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Abstrakt 
Disertace je rozdělena do dvou hlavních částí. První část se zabývá lokalizací značek 
v lipidových/polymerních dvojvrstvách a v GM1 micelách. V práci prezentujeme nový přístup 
založený na přenosu/migraci elektronické energie (FRET/DDEM), jež umožňuje efektivně 
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s proměnlivým zakřivením a v nehomogenních lipidových útvarech. Tento přístup umožnil 
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oblastem dvojvrstvy, což by umožnilo preferenční značení pórů.  
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1.INTRODUCTION 

A cell membrane is a very complex system, which is build up by various kinds of 
lipids and proteins. In order to understand the complicated membrane biophysics it is 
convenient to focus on model systems primarily, which still resemble the object of 
interest but do not contain so many interacting compounds. Commonly used model 
systems are i) large/giant unilamellar lipid vesicles, ii) supported phospholipid 
bilayers1 and recently iii) bicelles2, 3, whose shape resembles a disc with highly curved 
rims. The biophysics of such simple systems is complicated and not fully understood 
yet. For instance, bilayers composed of only three lipids, DOPC, sphingomyelin and 
cholesterol,4 can be found in several physical states depending on the ratio between the 
three lipids: these are liquid-disordered, liquid ordered or gel phases, as well as two or 
more phases coexisting with each other. Recently, such a coexisting region has been 
studied5-8 and it is mostly connected with the formation of microscopic (and possibly 
also nanoscopic) liquid ordered domains (≈ rafts, cf. section 3.2).  

Even when the bilayer forms a homogenous phase it exhibits a steep gradient in 
physical properties perpendicular to the interface. The bilayer is more polar and less 
viscous close to the interface while its interior is hydrophobic.9 This phenomenon 
leads to a preferential localisation of hydrophobic compounds in the interior10 whereas 
more polar compounds accumulate close to the lipid-water interface (cf. paper III). The 
localisation of fluorescent probes represents no exception to this. Since fluorescent 
probes solely report on properties of their immediate vicinity knowledge about the 
probe location is substantial. As will be shown in the thesis, the localisation of probes 
within the bilayer may also very strongly influence the resolution when measuring the 
sizes of lipid nanodomains (paper VI).     

The thesis is divided into two major parts. The first part concerns the localisation of 
probes in lipid/polymeric bilayers and in GM1 micelles. Paper III introduces a method 
based on electronic energy transfer/migration which can efficiently determine the 
transversal position of fluorescence molecules in bilayers. Utilization of this technique 
is demonstrated by positioning newly synthesized BODIPY probes in the DOPC 
bilayer. In paper V we continued the previous study and showed that a combination of 
Förster resonance energy transfer (FRET) with Monte Carlo simulations enables the 
localisation of probes in bicelles and in bilayers containing pores, i.e. in lipid systems 
with variable curvature. This approach has been used to test whether conical-like 
fluorescence probes have increased affinity to highly curved regions, which would 
enable preferential labelling of membrane pores.  

In the second part we characterized the dynamics and the size of lipid subdifraction-
sized domains in model membranes, containing a variable amount of cholera toxin and 
sphingomyelin. More specifically, in paper VII we show limitations of FRET in the 
determination of lipid nanodomain sizes. Interestingly, these limitations originate from 
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the lack of probes with high affinity to the liquid-ordered domain phase. In paper VI 
we provide a detailed dynamic and structural study of a crosslinker-triggered 
formation of nanodomains. By using FRET and z-scan fluorescence correlation 
spectroscopy, we revealed two types of nanodomains and hypothesize that the lack of 
sphingomyelin in the bilayer with the particular composition can be compensated by 
increasing the levels of the crosslinker CTxB.  

The submitted thesis is a result of a successful collaboration between the group of 
Martin Hof in Prague and the group of Lennart B.-Å. Johansson in Umeå. The former 
group has developed state of the art fluorescence techniques and mainly applies these 
to various biological questions. One of the frequently applied techniques is the solvent 
relaxation technique, which is capable of detecting physiologically relevant changes in 
phospholipid bilayers. The group has also contributed considerably to the application 
and development of fluorescence correlation spectroscopy. The latter group has 
established the donor-donor energy migration as a new technique in biomembrane and 
protein research. The achievements have been based on the development of theory, as 
well as the synthesis and/or modification of fluorescent lipids or proteins. This thesis 
aims at combining the expertise and ideas of both teams and focuses on solving 
biophysical questions by using a broad spectrum of modern fluorescence techniques. 
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2. THEORETICAL BACKGROUND                       

2.1 Fluorescence11, 12 

A relatively rigid molecule has a tendency to return to its electronic ground state (S0) 
by the emission of a photon. For excitation transitions occurring within the Franck-
Condon approximation the absorption is fast (10-15 s) whereby the nuclei do not move 
during the absorption process. Typically, the excited molecule relaxes within            
10-12 -  10-10 s to the first electronic excited state S1. The lifetime corresponding to 
radiative relaxation ranges from 10-10 to 10-7 s. After that the molecule returns to one 
of the vibrational levels of electronic ground state S0 by emitting a photon. 
Fluorescence is a spin-allowed transition as opposed to phosphorescence, which is 
spin-forbidden, and thus occurs much slower.  
When a large ensemble of molecules is considered, the decay rate of the excited 
molecules can be expressed as in chemical kinetics by the following differential 
equation12 

 

  ,      (2.1.1)    

                                                                                
where N(t)* is the number of molecules in the excited state S1 and kr or knr are the rate 
constants for radiative or nonradiative deactivation, respectively. Since the 
fluorescence intensity F(t) is proportional to the number of excited molecules, one 
obtains that 
 
 exp / ,     (2.1.2)       
    

where *
0N  is the number of excited molecules at time 0 and τ ( ) the lifetime of 

the S1 state. Unfortunately, the fluorophores may not exhibit single-exponential decays 
and the decay curves need to be described according to  
 
