent regions differs from those
performed in a pure gel or a pure fluid phase.

In a gel-fluid coexistence region, diffusion of the fast component decreasgs .22 -

102 ¢cm?/s for DMPC:DSPC 30:70 at 310.1 Kf;=18 %) and diffusion of the slow com-
ponent increasee(g. 4.77 - 1072 em?/s for DMPC:DSPC 30:70 at 310.1 Kf,=92 %)

in comparison to a pure fluid £.84 - 107® ¢m?/s for DMPC at 310.7 K) and a pure gel

(1.74 - 1072 cm?/s for DSPC at 310.7 K) diffusion coefficient at the same temperature.

Lowering of a fast diffusion constant and increasing of a slow diffusion constant was ob-
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Table 4.7: Average translational diffusion coefficients of a slow componém, , ), and of a fast
component,(D-, ), in DMPC:DSPC lipid mixtures at various temperature measured by BGS, is

the standard deviation of an average,). Experiments were recorded in autocorrelation mode. (-) means
that at given temperature, a gel or a fluid phase does not exist. Temperatures with * are close to the melting
temperatures of DMPC and DSPC.

DMPC:DSPC Temp. <D7-f(m> U<D7j'asf> <D7-Slow> O'<D7'slou)>
a molar fraction K 1078 @ 1078 % 107 % 1079 %
291.1 - - 1.95 0.15
100:0 296.6* 4,93 0.25 1.60 0.65
303.8 4.37 0.45 - -
310.7 581 0.89 - -
291.0 - - 2.49 0.67
30:70 310.1 455 0.76 3.37 1.00
317.6 5.53 0.13 2.07 0.63
330.0 6.77 0.14 - -
290.5 - - 0.79 0.17
50:50 303.6 7.13 0.14 1.64 0.22

309.7 | not measured not measured not measured not measured
322.5 | not measured not measured - -

289.3 - - 1.34 0.37
70:30 303.0 3.74 0.45 1.30 0.42

309.2 4.42 0.11 1.76 0.29

319.2 5.62 0.93 - -

290.6 - - not measured not measured
0:100 310.7 - - not measured| not measured

328.2* 3.76 0.25 2.5 0.12

330.4 4.32 0.39 - -

served for every mixture when changing the temperature (refer to abéend Figured.18§
Figurel4.25 Figure4.26 Figure4.27 and Fig4.19. This may indicate that there are gel
microdomains inside fluid domains, and fluid microdomains inside gel domains. To check
this hypothesis a quantitatively comparison of FCS data with Monte Carlo simulations was
performed.

When calculating the diffusion coefficient, there are several sources of errors. The diffusion
coefficient of a lipid can be only calculated by comparison to an experiment with rhodamine
6G. The focal radius and the diffusion time of rhodamine 6G varies between individual mea-
surements but averages a value of 377 nm. Thus, the error for the diffusion coefficient of
lipids accumulates the error from both experiments: rhodamine and lipids (refer #4xq.
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Figure 4.21:Normalised crosscorrelation profiles of DilC18 diffusing in DMPC:DSPC 70:30 membranes at
various temperatures. Gray symbols represent FCS measurements, red filled symbols represent curves which
were compared with MC simulations (black curves).

This is why, for the comparison of FCS data with MC simulations, the diffusion coefficients
for lipids were corrected with the mean value of the focal radius.

4.4.2 Monte Carlo simulations

We wanted to understand domain formation with the help of Monte Carlo simulations based
on the two-state Ising mod€¥6; 105 110, 10G 111]. Therefore, FCS results were anal-
ysed with Monte Carlo simulations which make use of thermodynamical properties of the
lipid system. All of MC simulations were performed with exactly the same input parame-
ters. Monte Carlo simulations led to the simulation of diffusion processes in membranes (see
Section 2.4.4) (refer to Figu#27). The Monte Carlo simulations were done ofilax 70

lattice. Calculations on larger lattice siz&$ (< 80, 100 x 100 and200 x 200) were found to

give the same results within statistical error of 15 %.

In Figure4.23 MC snapshots in the gel phase , the gel and fluid coexistence phase and
the fluid phase can be seen.

The red symbols correspond to the gel domains and the green symbols to the fluid do-
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289.3 K 304 K 312K

Figure 4.22:MC snapshots performed using a DMPC:DSPC 70:30 mixture at various temperatures (289.3 K,
304 K, f4=33 %; 312 K). The red symbols correspond to the gel domains and the green symbols to the fluid
domains. The light green and red symbols correspond to the DMPC and the dark green and red symbols to
DSPC. The connection between points represents the chemical bond. 100 chains were marked, which are
indicated with white spheres. The focus is indicated as a light spherical shadow. The matrix sifexwes

303K

309.2K 3192K

Figure 4.23: MC snapshots performed using a DMPC:DSPC 70:30 mixture in the gel phase (289.2 K),

or in the gel and fluid coexistence regime (303 =40.4 %; 309.2 K,f,=24 %) and in the fluid phase

(319.2 K) at temperatures corresponding to temperatures at which FCS measurements were performed. The red
symbols correspond to the gel domains and the green symbols to the fluid domains. The light green and red

symbols correspond to the DMPC and the dark green and red symbols to DSPC. The connection between points
represents the chemical bond. 100 chains were marked, which are indicated with white spheres. The matrix

size wasr0 x 70.

mains. The lighter shades of each colour correspond to the shorter chain lipid species (DMPC)
and the darker shades to the longer lipid chain (DSPC). Huge gel and fluid domains which are
not homogenous can be seen. The MC simulations of the fluorescent traces of single labelled
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chains show fluid microdomains inside gel parts and vice versa.

Seeger, from Membrane Thermodynamics and Biophysics Group of MPI for biophysical
Chemistry has performed Monte Carlo simulations at the same temperatures as the experi-
ments were performed. With MC, simulation of the emission of fluorescence by a marked
lipid chain and thereby diffusion can be performed. The MC simulations hawé® steps.

The various Monte Carlo fluorescence traces at different temperatures are graphically de-
picted in a Figur&h.24
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Figure 4.24:The MC fluorescent noise for a DMPC:DSPC 70:30 mixture at various temperatures.