 ∑ exp /  .                                    (2.1.3)            
                             
Here αi & τi denote amplitudes & lifetimes of the S1 state, respectively. Deviations 
from  Eq. 2.1.2 are often due to different environments of the fluorophores, by excited 
state reactions or by relaxation of the surrounding of the excited probe.12 

 

2.2 Fluorescence anisotropy  

The probability (P) that molecules with the absorption transition moment  will be 

excited by the electric field vector  of the incident light depends on the angle θA 
between these vectors, i.e. cos . Thus, the excitation of isotropically oriented 
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molecules by polarised light leads to a preferential excitation of molecules whose 

absorption transition dipole moments are oriented parallel to . This phenomenon is 
called photoselection12 and provides an anisotropic emission of fluorophores. Since the 
excited molecules usually reorient prior to the emission of any photon the anisotropic 
distribution of the excited molecules decreases in time. As will be shown here, other 
processes may also contribute to the depolarisation.   

A characterization of the polarisation of fluorescence is called the anisotropy and is 
defined by measured intensities FVV and FVH as 

 VV VH

VV VH
 .       (2.2.1) 

The indices VV and VH refer to excitation by vertically polarised light and detection 
of the emission under vertical or horizontal alignments of the emission polariser, 
respectively (cf. Picture 2.1.1). The intensity VV 2 VH  is directly 
proportional to the total fluorescence emission. The correcting factor g accounts for 
the non-ideality of the optical instrumentation, which mostly originates from the fact 
that the vertical and horizontal light components are transmitted through the 
fluorescence spectrometer with different efficiency. It can be shown that r(t) is related 
to the reorienting motions of the emission transition dipole moments of the probes 

via12 

  0 . .        (2.2.2) 

Here P2 stands for the second rank Legendre polynomial (3x2-1)/2 and r0 is the 
fundamental anisotropy,11 i.e. the anisotropy in the absence of any reorienting motions. 
The brackets …  indicate an ensemble average over all excited molecules.  

 

In the case of a freely reorienting molecule, which is approximated by a spherical 
particle with a rotational diffusion coefficient Drot the anisotropy r decays 
monoexponentially11, 12 

E

FHV

FHH

E

FVV

FVH

Excitation
source

Detector

Picture 2.1.1:  Excitation 
of the sample by either 
vertically (left) or 
horizontally (right) 
polarized light. Emission 
is observed by using a 
vertically or horizontally 
aligned polarizer. 
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 exp 6 .        (2.2.3) 

The anisotropy decay of non-spherical fluorophores dissolved in the bulk can be 
described by the sum of five exponentials.11 When the fluorophore is attached to a 
larger molecule and/or the molecule rotates in an anisotropic medium the reorientation 
may be sterically hindered, i.e. the transition dipole moments do not become 
isotropically oriented (lim 0).11 Then the anisotropy decay can be 
expressed as   

 ∑ exp ;    ∑ ,   (2.2.4) 

where Aj are preexponential factors, θj rotational correlation times and r∞ the limiting 
anisotropy. 

 

2.3 Measurement of the steady-state & time-resolved fluorescence   

Steady-state measurements The fluorescence or emission spectrum, S(λF) reflects the 
probability distribution of different transitions from the lowest vibrational level of the 
S1 state to the various vibrational levels of the S0 state. In practice, one measures the 
fluorescence intensity, F(λE, λF), at a fixed excitation wavelength (λE) as a function of 
the emission wavelength (λF), 

 , ,      (2.3.1) 

where IA is the intensity of absorbed light, and the proportionality factor k depends on 
the optical configuration of the fluorometer and bandwidths of the monochromator. In 
order to monitor the intensity, which is proportional to the total intensity VV 2 VH 
(and thus is independent of molecular reorientations), a vertically aligned polariser is 
placed into the excitation light path whereas a polariser oriented at the magic angle 
54.7° relative to the former is inserted into the emission path.  

The steady-state anisotropy rs, which is related to r(t) by 

 VV VH

VV VH
.                 (2.3.2) 

is one of the results in steady-state measurements. In order to calculate rs the 
continuous (i.e. time-independent) fluorescence intensities FVH, FVV, FHH and FHV 
must be recorded.   The two latter intensities are used to calculate the g-factor, i.e. g = 
FHH/FHV (cf. Picture 2.1.1). When exciting the sample with horizontally polarised light 
the only difference between FHH and FHV, i.e. between intensities observed for 
horizontal and vertical alignment of the emission polariser, originates from the non-
ideality of the optical transmission (see above).  
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Time-resolved measurements were based on the time-correlated single photon 
counting (TCSPC) method,11, 12 which relies on the repeated detection of the first 
emitted photon at time t after an excitation pulse. A sensitive photomultiplier detects 
the first arriving photon after the excitation pulse. After the photon is registered, the 
content of a memory channel corresponding to the time between the excitation pulse 
and the registration of the photon is increased by one. The detection of a sufficient 
amount of photons (around 25.000 at the maximum) is required in order to obtain 
representative decay curves. 

Because the pulse profile of a flash lamp or laser is not infinitively short as compared 
to the fluorescence decay F(t) is a result of a convolution between the fluorescence 
decay f(t) and the excitation profile L(t) 

 .                    (2.3.3) 

For estimating the f(t), a deconvolution procedure needs to be carried out. This 
involves a numerical minimization of the expression 

 ∑  .        (2.3.4) 

In Eq. 2.3.4 υ is the number of degrees of freedom, Rc(ti) is the fit of the function R(ti) 
obtained after convolution of f(t) with L(t) and σi is the standard deviation.  

 

2.4 Electronic energy transfer/migration within a pair 

Förster resonance energy transfer (FRET) is a nonradiative transfer of the excitation 
energy from a donor to an acceptor molecule, and it is the result of a long-range 
dipole–dipole interaction within the donor-acceptor pair. The quantum-mechanical 
description of the phenomenon was firstly derived by Theodor Förster, who showed 
that the rate ω depends on the separation distance R between the donor and acceptor,13 
respectively.  

 .        (2.4.1) 

Here , and R0 denote the mean square average of the angular part of the dipole-
dipole interaction, the donor lifetime in the absence of an acceptor and the Förster 
radius,11 respectivelly 

 
/

.    (2.4.2) 
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As follows from this equation, the FRET rate is also influenced by the quantum yield 
of the donor QD, the refractive index of the medium n and the overlap integral 

. The latter refers to the extent of overlap between the donor 

fluorescence spectrum FD(λ) and the acceptor absorption spectrum εA(λ). The symbols 
NA and λ refer to the Avogadro constant and the wavelength of light, respectively.   

It is convenient to introduce a unit which reports on the efficiency of FRET. The 
efficiency (E) is defined by the rate constant for FRET (kT) and the radiative 
deexcitation (kr = 1/τD) according to    

  .                  (2.4.3)                

Due to the sixth power dependence of E on R the FRET efficiency is the most sensitive 
to R when R ≈ R0. For values of R < R0/2, E approaches unity whereas for R > 2R0, E 
reaches zero with increasing R. Thus, the highest sensitivity of FRET in the distance 
estimation depends on typical values of R0 (20-100 Å). Fortunately, these distances 
correspond to typical dimensions of various biological self-assemblies, or to intra- and 
inter-protein distances.  

For donors being excited in the presence of an acceptor there are two possible 
relaxation pathways of the excitation energy. The donor could emit a photon – as 
would be the case in the absence of an acceptor, or radiation-less transfer of the 
excitation energy to the acceptor. Consequently, the fluorescence decay of the donor in 
the presence of an acceptor becomes faster. It can be shown that the fluorescence 
intensity decays according to12 

 D exp ,        (2.4.4) 

where FD(t) represents the decay in the absence of FRET.  

The presented equations have so far neglected the influence of reorienting motions on 
energy transfer. This is valid when the probes reorient much faster as compared to the 
time scale of energy transfer. Then, the κ2 factor is averaged prior to energy transfer 
and equals 2/3. The reorienting motions enter the equation by means of the reorienting 
factor κ2   

 . 3 . . .      (2.4.5) 

In this equation i and  denote unit vectors of the transition dipole moment of the 
donor/ acceptor and the vector connecting the interacting molecules, respectively. If 
the motions occur on a similar time-scale as FRET, the energy transfer rate becomes 
time-dependent due to reorienting motions. However, an extended Förster theory 
accounts for this complication and provides the following relation14 
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 EFT exp .     (2.4.6)       

The expression within the brackets denotes a stochastic average over the rates of 
electronic energy transfer between a donor and an acceptor forming a DA pair. It can 
be shown that Eq. 2.4.6 is transferred into 2.4.4 in the limit of short times 
(lim EFT

D exp ).14  

 

2.5 FRET/DDEM within an ensemble of fluorescent molecules   

According to the Bauman and Fayer model, the energy transfer/migration within an 
ensemble of fluorescent molecules can be described within the two particle 
approximation.15 In the case of DDEM the energy is allowed to jump from the excited 
donor to an unexcited one and then back. However, the energy cannot be transferred 
via the previously unexcited molecule further to another unexcited donor.   

FRET. For describing FRET in a system where the excited energy can be transferred to 
more than one acceptor, it is convenient to introduce the probability G(t), which 
provides the probability that the initially excited donor is still in the excited state after 
a time t. Then the decay F(t) of a donor surrounded by acceptors is given by  

 DA ∑ exp / ,      (2.5.1) 

where ∑ exp /  represents the decay of a donor in the absence of FRET. Now 
consider a lattice where the probability of occupancy of each site is p, and that all 
pairwise interactions between the excited donor and any acceptor are independent. 
Then each site surrounding the donor is empty with the probability of 1-p. Such a 
vacant site contributes to the G(t) function by 1-p. On the other hand, an occupied site 

contributes to G(t) by , where ωi(ri) is the energy transfer rate for the ith 
acceptor. Taken together G(t) can be expressed as  

 DA ∏ 1 .     (2.5.2) 

Expanding the logarithm of Eq. 2.5.2 in powers of p yields 

 ln DA ∑ ∑ 1 .    (2.5.3) 

Because p is usually very low one can keep only the first term in the expansion with    
k = 1. Furthermore, the summation is replaced by integration over space, i.e. a 
homogenous spatial distribution of acceptors u(r) is assumed, where p turns into a 
number density ρ. Eq. 2.5.3 can be written as 
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 ln DA 1 .    (2.5.4) 

In the dynamic limit, in which the molecules reorient much faster as compared to an 
energy transfer event, ω can be averaged before any transfer occurs, and therefore 
becomes time-independent. However, this needs not be true, since reorienting motions 
may occur on the same time scale as FRET, or even slower. Nevertheless, the dynamic 
limit approximation is reasonable approximation for an ensemble of acceptors 
surrounding a donor, where the excited donor senses an average electrostatic field of 
acceptors, taking up all possible orientations at the instant of the energy transfer event.    

DDEM. Here one can proceed similarly as for DAET, which leads to  

 ln DD 1 .    (2.5.5) 

Eqs. 2.5.4 and 2.5.5 are similar and can thus be combined into one equation by 
introducing a factor λ, which is equal 1 for FRET and 2 for DDEM 

 ln 1 .    (2.5.6)  

 

2.6 FRET/DDEM in a lipid bilayer 

In a lipid bilayer the excitation energy can be transferred either to a molecule localised 
in the same leaflet, or to one in the opposite leaflet. In the former process, Gintra(t) is 
referred to as intra-FRET while the latter one Ginter(t) is called inter-FRET. The total 
survival probability Gtot(t) is given by the joint probability according to 

 ∏ ,inter/intra .      (2.6.1)  

FRET/DDEM within a plane. In this case the spatial distribution function is given by 

u(r) = 2πr. By introducing the substitutions ,  and  

Eq. 2.5.4 transforms into the final form15 

 ln intra 1  

           /
/

.         (2.6.2) 

C2 is a so-called reduced surface concentration and equals the number of acceptor 
molecules found in the area of a circle with the radius R0 surrounding a donor. The 
integral in Eq. 2.6.2 is tabulated and equals Γ(2/3).  
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FRET/DDEM between two parallel planes. The planes are separated by the distance d. 
In this case it is convenient to perform the integration over θr, the angle between the 
bilayer normal and the vector connecting the donor and the acceptor. By using the 

spatial distribution 2  Eq. 2.5.6 is given as15  

  ln inter 1 exp cos
/

.    