As seen the slowest fluctuations occur in a gel phase (at 289.3 K), the superposition of
slow and fast fluctuations occur in coexistence phases (at 303 K and 309.2 K) and the faster
fluctuations occur in a fluid phase (at 319.2 K). These simulations are in a good agreement
with the expectations of fast fluctuations in a fluid phase whereas it is possible a lot molecular
motions. Slow fluctuations occur in a gel phase whereas the molecular motion is reduced, be-
cause of closer molecular packing. In the intermediate temperature regime, (seed=2gure
at 303 K), one can provide a line corresponding to the slow fluctuations on which fast fluctu-
ations occur. Slow and fast diffusing fluorescent molecules with FCS are shown visually in
Figure4.Zin Section 4.1.
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The Monte Carlo procedure does not provide a realistic time scale. The time scales can
be only determined by comparison with the FCS experiment. Only the samples measured
in crosscorrelation mode, which reduces noise on fast time scales, were compared with MC
simulations. MCS are in quantitative agreement with the observed data (see£Rhyfeg-
ure4.26 Figure4.27, and Figured.20).
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Figure 4.25:Normalised cross-correlation profiles of DilC18 diffusing in a DMPC:DSPC 30:70 mixture at
various temperatures. Markers represent FCS measurements. Solid lines are predictions from Monte Carlo
simulations.

MCS provides a good representation of the experimental curves in all temperatures for
every mixture. There are small deviatioresd. for the mixture DMPC:DSPC 50:50, see
Figure4.2€), which are the result of inaccurate temperature measurements in the FCS exper-
iments. The values of the measured temperatures on the coverslips, the sample holder and on
the objective differs quite a lot (even several K). The different temperatures refer to different
amounts of gel and fluid phases than expected from the phase diagram. (refer 14.2able
Also, the amount of detected gel and fluid phase depends on the partition of the marker in
both phases. DilC18 has the best partition in a gel and in a fluid phase from the available
dyes (see Section 3.2.1).

Another observed phenomena, is the pronounced quenching of the DilC18 in the gel . This
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Figure 4.26:Normalised cross-correlation profiles of DilC18diffusing in a DMPC:DSPC 50:50 mixture at
various temperatures. Markers represent FCS measurements. Solid lines are predictions from Monte Carlo
simulations.
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Figure 4.27:Normalised cross-correlation profiles of DilC18diffusing in a DMPC:DSPC 70:30 mixture at
various temperatures. Markers represent FCS measurements. Solid lines are predictions from Monte Carlo
simulations.
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indicates that clustering of label in the gel domains may be occurring. This appears as a re-
duced count rate per molecule. When the same probe was heated the count rate per molecule
increased again. The marker clusters diffuse slower since they are bigger complexes than a
single dye molecule (refer to Figude26).

There are also small abbreviations in MC simulations on a slow time scales (s). At the end
of the MC simulated correlation curve is noise which reduced with longer simulation times
(more MC steps) or with matrix smaller sizes. However, increasing the number of MC cycles
has the disadvantage that the time of the simulations increasing rapidly.

Monte Carlo simulations are consistent with FCS measurements, therefore information about
the domain and microdomain formation as a result of adjacent lipid interactions was obtained.
On MC snapshots, gel and fluid macroscopic and microscopic domains in coexisting phases
were seen. Also, the shape of FCS profiles predicts microdomain formation in the interme-
diate temperature regime (as discussed in Section 4.3 and 4.4.1.). The diffusion coefficient
in fluid domains is lowered since there are also gel microdomains, whereas the diffusion co-
efficient in gel domains increases because of the presence of fluid microdomains. The good
agreement between theoretical and experimental curves proves existence of microheterogen-
ities in membranes. Therefore, the two-component fitting procedure, based on macroscopic
phase separation, does not give the correct interpretation of diffusion processes occurring in
the gel and fluid domains in a coexistent region.

Since Monte Carlo simulations make use of thermodynamical properties of the lipid sys-
tem, they give us information not only about the structure of lipid membranes, but also can
help with interpretation of their kinetics. MC has the advantage that they give us information
about diffusion times and also about relaxation times. The relaxation time, 7° - ¢,,
describes how quickly domains grow and disappeer, fow fast and often lipids change the
state gel-fluid51]). The highest fluctuations are at the melting transition and on the domain
boundaries.

4.5 lonic strength dependence of diffusion

The effect of electrostatic interactions of ions with phospholipids has previously been studied
by calorimetry{17; 11€]. Chapman has studied the influence of divalent catiods Qag?*
and UQ?2* on the phase transition in 1,2-diplalmitoyl lecithin and ox brain phosphatidylser-
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ine. Taylor has investigated the modification of the phase transition of DPPC in the presence
of mono- di- (C&", Mg?") and tri-valent (Pt", EW*", Gd*") ions. They found that ions

shift the melting transition to higher temperatures. These studies encourage us to further in-
vestigate the structure and the dynamics of uncharged membranes (POPC) in the presence of
differentions. Since biological membranes are surrounded by an aquas buffer containing var-
ious ions like N&, K, Ca&*, Mg?*tand CI, the interactions of these ions were investigated
with the zwitterionic lipid, POP&. lons Na and K' are involved in the (Na, K*)ATPase
whereas ions Ca Mg*tinvolved in (C&*, Mg**)ATPase play an important role as neuro-
transmitters in the nervous system. This study combines FCS experiments with Molecular
Dynamic simulations that provides a new picture on the influence of various salt concentra-
tions of NaCl on lateral diffusion of individual lipids in pure POPC membrdnék

4.5.1 Calorimetric measurements

POPC has a melting temperature below the freezing point of water(269.7 K, see Fig-
ure4.28). Therefore, it has been measured in a capillary cell with a smaller volume. This
was inserted in an ethylenglycol water solution 40:60 mass %. NidSPOPC have been
measured in the presence of different NaCl, KCI, Mg&id CaC] concentrations. The scan
rate wass K /hr. A melting enthalpy of 19.&.J/mol was determined.

The heat capacity profiles of POPC with NaCl are showed in Figu2& with KCI in
Fig'4.29 with CaCl, in Figure4.30and with MgC}, in Figure4.31.

In the case of POPC with NaCl and KCI, a small but measurable effect on the heat capacity
curve can be seen. In the case of Mgad CaC] this effect is clearly visible. Increasing the
ionic strength changes the shape of the calorimetric profiles. The ionic strenddpends
on the concentration of positive’{) and negative@” ) ions and their valence;, as given
by [114],

1
e= 530 (- Ch 422 -C2). (@5)

The interactions of the divalent ions, €aand Mg*, with membranes can be observed at
lower concentrations than in the case of monovalent ions, &l K™ (refer to Figure4.28

and Figured.29. In the presence of ions, the value of the maximum heat capacity decreases
and the overall profile is shifted to higher temperatures. The reduction in the shifted original

10 16:0-18:1 PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.
HMultilamellar Vesicles.
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Figure 4.28:Calorimetric profiles of POPC multilayers at different NaCl concentrations.
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Figure 4.29:Calorimetric profiles of POPC multilayers at different KCI concentrations.

transition peak and the appearance of a new peak at a higher temperature was found for
divalent ions. The effect of Cais even stronger than that produced by similar concentrations

of Mg?*. The shift in the melting temperatures indicates that these ions, (K&, Cat,

Mg?*) prefer to interact with the gel ordered phase of the lipid membrane. Interactions of
ions on a sodium example with FCS were studied and analysed with MD simulations in
a collaboration with Béckmann and Grubmiuiller of the Theoretical Molecular Biophysics

Group of of MPI for biophysical Chemistry.
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Figure 4.30:Calorimetric profiles of POPC multilayers at different Mg@bncentrations.
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Figure 4.31:Calorimetric profiles of POPC multilayers at different Ca€bncentrations.

4.5.2 FCS experiment

For the FCS measurements, dry POPC membranegl(@010 mM lipid soluted in a Di-
chloromethane:Methanol 2:1) on quartz were hydrated withu36f a buffer with various

NaCl concentrations and heated above the melting temperature of POPC. Samples were ther
equalise for half an hour in order to ensure complete hydration. As a diffusing particle, one
of the following two fluorescence markers was used: TRITC CHR&ee Figurs.9), with

12N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethy-
lammonium salt.
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a fluorescent labelled and charged headgroup or an uncharged BODIPY-C12wifhEa
fluorescent labelled the second chain (see Fi@ui¢). Because of the charge on TRITC
DHPE, it may have a different ionic strength dependence than zwitterionic lipids. However

it has similar chain composition as POPC. The second marker has longer chains that POPC
which can reduce the diffusion coefficient.

The fluorescence signal was detected by two avalanche photodiodes (APD) and correlated
on-line in crosscorrelation or autocorrelation mode. Measurements were performed with a
pinhole 100:m and OD filter 3. Measurements for POPC in bidistilled water and POPC with
different NaCl concentrations were performed, each at three different temperatures within the
fluid phase. Each sample was measured at every temperature, approximately 20 times with
a duration 120 s and 300 s for each measurement. Several samples, at several different loca-
tions were measured at every temperature. Time scales were calibrated with rhodamine 6G
in bidistilled water at 296 K.

Cross-correlation profiles could be fitted assuming a one-component diffusion rate (refer to
Eq.4.3). The temperature dependence diffusion of BODIPY-C12-HPE and TRITC DHPE in
planar multilamellar membranes of POPC on quartz, hydrated by 110mM NacCl is showed in
Figure4.32and in Figured.33respectively. Time scales were calibrated with rhodamine 6G

in bidistilled water at 296 K.

The fluorescence traces, analysed by the correlation function for several salts concentra-
tions, are shown in Figui4.34for BODIPY-C12-HPE and in Figuré.35for TRITC DHPE.

The average values of translational diffusion coefficients for both mades, = Z=,
overn measurements and their standard deviatiops,, are shown for BODIPY-C12-HPE
in Table4.8 and for TRITC DHPE in Tabl4.C.

Figures with various salt concentrations (see Figugdfor BODIPY-C12-HPE and Fig-
ure4.35for TRITC DHPE) presents ionic strength dependence for both labels.
Increasing the sodium chloride concentration was found to decrease the self-diffusion of
POPC lipids within the bilayer (refer to Tabldsf and4.9).
For TRITC DHPE at~300 K, it was observed that the translational diffusion coefficient of
(D;) =17.75-107% cm?/s in the absence of NaCl decreasesfp ) = 1.71 - 1078 cm? /s for
110 mM NaCl and toD,) = 1.38 - 1078 cm?/s for 5 M NaCl (refer to Tablét.9). In the

13_(4,4-difluoro-5,7-diphenyl-4-bora-3a,  4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphoethanolamine.
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Figure 4.32:Normalised cross-correlation profiles of planar POPC membranes using BODIPY-C12-HPE
hydrated by 110mM NaCl at different temperatures. Markers represent FCS measurements, solid lines represent
fits.
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Figure 4.33:Normalised cross-correlation profiles of the TRITC DHPE diffusing in planar POPC membranes
hydrated by 110mM NacCl at different temperatures. Markers represent FCS measurements, solid lines represent
fits.
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Figure 4.34:Normalised cross-correlation profiles of planar POPC membranes using BODIPY-C12-HPE as
a function of NaCl concentration. Markers represent FCS measurements, solid lines represent fits.
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Figure 4.35: Normalised cross-correlation profiles of planar POPC membranes using TRITC DHPE as a
function of NaCl concentration. Markers represent FCS measurements, solid lines represent fits.
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Table 4.8: Mean values of the diffusion coefficientD, ), of BODIPY-C12-HPE in POPC membranes
at various temperatures with different NaCl concentrations recorded in crosscorrelation mede.is the
standard deviation dfD. ).

Cnact | Temp. (D-) 7(D,)
A K | 108 | .qp8em

280.8 1.76 0.21

0 293.4 4.04 0.33

299.9 6.54 0.38

278.9 1.25 0.21

0.05 293.9 2.13 0.12

299.7 3.46 0.28

280.0 0.81 0.06

0.11 293.9 1.69 0.32

299.7 3.40 0.49

281.3 0.61 0.06

1 293.6 1.09 0.18

299.7 2.20 0.29

279.0 0.24 0.05

5 293.0 0.73 0.06

299.4 1.12 0.10

case of BODIPY-C12-HPE at300 K, the diffusion coefficienti$D,) = 6.54 - 10~% cm?/s

for POPC hydrated with bidistilled water. When NaCl concentration increases to 110 mM,
then the diffusion coefficient decreases(fo,) = 3.40 - 10~% ¢m?/s and for 5 M NaCl to

(D;) =1.12- 1078 em? /s (refer to Table4.8). Increasing the NaCl concentration more than

110 mM for both markers produced the same diffusion coefficient (within the one standard
deviation).