(2.6.3) 

By inserting cos  cos  one finally obtains15 

 ln inter

/
1 /  .             (2.6.4) 

Due to the singularity at s = 0, the integral was numerically evaluated by increasing the 
negative s-4/3 power to a positive value by using a two step partial integration 

 ln inter 1 / 1
/

/  .   

(2.6.5)    

In order to fasten the numerical evaluation, several asymptotic relations are relevant 
for limiting values of ν, i.e. either for short or long times as compared to τ.15 

 

2.7 Measurements of donor-donor energy migration   

Since the measurement of the photophysics of the donor is not influenced by DDEM 
(in contrast to FRET, cf. Eq. 2.5.1) the process of energy migration cannot be detected 
by simple measurements of the donor fluorescence decay. Instead, one has to carry out 
more time-consuming depolarisation experiments, which are based on the fact that 

d

r

r(intra)

r(inter)

Picture 2.6.1: Intra- and inter- 
energy transfer from donors (green 
spheres) to acceptors (red spheres) in 
a lipid bilayer. R denotes the 
distance between D/A, d the bilayer 
thickness and θr the angle between 
the bilayer normal and the vector 
connecting D/A.  
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energy migration among donors leads to a loss in polarisation.11, 12 However, there 
exists no analytical equation which precisely accounts for DDEM within an ensemble 
of donors. In order to analyze the DDEM in a lipid bilayer we used the following 
phenomenological equation 

 tot rot ,      (2.7.1)      

where rot  denotes the rotational and  the limiting anisotropy. According to16 this 
equation provides a reasonable agreement with Monte Carlo simulations. The equation 
involves a few limitations: 1. Energy migration and reorienting motions must occur on 
a different time-scale (see also above); 2. light emitted by another than the previously 
excited molecule is completely depolarized and 3. the limitations following from the 
two-particle approximation (see above).   

 

2.8 Monte Carlo simulations of FRET in lipid systems  

Analytical equations describing FRET/DDEM are complex and exist only for a limited 
number of basic geometries. To circumvent this it is convenient to instead apply 
Monte Carlo simulations,16-18 which can successively mimic various random 
processes. We have used this approach to describe FRET in lipid bilayers containing 
circular nanodomains (cf. papers VI, VII), torroidal pores (cf. paper V), as well as in 
lipid bicelles (cf. paper V). The following steps have been carried out: (i) For 
pore/nanodomain containing membranes, a certain number of pores/domains were 
generated (cf. Picture 2.8.1), which corresponded to a pre-defined peptide to lipid ratio 
in the case of pores, and to the area fraction of the domains occupied in the bilayer in 
the case of domains. (ii) The donors and acceptors were generated to exhibit a certain 
probability of localisation within and outside the pores, domains and bicellar rims. The 
distribution was described by an equilibrium constant Kd (= [probes within]/[probes 
outside]). (iii) A donor was randomly excited and assumed to transfer its excitation 
energy to an acceptor. The time for this event to occur depends on the overall energy 
transfer rate Ωi according to16 

 Δ ln / ,                       (2.8.1) 

where α denotes a random number between 0-1. The total energy transfer rate is 
calculated as a sum of energy transfer rates from the excited donor i to all acceptors. 
Acceptors that are beyond the cut-off distance 10R0 are included via the continuum 
approach16 

 ∑ τD τD .                                        (2.8.2) 
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Here j (1 ≤ j ≤ N) refers to the number of acceptors (N) found within a cut-off distance 
Rc. Rij is the distance between the i-th donor and j-th acceptor. The second term in Eq. 
2.8.2 accounts for rates between the excited donor and the continuum of acceptors for 
two parallel planes (i.e. for a model lipid bilayer). The simulations correspond to 
energy transfer taking place under the dynamic limit condition and among 
isotropically oriented donors and acceptors. Therefore, kappa factor <κij

2> = 2/3. New 
configurations were generated approximately 3000 times, whereas each generated 
configuration set was used 100 times in the calculation step. Periodic boundary 
conditions were used in order to imitate the infinitely large membrane containing 
pores/domains. The dimensions of the replicated box were 20R0 x 20R0. The outcome 
of the simulation is the G(t) function, which is related to the fluorescence decay via 
Eq. 2.5.1. Since FRET occurs within a few nanoseconds it was not necessary to 
involve diffusion of probes across the bilayer within the simulation time. The 
reorientation dynamics of the fluorescent probes was not assumed to exist because of 
the above mentioned reasons.  

 

 

2.9 Fluorescence solvent relaxation (SR)9, 19, 20 

The absorption of a photon by a molecule occurs almost instantaneously as compared 
to the rate of molecular motions and within a time period of ca. 10-15s results in an 
immediate change in the molecular dipole moment. The surrounding polar solvent 
molecules respond to this change by reorientation, leading to a minimization of the 
excited state energy. Consequently, molecules which reorient slowly - as is the case 
for molecules dissolved in a viscous medium – will emit from a non-relaxed excited 
state with higher energy, whereas molecules which reorient faster in a less viscous 
medium mostly emit from a relaxed equilibrated state. Depending on the 

Picture 2.8.1: The 
distribution of donors 
(green stars) with KD = 
1000 and acceptors with 
KA = 0.001 (red stars) on a 
bilayer containing circular  
nanodomanis (black dots). 
The replicated part of the 
bilayer is showed by the 
blue dots.   
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microviscosity of the environment the steady-state fluorescence spectra are red or blue 
shifted. Since the Stokes frequency shift is related to the energy decrease of the excited 
fluorophore this shift in spectra also monitors the micropolarity of the environment.  

By monitoring fluorescence decays D(λ,t) as a function of the emission wavelength 
together with the corresponding steady-state spectrum S(λ) it is possible to construct 
time-resolved fluorescence spectra, i.e. emission spectra at an arbitrary time after 
excitation 

 ,
,

,
 .       (2.9.1) 

The time-evolution of the peak maximum of the determined frequency time-resolved 
emission spectra νmax reflects the mobility of the solvent molecules surrounding the 
excited fluorophore (i.e. viscosity of the microenvironment). The solvation dynamics 
is effectively characterized by a correlation function C(t) 

  max max

max max
  .       (2.9.2) 

The position of the frequency maximum (νmax(0)) at the time of excitation t = 0 is not 
directly measurable, but can be estimated.9  Evaluation of νmax(0) reveals the part of 
the relaxation process which is beyond the resolution of the equipment. 

 

Time-zero estimation21 This model assumes that polar absorption spectra are 
inhomogenously broadened due to the distribution of molecules over a range of local 
solvation environments and that the absorption spectra of two molecules residing in 
different microenvironments only differ by a frequency shift δ. The homogenous 
broadening in a polar solvent is assumed to be the same as in a nonpolar solvent. The 
frequency absorption spectrum in a polar solvent, Ap(ν), is thus given by the 
convolution of the absorption spectrum in a nonpolar solvent, Anp(ν), with the 
distribution of spectral shifts, p(δ), 

Franck-Condon
state

Ground state
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Picture 2.9.1: The principle of 
the solvent relaxation 
technique, which is based on 
the minimization of the excited 
state energy, mostly due to 
reorientation of solvent 
molecules.    
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  .          (2.9.3) 

The distribution of spectral shifts, p(δ), is assumed to be Gaussian, i.e. 

 
√

exp  .       (2.9.4) 

Here σ denotes the variance of the distribution, and δ0 is the average shift induced by 
the polar solvent. Provided that the shape of the absorption spectra in the polar and 
nonpolar solvent is known, the coefficients σ and δ0 can be determined by using an 
iterative procedure. 

Similar to Eq. 2.9.3, the desired fluorescence spectrum Sp(ν,νex,t = 0) can be expressed 
by   

 , ex, 0 np ex np .   (2.9.5) 

where Snp(ν) denotes the emission spectrum of the fluorophore in a nonpolar solvent. 
The emission spectrum at time zero can thus be reconstructed from the emission and 
absorption spectra in a nonpolar solvent and the absorption spectrum in a polar 
medium. However, the limited solubility of some probes in the nonpolar solvent can 
complicate the utilization of this method. 

A simplification of Eq. 2.9.5 is possible for an excitation close to the absorption peak 
where almost no preferential selection of the solvation state occurs. The simplified 
equation is given by 

 0 abs abs em .    (2.9.6) 

Here, ν denotes the peak positions of the maximum and the subscripts p and np 
indicate polar or nonpolar medium, respectively. From using this equation it follows 
that deviations in determining the position of the peak maximum do not exceed 50   
cm-1.21 

 

2.10 Fluorescence correlation spectroscopy (FCS)  

In FCS,22-24 one monitors intensity fluctuations I(t) originating from a small 
illuminated volume. The fluctuations are caused by Brownian motions of fluorescent 
molecules entering and leaving the focal volume. The autocorrelation of these 
fluctuations is described by  

 FCS  .       (2.10.1) 

Here, gFCS(t) is an autocorrelation function. For 3D translational diffusion gFCS(t) is 

given by23   
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 FCS 1
Diff

T ,
 .      (2.10.2) 

Here, Np is the particle number, which expresses the number of fluorophores present in 
the illuminated focal volume, s /P b a  is the structure parameter, where b and a are 

the long and short axes of the 3D Gaussian focal volume ( fV ). The diffusion 

correlation time (τDiff) is related to the diffusion constant 2
D4D a  , and finally gT 

accounts for the intersystem crossing to the triplet state. 

 

2.11 Suitable fluorescence probes for FRET/DDEM/SR experiments  

FRET/DDEM experiments. In order to have an efficient DA/DD pair, the donor 
emission spectrum should effectively overlap with the acceptor emission spectrum. 
While this is easy to accomplish for a DA pair it is more difficult for a DD pair, where 
the spectra belonging to the same molecule must overlap. In present studies BODIPY 
dyes have been used for several reasons: i) the absorption and fluorescence spectra as 
well as the fluorescence lifetime are insensitive to pH, polarity and viscosity; ii) they 
exhibit high values of the excitation coefficient; iii) they are stable even exposed to the 
illumination of intense lasers and iv) they form efficient DD-pairs with R0 ≈ 57 Å.25    

 

 

 

 

It is less known that BODIPY can form dimers, which may influence the photophysics 
of the BODIPY monomer.26, 27 The so-called DI dimers were observed only when two 
BODIPY monomers had been attached to the same molecule, not far away from each 
other. DI dimers do not exhibit fluorescence and their absorption spectrum is slightly 
blue-shifted with the peak maximum at 477 nm. Experiments carried out by 
Mikhalyov et al.27 suggest that the structure of DI is compatible with that displayed in 
Picture 2.11.1 with almost parallel S0 ↔ S1 transition dipoles moments. The structure 