One can see that diffusion becomes slower not only in the present of salt but also by decreas-
ing the temperature (refer to Figu4e3Zand Figured.33).

Cross-correlation profiles performed with TRITC DHPE differ from the crosscorrelation pro-
files performed with BODIPY-C12-HPE. The reason for more stretched curves may be due
to a charge on TRITC DHPE marker. Overall, the time dependence of the correlation curve is
slightly more stretched than the fitted profile independent of NaCl concentrations. Probably,
a slight heterogeneity of the diffusion coefficient and the assumption of a Gaussian profile of
the focus are sources of this observation (see Section 2.2.1).

The same effect of saturated membranes above given salt concentrations was found by Rap-
polt using x-ray crystallographi@1]. Rappolt investigated POPC, DMPC and DPPC MLVs
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Table 4.9:Mean values of the diffusion coefficientD, ), of TRITC-DHPE in POPC membranes at various
temperatures with different NaCl concentrations recorded in crosscorrelation naqgde, is the standard
deviation of(D ).

Cnact | Temp. (D:) . o(Dr)
y K 1078 e | 08 e
279.6 2.69 0.12
0 293.5 3.40 0.35
299.5 7.75 1.19
281.6 2.39 0.39
0.01 | 293.0 3.94 0.29
300.8 5.52 0.69
282.2 1.65 0.17
0.05 | 292.7 2.52 0.39
300.8 4.52 0.32
281.0 1.56 0.16
0.08 | 291.9 1.89 0.22
299.6 2.84 0.28
281.3 1.24 0.43
0.11 | 293.2 1.83 0.14
299.2 1.71 0.52
280.0 1.47 0.17
1 293.0 1.69 0.19
300.7 1.62 0.52
278.6 0.88 0.32
5 293.6 1.89 0.48
299.7 1.38 0.10

in the presence of monovalent ions:'l.Na", K*and CI. At concentrations above 70 mM,

a decrease in the area per lipid molecule and an increase in the bilayer thickness was found.
This is relevant to a gel ordered phase. The strongest effect of induced phase separation was
found for lithium ions with respect to its concentration. However, this effect stays constant
above a certain salt concentration. The membrane saturation with salt is an interesting obser-
vation since the concentration of NaCHg.50 mM in biological cells.
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4.5.3 Molecular Dynamic simulations

Molecular Dynamic simulations (MD) were performed by Béckmann in a collaboration with
the Theoretical Molecular Biophysics Group of MPI for biophysical Chemistry, lead by Grub-
maller. MD simulations are time consuming, but in contrast to the Ising model used for
the current MC simulations, they yield molecular details in terms of position and motion
of atoms. Vibrations in the atomic structure of molecules are modelled in MD simulation
according to Newton first law of motion. This method gives information about the confor-
mation and dynamics of all atoms in the lipid membrane. But, for exact calculations, a large
amount of computational time is required. Usually, one calculates with them processes that
are occurring on the 1-100 ns time scale. But biological processes take a longee.gme (
diffusion of the label trough the focus takes ms).

A bilayer system with 128 POPC lipids well hydrated (40 waters molecules per one lipid
molecule) was studied. A pre-equilibrated POPC bilayer provided from Tieleman was used
as a starting structufd 17]. Force field parameters for the lipids were taken from the GRO-
MOS87 forcefield[8]. Electrostatic interactions were calculated with the Particle-Mesh
Ewald Method (PME)2C]. Three simulations at 300 K of more than 100 ns each were
carried out. The first simulation was performed in the absence ofigaltanly with wa-

ter molecules), the second simulation f@r + 30 mM NaCl and the third simulation for

220 + 30 mM NaCl. The diffusion coefficientpD,, was estimated from the slope of the
averaged mean-square displacement of the centre of m@gsof single lipids,

D, = L lim % {|z (to) — x (to + r)|2>t0 : 4.7)

4 t—o0
In Figure4.36 displacements for POPC with water and with both NaCl concentrations as
well as a distribution of displacements for pure POPC after 100 ps, 6 ns and 40 ns are shown.

Figure4.38and Figuret.37show the diffusion coefficient derived from the one-component
fits of FCS profiles and the results from the MD simulations.

Solid lines represenb « in [NaCl] dependence fitted to experimental data. The ad-
sorption of sodium ions affects the electrostatic potential of the membrane. In high-field
Gouy-Chapman theory, the electrostatic potentig), has a logarithmic dependence on a
surface charge density, (for o > 0) and ionic strength;, as given by[73],
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Figure 4.36:Mean-square displacements of POPC lipids computed from the MD simulations without NaCl
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three different timest. The solid lines display a fit to the solution of the two-dimensional diffusion equation,

n(d) ~ d - exp (—ﬁ:) [11].
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Figure 4.38:Diffusion coefficient of TRITC DHPE in POPC multilayers as a function of NaCl concentration
and temperature. The filled symbols represents FCS experiments and open symbols represent the Molecular
Dynamic simulation. Solid lines illustrate the trend only.

2kT 2 - 22
Wy = in (4 - 4.8
0 e ( eckgT 0) ’ (4.8)

kg is Boltzmann’s constant,

where:e is the charge,

T is the absolute temperature,
z is the valence of ions and
e is the dieelectric constant.

Therefore, both data sets in a semilogarithmic plot are given (see inserts of &i§8end
Figure4.37).

The values ofD,, its standard deviatiorwp_, coming from MD simulations after 30 ns of
going to equilibrium are shown in TabieiQ

Diffusion coefficients obtained from both FCS experiments and MD simulations are in

1al Ay

good agreement (compare Taidi&3 with Table4.32, see Figur&.38and Figuret.37).
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Table 4.10: The diffusion coefficient,D,, and its standard deviatiow;, , at 300 K for different salt
concentration obtained in Molecular Dynamic simulatior%.is the computed area per lipid alad% is its
standard deviatioru is the increase in the distance between the two monolayers.