Picture 2.11.1: The proposed structures of dimers DI (right) and DII (left). The 
calculated centre of mass distance between the BODIPY:s in DII is 3.8Å, and the angle 
between the electronic S0 → S1 transition dipoles (dashed lines) is 55°.  
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of so called DII dimers (Picture 2.11.1) is different. The dimer forms spontaneously 
when BODIPY molecules are solubilised at sufficiently high concentration in lipid 
bilayers. Under certain conditions, evidence for DII dimer formation exists even at 
relatively low probe to lipid ratios (1:1000). The DII absorption spectrum is red-shifted 
with the peak maximum centred at 580 nm. In contrast to DI dimmers, DII dimers also 
fluoresce with a broad emission maximum at 630 nm. One has to consider the 
following processes when exciting BODIPY in lipid vesicles: 

M + hν → M* 
DII + hν → DII

* 
M* + M → M + M* 
M* + DII → M + DII

*  
DII

* + DII → DII + DII
* 

 
SR experiments. Fluorescent probes that are suitable for solvent relaxation 
measurements exhibit a huge change in the dipole moment after excitation. The 
surrounding water molecules react upon this sudden change by relaxing into a new 
energetically more favourable equilibrium state.  Consequently, the evolution of time-
resolved fluorescence spectra will depend on the viscosity and polarity of the solvent. 
In the case of PRODAN and LAURDAN the huge dipole moment change is stirred by 
the dialkylamino group attached to one side of the naphthalene ring, which works as 
the donor of electrons, and a carbonyl group attached to the other side of the ring, 
which works as the electron-acceptor. The relatively large Stokes shift is attributed to 
the charge transfer and to specific solute-solvent interactions.28 The fluorescence 
lifetime of the probes should be long enough to enable observation of a substantial part 
of the solvent relaxation process.   
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3. RESULTS AND DISCUSSION 

3.1 The localisation of fluorescent probes 

3.1.1 Do methylated-BODIPY groups when attached at the end of long acyl 
chains loop back to the lipid-water interface (paper III)? 

Motivations. There has been a lot of effort in localising various kinds of molecules in 
lipid membranes.29-32 Some of these methods are based on fluorescence, e.g. the 
fluorescence quenching by free iodide.33 However, this method assumes a known 
iodide concentration profile within the lipid bilayer, which is difficult to establish.34 
Another elaborate method, which is called parallax quenching,35 relies on labelling the 
lipid acyl chains with a quencher at two different positions, and on the calculation of 
the relative positions between the molecule being localised and the two quenchers. 
Obviously, this method requires a priori knowledge about the position of the two 
quenchers. Paper III demonstrates a new approach which is based on energy 
transfer/migration, which enables precise measurement of the transversal distances of 
the probe inside lipid bilayers.   

   

Picture. 3.1.1: The chemical structures of 1-palmitoyl-2-[(Me4-BODIPY-8)-acyl]-sn-
glycero-3-phosphocholine with acyl containing 3-15 carbons. 

This technique was applied to localise the popular BODIPY chromophore in DOPC 
bilayers. This could be helpful in future FRET studies, where one utilizes the newly 
found BODIPY position to localise another molecule. Interestingly, BODIPY attached 
to differently long acyl chains loops back to the lipid-water interface and is not 
preferentially localised at depths corresponding to the length of the acyl chain.31  In 
this study we tried to suppress the tendency of looping back by increasing 
hydrophobicity of the BODIPY ring. This was achieved by methylating the ring in the 
positions 1, 3, 5, 7. The newly designed probes (BnPC, where n denotes the number of 
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carbons) thus consisted of the methylated BODIPY chromophore attached to the sn-2 
acyl chain with 3-15 carbons of the palmitoyl phosphatidylcholin molecule (Picture 
3.1.1).  

 

 
 
 
 

 

Picture. 3.1.2: (left) Interlayer energy transfer from the donors (2-AS) to the acceptor 
groups Me4-BODIPY which are linked to the BnPC:s. DAET is considered to take 
place from both 2-AC planes to Me4-BODIPY chromophores, where the distance 
between the two planes containing the donor 9-anthroyloxy groups d2-AS, 2-AS = dA + dB. 
(right) DDEM among Me4-BODIPY groups in BnPC, localised in two planes separated 
by the distance d. 

Fig. 3.1.1: (left) Chi-square values obtained when fitting the B-F model to 
experimental depolarisation decay curves.  The studied molecules are B3PC (empty 
squares), B9PC (filled circles), B13PC (empty triangles), B15PC (filled stars) 
solubilised in DOPC vesicles. (right)  Statistical best fit parameter chi-square values 
obtained when fitting the B-F model to TRFM experimental data. The chi-values 
correspond to fittings where the distance dA has been used as a fixed parameter. The 
experimental data was measured for B3PC (filled squares), B9PC (filled circles), 
B15PC (empty triangles) in DOPC vesicles at 290.2 K. 
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DDEM experiments. Here the donors are assumed to be distributed in two parallel 
planes separated with a distance d. Depolarization experiments were carried out in 
order to monitor energy migration among donors. The analysis of data was based on 
fitting the depolarisation data to Eq. 2.7.1, with two adjustable parameters d and C2. 
The reorientation dynamics [rrot(t)] was determined at a very low probe to lipid ratio 
(1:4000), where DDEM is practically non-existent. In contrast, depolarization 
experiments depending on DDEM were performed at a probe to lipid ratio of 1:200, 
where the sensitivity of FRET to d was satisfying. The electronic energy can migrate 
either to a donor localised in the same leaflet or to a donor positioned in the opposite 
leaflet (Picture 3.1.2). Therefore, Gtot is given by Gtot = GintraGinter. Irrespective of the 
length of the sn-2 acyl chain, the analysis of the depolarization data showed one 
pronounced chi-square minimum for d = 27 Å. Furthermore, Fig.3.1.1 reveals that the 
minima are deeper the shorter the sn-2 acyl chain is. This indicates that the Me4-
BODIPY group loops back towards the interface and that longer chains are more 
spread out due to entropy.   

FRET experiments. Here 2-(9-anthroyloxy)-stearic acid (2-AS) was chosen as the 
donor because a) the anthroyloxy chromophore is due to the short acyl chain well 
localized at the lipid-water interface,36, 37 b) R0 (2-AS/Me4-BODIPY) = 42 Å is similar 
to the bilayer thickness. Two energy transfer processes were considered: 1) the inter-
FRET from donors localized in one plane to the plane of acceptors localized in the 
same leaflet at the distance dB 2) energy transfer to the opposite leaflet at the distance 
dA (Picture 3.1.2). Consequently, the distance between the two donor planes is given 
by d2-AS,2AS = dA + dB. The optimal acceptor to lipid ratio was determined by 
simulations and found to be 1:200. The analysis was based on fitting time-resolved 
fluorescence data to Eq. 2.5.1. Since dB = dA – d, the number of fitting parameters is 
reduced to dA and C2, where d denotes the distance between the Me4-BODIPY planes 
and was estimated from DDEM experiments. The obtained value of dA = 31 Å was 
independent of the length of the sn-2 acyl chain (n). In addition, the chi-square 
minimum reached the lowest value for the shortest chain and was highest for the 
longest chain, which repeatedly suggests that the chromophore in B15PC has more 
spatial freedom than that in B3PC.      

The order parameter profile determined by means of H2-NMR spectroscopy by 
selectively labelling different carbon atoms of the sn-2 acyl chain (each of them 
sensing different depths of the lipid  bilayer) exhibits the following tendency:38 
regardless of the sharp dip at the carbon 2 it is constant within ca. 20% up to carbon 9 
and then fast decreases to zero with increasing n. Fluorescence depolarisation 
experiments also enable measurements of the order parameter SF by estimating the 
limiting anisotropy r∞ of a reorienting dye  

 F  .         (3.1.1) 
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Table 3.1.1: The Me4-BODIPY group´s location in lipid bilayers of DOPC. The 
DAET and the DDEM were analysed by means of the B-F model. In the case of 
DAET, the longest distance between the plane of donors and the plane of acceptors is 
dA whereas the shortest distance is dB.  In the case of DDEM,  d describes the distances 
between two planes containing randomly distributed donors (Me4-BODIPY). C2,exp and 
C2,calc correspond to reduced concentrations obtained from the data analysis and by 
calculations using the known acceptor concentration, respectively. 

Donor Acceptor Donor:Lipid Acceptor:Lipid C2,exp C2,calc dA(or dB/Å 

2-AS B3-PC 1:100 1:100 0.73 1.05 31.4 3.6 
2-AS B7-PC 1:100 1:100 0.73 1.02 30.2 4.8 

2-AS B9-PC 1:100 1:100 0.73 0.95 30.8 4.2 

2-AS B13-PC 1:100 1:100 0.73 1.03 30.9 4.1 

2-AS B15-PC 1:100 1:100 0.73 1.05 31.5 3.5 

B3-PC B3-PC 1:200 - 0.70 0.70 29.0 - 

B9-PC B9-PC 1:200 - 0.70 0.67 26.9 - 

B13-PC B13-PC 1:200 - 0.70 0.71 28.7 - 

B15-PC B15-PC 1:200 - 0.70 0.71 27.7 - 

 

This allows for a comparison between SF and SNMR. The SF values of Me4-BODIPY in 
BnPC probes show no strong decrease for higher values of n (Fig. 3.1.2). The finding 
of approximately the same value of S for n = 5 and 15 actually supports the conclusion 
of a similar localisation of Me4-BODIPY irrespective of n. Logically, one could expect 
a constant order parameter profile for the same localisation of BnPC probes. Minor 
deviations from a constant SF value may be due to restrictions originating from the 
probe labelled acyl chain. Consequently, the probes reorient more freely with 
increasing acyl chain length.     
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Fig. 3.1.2: The order parameter 
profile for the Me4-BODIPY 
group in BnPC (n = 3, 5, 7, 9, 
11, 13, 15) solubilised in 
DOPC (empty circles) and 
DPPC (filled squares) vesicles 
at 290 K. The BnPC to lipid 
ratio was 1:4000.   
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3.1.2 Do the conical like BODIPY probes preferentially locate in bilayers with 
high curvature (paper V)?  

Motivations. The fact that lipid molecules self-assemble into structures with different 
curvature according to their molecular shape39, 40 has inspired us to investigate the 
affinity of cylindrically and conically shaped phosphatidylethanolamines to differently 
curved parts of lipid bilayers. One could hypothesize that a conical BODIPY head 
group labelled mono-acyl phosphatidylethanolamine would preferentially localise in 
regions with high curvature, such as torroidal pores formed by the peptide magainin-2 
or at rims of lipid bicelles, whereas cylindrical BODIPY head group labelled diacyl-
phosphatidylethanolamine would avoid the curved regions (cf. Picture 3.1.3). This 
would enable a preferential labelling of curved regions. 

For this purpose, two differently shaped donor-acceptor pairs have been synthesized: 
1) mono-acyl phosphatidylethanolamine (mPE) labelled with either FL-BODIPY 
(donor) or 564/575-BODIPY (acceptor) and 2) di-acyl phosphatidylethanolamine 
(dPE) labelled with the same dyes (Picture 3.1.3). The distribution behaviour was 
investigated by FRET experiments combined with MC simulations. The following 
systems which exhibited different curvature were studied: 1) large unilamellar vesicles 
with negligible curvature, 2) flat POPG bilayer containing highly curved torroidal 
pores41-43 and 3) lipid bicelles comprising flat and curved regions.2, 3     

 

 

 

 

Planar bilayers. Interestingly, mPE and to a less extent dPE probes exhibit a certain 
affinity to each other when solubilised in large DOPC vesicles. The rather modest 
clustering is supported by the following results: i) Analysis of time-resolved FRET 