A

Cnacl | D- op, T ] os a
mM 1078 % 1078 % nm? nm? | -107%m
0 3.9 0.3 0.655 | 0.011 0
50+30 3.7 0.4 0.625 | 0.011 1.1
220+30 2.6 0.3 0.606 | 0.009 2.2

The diffusion coefficient, calculated for the first 100 to 500 ps of simulation time, has values
betweer)).8 - 10~" ecm?/s and1.6 - 10~" em?/s which are comparable tD,, obtained from
neutron scattering experimeiifsl 7. However, the self-diffusion coefficients calculated after

30 ns of going to equilibrium from the 100 ns simulations (= 2.6 + 3.9 - 1078 cm?/s), are
consistent with those measured on a millisecond time scale (see Bi@iye This suggests

that most of the relaxation processes relevant for lipid diffusion are faster than the simulation
time scale (<100 ns). The values bf., calculated according to the extention by Saffman
and Delbrtck Einstein for Brownian motion which contains the viscosity of the membrane,
(Eq.2.10) are equal tal.2 - 1078 cm? /s for pure POPC and.9 - 10~% cm?/s in the presence

of salt. These values only partially explain the decrease in the self-diffusion coefficient ob-
served in the experiment and in the simulations meaning that the Saffman-Delbriick model
Is not an adequate approach for diffusion of lipids in membranes. Although the viscosity is
a factor affecting diffusion processes in membranes, it only partially describe a lowering of
diffusion constant.

The analysis of MD simulated membranes in the presence of salt explains the decrease in the
diffusion coefficient when increasing the salt concentration. In MD snapshots (Ed@fe

one can see that the sodium ions (red spheres) penetrate deeply into the membrane. The
molecular dynamic simulations show a (tight) binding of sodium ions to an average of three
lipids (see Figurd.40).

However, this binding forms larger complexes (nanodomains) with reduced mobility.
These nanodomains are probably not long-lived enough in FCS experiment. The correlation
profiles were well fitted with a one component fit, although there were nanodomains. This
suggests that our fitting method is not adequate for analysing microstructures and nanostruc-
tures smaller than the focal diameter.
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Figure 4.39:Simulation system (128 POPC lipids: grey carbon tails, yellow hydrophilic headgroups, light
blue water molecules, red sodium ions, green chlorine ions) [11].

P

% i

Figure 4.40: Typical coordination of a bound sodium ion (yellow) by three POPC lipids and two water
molecules [11].

As a consequence of cluster formation, it was observed that the average area per lipid de-
creases (see Tabiel(). The third effect was that the thickness of the bilayer increases by
approximately2 - 1071° m (refer to Table#.10. These effects increase the order parameter

of the fatty acyl chains. They are characteristic for a gel ordered phase. It was proposed that
this deep binding at the interface between the hydrophobic and the hydrophilic region is an
explanation for the phase separation in POPC membranes. This was confirmed by x-ray crys-
tallography in that NaCl concentrations induce phase separation in POPC meniBSidnes

This study showed that ions affect the lateral organisation of artificial membranes and there-
fore the relevant behaviour in biological membranes. Moreover, salt influences the diffusion
processes in membranes so it is important to investigate the influence of salt on the membrane
structure if one wants to understand the signal transduction in a neuronal cell. The interpreta-
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tion of calorimetric profiles in biomembranes has been also improved since they are sinked in
various salt buffers. The changing chain fluidity of lipids can be important for many biologi-
cal situations, particularly when transient effects occur in biological membranes. This study
also demonstrated the role of monovalent ions in organising the membrane. The role of the
membrane as a buffer for ions so far has been underestimated.

This work was published in the Biophysical Journal, 2003.
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Discussion and Conclusions

The aim of this study was to link domain and microdomain formation to diffusion behaviour
in artificial planar membranes using Fluorescence Correlation Spectroscopy and Monte Carlo
simulations. The important part of the study was to construct a confocal fluorescence setup
which is able to record single molecules, including fast data acquisition with hardware corre-
lators. It consists of a continuous wave 532-nm green Nd:Yag laser, water immersion objec-
tive equipment with a nanoposition XYZ-system and two avalanche photodiodes.

For years the investigation of membrane structure and composition has been of a great in-
terest6; 32;52; 55;56; 59, 72;91; 115, 127). It has been established from experimef®a}

13,136, 59, 11§ and theoretical56; [81; 82] studies that the membrane structure is not ho-
mogenous but contains various heterogenities. The most attractive region in lipid phase dia-
grams of binary mixtures is that corresponding to the coexistence of gel and fluid domains.
Superposition of gel and fluid domains in the phase coexistence region on Giant Unilamellar
Vesicles (GUVs) was observed. The direct observation and analysis of gel and fluid domains
were possible by Confocal Fluorescence Microscopy (CFM). There, phases can be identified
on the known partition behaviour of a given fluorescent marker. With CFM, macroscopic
domains can be visualised. Their shapes depend on the lipid composition and on the tem-
perature of the measurement. In the case of DLPC:DPPC mixtures, the gel domains are
presented as thin lines on a vesicles surface. In the case of DMPC:DSPC mixtures, the gel
domains show a “dendritic shape”. Good agreement with the work done by Bagétolli

22] or Korlach[59] was obtained.

The other method which makes it possible to produce an image of domain formation is
Atomic Force Microscopy (AFMJ85]. Nielsenat al. was able to detect domains in DMPC

115
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and DSPC monolayers supported on a mica at their melting transitions. Hulirpresents
submicron size DPPC domains by using CFM, AFM and Near-Field Scanning Optical Mi-
croscopy (NSOMJ4§]. However, one should keep in mind that the mica support can interact
weakly with lipids and therefore influence domain formation.

There are also indirect methods of mapping domaigsFluorescence Recovery After Pho-
tobleaching (FRAP) or Fluorescence Correlation Spectroscopy (FCS). It is possible to distin-
guish fluid and gel domains by the different values of their translational diffusion coefficient,
D..

Feigenson, Vaz and Periasamy have investigated diffusion processes by using Fluorescence
Recovery after Photobleachilfit; [86;/92; 108. The values of diffusion coefficients obtained
with FRAP ranged betweeR, = 1071 cm?/s and10~*! ¢m? /s in a gel phase and between

D, = 1078 cm?/sand10~" ¢cm?/s in a fluid phasd70].

Vaz et al. has studied DMPC bilayers in excess water labelled with NBD-DNIHE In a

fluid phase, at 307 K, Vaet al. obtained a diffusion coefficient equal 60 - 1078 cm?/s,

while at 319 K a value of 1.0 - 10~® ¢m?/s was obtained and at 331 K a value f.2 -

10~ em?/s was obtained. In a gel phase at 283 K, \édal. obtained values smaller than
10719 cm?/s. For other fluid bilayers like DSPC at 331 K, the diffusion coefficient equal to
13.2- 1078 ¢cm? /s has been found and for DLPC at 293 R, ~ 5 - 1078 cm?/s.

There is also a difference iR depending on the method used for the measurement. The dif-
fusion coefficient in a fluid membrane derived from FCS and FRAP is slower than that derived
from neutron scattering measuremerids & 4-107¢ cm?/sandD, = 1.6-107" cm?/s) [87;

117] or excimers techniquell, = 1.6 - 10~" em?/s for DPPC at 323 K and), = 0.65 -

107" cm?/s for DMPC at 303 K)[34]. The difference in these values is due to the neutron
scattering technique and excimers technique observing microscopic diffusion behaviour as
explained by the free volume model, whereas FCS or FRAP measures the macroscopic dif-
fusion.

Fluorescence Correlation Spectroscopy (FCS) was utilised as a tool to characterise molecular
mobility in different phases. Diffusion processes in artificial lipid membranes containing dif-
ferent amount of gel phase at various temperatures were investigated. The systems consisted
of hydrated multilamellar planar membranes (stacks) made from mixtures of various phos-
pholipids with different chain lengths (DLPC:DPPC, DMPC:DSPC) supported on coverslips.
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The confocal setup makes it possible to detect even single molecelegefy diluted label
solutions that do not disturb original properties of lipid bilayers could be used). Moreover,
according to the free volume theory, diffusion of a fluorescent lipid analogue is almost inde-
pendent of its chain length and it is only dependent on the tempel@4lteGallaet al. has
reported that the values of diffusion constant of PDA in various lipids such as DPPE, DPPA,
and DPPC at 343 K differ at most by 20 %. This shows that the diffusion coefficients of
diluted dye molecules (1 dye per 100 lipids) of similar size and mass to the lipid molecules
are comparable to the lipid diffusion coefficients.

With FCS, it was indirectly observed that existence of gel and fluid domains in the phase
coexistence region occurs. Fluorescent intensity fluctuations, analysed via a correlation func-
tion, gave information on the translational diffusion coefficient, and the diffusion time,

Tp, as well as on the mean number of dye molecules in the laser {d¢us

The fluorescent marker moves faster in fluid domains than in gel domains since the fluid
phase is loosely packed allowing greater molecular motions. In the more ordered gel phase
molecular motions are reduced.

A simply diffusion model in a pure gel and a pure fluid phase was used assuming that there are
not any obstacles or heregonities influencing diffusion processes. Therefore the FCS curves
were fitted with a one component fit. A fast diffusion coefficient in fluid domains at high
temperatures was observesdd. D, = 5.04 - 1078 ¢m?/s for DSPC at 330.4 K) in compari-

son to gel domains at low temperaturesg( D, = 8.6 - 10719 ¢m? /s for DSPC at 290.6 K).

The same observation was found for DLPC:DPPC mixtures with a fast diffusion coefficient
in fluid domains of DLPC at high temperaturesg. 302 K, D, = 6.72 - 10~ em?/s) and in

gel domains at low temperaturesd.281.7 K,D, = 2.08 - 1072 cm?/s).

The results are consistent with those of Korlathal. [59] or Scherfeld from the Biophysics
group of MPI for biophysical Chemistry led by Prof. Schwiltg].

Korlach investigated GUVs labelled with BODIPY-PC with a 5 mol% charged POPS as vesi-
cle stabiliser at room temperature. Korlach reporfedequal to3 - 1078 em?/sfor pure

DLPC, whereas for DLPC:DPPC mixtures (80:20, 50:50, 60:40, 20:80), the diffusion con-
stant of a fast component was equal to 4 td0~® cm?/s and D, for a slow component was
equal to2 - 1071%cm?/s.

Scherfeld has studied diffusion on GUVs marked with Dil@s a fluorescent dye at room
temperature. Scherfeld has used a 5 mol% solution of charged DPPS in order to stabilise
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vesicles. Scherfeld has observBd on a level of7 - 1078 ¢m? /s for DLPC. For the mixture,
DLPC:DPPC 60:40, and DLPC:DPPC 40:60, the diffusion constant of a fast component was
equal to6- 10~® em? /s and D, of a slow component was equal4e10~'° cm?/s. For GUVs

made of DMPC:DSPC 50:5@). of a fast component was equal4e 10~8 cm?/sand D, of

a slow component was equalte 1071% cm?/s.

However, a faster diffusion constant in the gel phase in comparison to measurements on
GUVs was found in the current study. The difference may be due to the additional undula-
tions on a GUV surface on long time scales, thus resulting in a lower diffusion coefficient as
well as from differences in FCS setups.

In this study also diffusion processes in a gel and fluid coexistence phase have been stud-
ied. In an intermediate temperature regime, simple diffusion was found to be insufficient to
describe the observed correlation curves. Assuming the sum of two diffusing species im-
proved curve fitting. Firstly the diffusion behaviour was explained with the superposition of
two diffusion coefficients as a result of the gel and fluid domain coexistence. The following
phenomena in a gel and fluid coexistence region was observed: that the diffusion coefficient
of a fast component(g.3.34 - 1078 cm? /s for DMPC:DSPC 70:30 at 309.2 K) is a little bit
lower in comparison to the diffusion coefficient in pure fluid domamg.(5.17- 1078 cm? /s

for DMPC:DSPC 70:30 at 319.2 K). The diffusion coefficient of a slow componet (

2.58 - 1072 em? /s for DMPC:DSPC 70:30 at 309.2 K) is a little bit faster in comparison to
the diffusion coefficient in pure gel domairesg.1.39 - 1072 cm?/s for DMPC:DSPC 70:30

at 289.3 K). It was observed that a decrease in temperature results in a lower mean diffusion
coefficient. This is due to a relative increase in the gel domain area with respect to the fluid
domain. These observation were found for both mixtures, DLPC:DPPC and DMPC:DSPC,
respectively, for mainly all molar fractions.

Values of diffusion coefficients were obtained by using the fitting procedure assuming macro-
scopic gel and fluid phase separation. However, the shape of the cross-correlation profiles in
a gel and fluid coexistence region (because of decreasing)faand increasing slow),)

may predict that there are microdomains, whose length is smaller than the focus diameter
(754 nm). It has been hypothesised that a diffusion constant of a lipid which diffuses slowly
inside gel microclusters contribute to the fast diffusion constant of a lipid diffusing inside
fluid macrodomains and therefore, the observed value offfast lower. The fast diffu-

sion constant of a lipid diffusing inside fluid microdomains which are proposed inside gel
macrodomains increases the value of sloyw The existence of microdomains, which could
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not be resolved by conventional methods as they are below the resolution lieng. GFM,

was proposed. On the other hand a change of the fast and slow diffusing component in com-
parison to the pure phases may be explained due to the gel-fluid fluctuations in the system,
which are neglected with the two diffusion component fitting procedure. Also the changed
shape of FCS profiles in coexistent phases may be a result of an interplay of microdomains
and fluctuations. These hypotheses required additional investigation.

Therefore, the study of membrane thermodynamics with the help of Monte Carlo simula-
tions (MC) based on the two-state Ising model, was employed. In an Ising model, lipids are
represented by points on a hexagonal lattice. Every lattice point is occupied by one lipid
chain which can exist in either a gel or a fluid state. The MC simulations make use of ther-
modynamical properties of lipid mixtures, such as heat capacities, melting points and melting
entropies derived from calorimetric measurements.

The simulatedc,-profiles are in quantitative agreement with the measured heat capacity
curves over a broad temperature range, thus provide an adequate description of our two com-
ponent model system. The heat capacity curves for the molar fraction of the DMPC:DSPC
mixture from10 % to 100 % DSPC were reproduced.

This MC model is used in order to describe the main phase transition behaviour of DMPC:DSPC
lipid mixtures. Effects which resultin a pretransition like they can be clearly seen in one com-
ponent systems are neglected (see Figuté). The formation of the ripple phase at the given
temperature regime was observed experimentally by using igMand also described the-
oretically [41]. Passing over the influence of a pretransition and a ripple phase formation
should not produce a high deviation in explaining the main transition.

From these simulations, one can deduce matrix snapshots. The MC shapshots showed exis-
tence of microscopic gel and fluid inheterogenities in huge fluid and gel macrodomains. On
MC snapshots lipids also fluctuate between gel and fluid state. The highest gel-fluid fluctua-
tions have been obtained on the phase limits.

Our experimental correlation profiles can be very well described with theoretical calculations,
thus suggesting that the simple two-state Ising model is good enough to study interactions be-
tween lipids resulting in micro- and macrodomain formations in membranes. However real
lipids are not two states entities and they exist in intermediate states. These ones could be
also found in current model through averaging the states of one singl¢1@iH It might be

that the fluid or gel microdomains seen in the snapshots are not real gel or real fluid domains,
but intermediates in which the highest fluctuations are monitored.
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Subdiffusion in such microdomians with intermediates might explain many interesting biolo-
gical questions, since it is based on the thermodynamics of the system. Using superposition
of two diffusing species restricts the understanding of all of the diffusion processes going
on membranes to only a few. Moreover, even some of them can not be analysed since they
contribute to one of the two diffusion processes.

MC simulations gave information not only about membrane dynamics (via diffusion), but
also about membrane kinetics via the relaxation t[&#. Since the FCS results are well
described by the MC simulations, one can analyse the simulations in more detail to arrive at
a deeper understanding of the micro-, meso- and nano3atgtiails of the membrane struc-
ture.

More recent studies have shown that huge gel and fluid domains are not homogeneous struc-
tures as originally predicted. Domains and microdomains differ in size depending on lipid
composition and the method of measurement used.

Glisset al. detected 10 nm gel microdomains of DAPC in a DMPC:DAPC mixture by AFM
and less than 10 nm gel microdomains of DSPC in a DMPC:DSPC mixture by neutron scat-
tering experiment§36]. Microdomains have been visualised in the gel and the coexistent
phase of mixtures.

Rattoet al. has observed 80-140 nm gel domains in DLPC:DPPS supported bilayers by using
AFM and FRAP[92]. Rattoet al. found that fluid phase domains decrease in size whereas the
gel fraction increases. According to our classification of micro- and macrodomains gRatto

al. has detected macrodomians (microdomains do not vary in size, see Section 4.2.2.). How-
ever, it is difficult to precisely measure the microdomain size since they are close together
and begin to aggregate and form clusters. Another important observation found byeRatto
al. with FRAP is that the diffusion coefficient decreases fiom 10~® cm? /s for pure DLPC
membranes t8.49 - 1078 cm? /s for a 50:50 DLPC:DSPC mixture and finally to a value of
5-1071%cm?/s for a 35:65 DLPC:DSPC mixture. For domain diameters larger than 200 nm,
the D, is no longer size dependent. The lowering of the diffusion constant with increasing
gel fraction is consistent with our results.

The microdomains, between 25 nm and 50 nm, have been found in DLPC:DPPC as well as
in DLPC:DPPC:cholesterol mixtures using AFM by Tokum#$a&. In this study, huge
domains were mainly observed only at the edges of membrane whereas microdomains were

1The distinction between the micro- and nanoscopic domains is as follows: microscopic length sgae
mesoscopic in the rangel0nm-100 nm; nanoscopic length scal® nm.
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homogeneously distributed.

All of these AFM experiments only measure the longer lipid fraction in gel microdomains,
however a gel microdomain also contains shorter chains in a gel state. Probably, they are very
small and hidden by the presence of taller lipid molecules covering or blocking the AFM tip
from detecting the shorter chain domains.

In a related project, the influence of various salt concentrations of NaCl on lateral diffusion
of individual lipids in pure POPC membranes was investigated by Fluorescent Correlation
Spectroscopy experiments and Molecular Dynamic simulations (MD). MD Simulations were
performed in a collaboration with Béckmann from the Theoretical Molecular Biophysics
Group of MPI for biophysical Chemistry, lead by Grubmill&d].

Increasing sodium chloride concentration was found to decrease the self-diffusion of POPC
lipids within the bilayer fromD, = 6.54 - 1078 ecm?/sto D, = 1.12 - 1078 cm?/s by 5 M

NaCl at 300 K.

The values of the diffusion coefficient are in good agreement with those found bgt\&hz

[18]. Using FRAP, Vazt al. has found a diffusion constant &f, = 6.1 - 10-8 cm?/s at

303 K for POPC membranes marked with NBD-POPE.

The MD simulations showed a tight binding of sodium ions to an average of three lipids. It
Is assumed that the resulting formation of nanodomains explains the reduced mobility. Even
though ion-lipid clusters exist correlation profiles can be well fitted with a one component fit
which is proposed for describing a simply diffusion of similar species. It may indicate that
microstructures much smaller than focal diameter cannot be seen using this fitting procedure.
This makes it necessary to revise the fitting procedure.

This study shows that salt influences diffusion processes in membranes, therefore it is im-
portant to investigate this influence for better understanding the signal transudagignan
neuronal cell.

Further investigation of domain and microdomain formation via FCS experiments and MC

simulations is required. Since there is a good correlation between the measured FCS curve
and the calculated curve using Monte Carlo simulations, this method can be used in the future
to look at more complex systems such as biological membranes. Biological membranes are
composed of a large variety of lipids and proteins and are supported by a cytoskeleton. The



122 Chapter 5: Discussion and Conclusions

simple two-component artificial membranes are excellent models for studying micro- and
macrodomain formation and provide physical insights relevant to native biological systems

This study is an important step in understanding the micro-, meso- and nanoscopic details of
the membrane structure. All of these heterogenities may play an important role in investigat-

ing the physiological function of membranes since they are involved in biological processes

such as membrane fusion, signal transduction, and virus release at the cell meihbéhne
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Outlook

The experimental and theoretical studies try to describe the structure and dynamics of a mem-
brane. The dynamics include diffusion and rotation processes of lipids and proteins in mem-
branes. The lipid rotation covers nanoseconds time s{28254; 79, whereas the diffusion
spans milliseconds time scalldg.

FCS can be used for studying rotation proceg8286; 54]. The polarised light predomi-
nantly excites fluorophores of a certain dipole orientation (photoselection) which than emit
polarised light. The orientation of the emitting dipoles can be changed due to rotation. There-
fore the polarisation of the emitted light reflects the rotational movements. Including the
polarising beam splitter into the optical detection path, and recording the parallel and perpen-
dicular polarised fluorescence light with two detecta.g (APDs) allows to study molecule
anisotropy.

In this work, the excitation light was additionally rotated by means of a half wave retarder
(LINOS). A \/2 plate introduces a phase shift (retardation) &> between two orthogonal
polarisations. If its crystal axis is oriented at an anglwith respect to the polarisation of
linear polarised incident light, it will lead to linear polarised light leaving ke plate with

the polarisation rotated B« (see Figuré.1).

It is therefore proposed to use a half wave retarder for further anisotropy measurements
on membranes. The future analysis of parallel and perpendicular polarised light may provide
information about lipid rotation as if87; 113. Changing the incident polarisation in the
anisotropy experiments allows to account for non-isotropic dipole orientation in the sample
(encountered in labelled membranes) as well as for a calibration of the individual detector
sensitivity (g-factor). The visualisation of rotation mobility was studied in single molecule
anisotropy imaging39; [102]. In this method the sequence of signals are simultaneously re-
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Figure 6.1:The power of the laser (for OD filter 1) measured behind a polarising filter oriented parallel and
perpendicular to the laser polarisation as a function of\tfieplate orientation.

ported on parallel and perpendicular channel with a CCD camera and further investigated.
Harmset al. and Moseret al. showed that lipids in a gel state rotate slower as lipids in a
fluid state[39; 79). The rotational mobility of a molecule is highly sensitive to the phase
state of the surrounding membrane, therefore its analysis yields information about membrane
heterogenities.

Well defined artificial membranes provide physical and chemical insights relevant to native
biological systems. In biological systems, diffusion is much more complex in addition to
lipid diffusion protein diffusion is also present. Lipids and proteins may form various kinds
of heterogenitieg.g. rafts which affect diffusion processes. In the near future the diffusion
in the cell membrane will be studied by FCS in cooperation with Kirchhoff from the Institute
for Botanic of the University of Miunster. Since FCS is a minimally invasive method it has
been considered to be a very valuable and extremely useful technique fon lv@tb andin

vivo applicationd104].



Abbreviations

AFM: Atomic Force Microscopy,

CFM: Confocal Fluorescence Microscopy,

DSC: Differential Scanning Calorimetry,

FCS: Fluorescence Correlation Spectroscopy,

FRAP: Fluorescence Recovery After Photobleaching,

MC: Monte Carlo simulations,

MD: Molecular Dynamic simulations,

SM: Single Molecule,

MLVs: Multilamellar Vesicles,

GUVs: Giant Unilamellar Vesicles,

DLPC: 12:0-12:0 1,2-dilauroyl-sn- glycero-3-phosphocholine

DMPC: 14:0-14:0 1,2-dimyristoyl-sn-Glycero-3-phosphocholine,

DPPC: 16:0-16:0 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,

DSPC: 18:0-18:0 1,2-distearoyl-sn-glycero-3-phosphocholine,

POPC: 16:0-18:1 PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,
DilC16: 1,1'-dihexadecyl-3,3,3’,3'- tetramethylindocarbocyanine perchlorate,
DilC18: 1,1'-dioctadecyl-3,3,3’,3'- tetramethylindocarbocyanine perchlorate,
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(-BODIPY(r) C12-HPE: 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a, 4a-diaza-s-indacene-3-dodecanoyl)-
1-hexadecanoyl-sn-glycero-3-phosphoethanolamine,

TRITC DHPE: N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine, triethylammonium salt,

TFE: 2,2,2 - Trifluoroethanol,
APD: Avalanche Photodiode,
IC: Internal Conversion,
ISC: InterSystem Crossing,

OD: Optical Density filter
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