Picture 3.1.3: (left) Chemical structures of FL-BODIPY-mPE and FL-BODIPY-dPE 
(A), and 564/570-BODIPY-mPE and 564/570-dPE. (right) A cartoon displaying the 
preferred localisation of a conical-like probe, which prefers to be localised in curved 
regions (like rims of a bicelles, pores or as in this picture small micelles) over flat 
areas (such as large unilamellar vesicles). 
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data by means of the B-F model yields 1.5-2x higher C2 values than expected (based 
on lipid/probe mixing) and bilayer thicknesses d which are not physically relevant (cf. 
Tab. 1 and 2 in paper V). Since the FRET rate is faster for mPE than for dPE probes 
the former probes seem to cluster at a larger extent (Fig. 3.1.3). This could be 
explained by a more efficient hydrophobic stabilisation of the two acyl chains of the 
dPE molecule as compared to a single acyl chain of the mPE probe in the DOPC 
bilayer. ii) The time-resolved decays of all four probes in the absence of any acceptor 
become faster with increasing probe to lipid ratio, which is compatible with the 
formation of dimers (cf. Fig. 3-5 in paper V). In agreement with i), the decay is faster 
for mPE than for dPE due to the same reason. At the 1:50 ratios, dimers are visible 
even in the steady-state spectra (Fig. 5 in paper V).        
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Bilayers containing torroidal pores can be prepared by adding the antibacterial peptide 
magainin-2 at  ratios of 1:500 or higher to POPG bilayers.41-43 Since there is no 
analytical model available accounting for FRET in a bilayer containing pores, Monte 
Carlo (MC) simulations have been carried out. The MC simulations can predict under 
what conditions FRET experiments are sensitive to probe localisation in pore 
containing bilayers. For small pore sizes with radii around 30 Å, the shape of the pore 
could be approximated by a cylinder. Two important insights follow from the 
simulations: i) While at higher peptide to lipid ratios (1:50) FRET cannot distinguish 
between the probes localized in the planes (Kd = 0) or in the pores (Kd = ∞), the 
resolution is sufficient at the 1:200 ratio (Fig. 3.1.4). ii) FRET cannot distinguish 
between the probes localized outside of pores (Kd = 0), or when equally distributed 
between the pores and the remaining area (Kd = 1). This happens because the pores are 
small compared to R0 and cannot consequently influence the energy transfer rate. 
Nevertheless, Kd estimation is possible in the 1- ∞ range.   

 

Fig. 3.1.3: TRF decays of 
donors at the donor to lipid 
ratio of 1:200 in DOPC 
vesicles at 20°C (downwards): 
donor mPE-BODIPY-FL in 
the absence of any acceptor 
(dashed), donor’s fluorescence 
in the presence of the acceptor 
dPE-564/570-BODIPY 1:200 
(solid line), and in the 
presence of mPE-564/570-
BODIPY 1:200 (dotted line).  
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Picture 3.1.4: The distribution of donors (green stars) and acceptors (red stars) that 
having affinity to the curved rims on a bicelle as determined by the blue dots. View 
from the top.   

Fig. 3.1.4: (left) Generated TRF decay curves for energy transfer occurring in a 
POPG bilayer containing pores at the peptide to lipid ratios: 1:200. The distribution 
coefficient Kd was ∞ (blue), 0 (red) or 1 (black). Insert: The ratio between the average 
fluorescence lifetime and the average fluorescence lifetime if Kd = 1 as a function of 
the distribution coefficient Kd. (right, left y-axes) Decay curves are experimental for 
FRET occurring on a POPG bilayer with and without pores. The displayed decays 
illustrate the mPE DA pair before (red) and after addition of magainin-2 (blue), and 
the dPE DA pair before (green) and after addition of magainin-2 (orange). Decay for 
the mPE probe when no FRET occurs is also displayed (black); (right y-axes) 
Fluorescence decays are generated if Kd = 1 (dotted) and Kd = 25 (dashed line).  
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Since the time-resolved FRET experiments with mPE and dPE probes do not show any 
change before and after addition of the peptide in the range of peptide to lipid ratios 
1:500 and 1:100 Kd for mPE probes must certainly be lower than 10 (cf. insert of Fig. 
3.1.4). If Kd = 25 one would need to observe a very well detectable change in the 
decay after adding the peptide at sufficient concentrations as is shown in Fig. 3.1.4 
(right). As in vesicles, the different FRET rate for mPE and dPE probes can be 
explained by increased mutual affinity of the mPE probes.  

Bicelles. In this study bicelles were chosen because of their disc like structure built of 
flat regions and a positively curved rim. The examined bicelles had the average radius 
of 103 Å,2, 3 and were prepared by mixing DPPC and DSPE-PEG-2000 in the ratio 
75:25 mol%. MC simulations confirm that FRET occurring among probes distributed 
over the bicellar surface is differently influenced by the probes’ location in the planar 
region (Kd = 0), the rims (Kd = ∞) as well as over the entire bicellar surface (Kd = 1, cf. 
Fig. 3.1.5). The most rapid decay was obtained for Kd = 0 and the slowest for Kd = ∞. 
In agreement with the previous results the experimental decay curves for mPE and 
dPE overlap perfectly at the probe to lipid ratio of 1:200 (cf. Fig. 8 in paper V). We 
therefore conclude that mPE probes have a rather modest affinity to regions with non-
zero curvature.      

 

 

 

 

 

 

 

 

 

3.1.3 Solvation dynamics of fluorescent probes PRODAN and LAURDAN in 
PCL-PEO vesicles (paper I) 

Motivations. As it was mentioned in section 2.9, the relaxation of solvent molecules 
around an excited probe depends on the microviscosity and the polarity of their 
environment.11 Since these physical properties exhibit a steep gradient within a bilayer 
the location of probes can be tracked by the SR technique.36 In addition, one gains 
information about the dynamics of the SR process. It might be that solubilised dyes are 
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Fig. 3.1.5: Generated decay 
curves for FRET occurring on a 
bicelle. Donors and acceptors 
were distributed over the planes 
(solid), over the entire bicellar 
surface (dotted) or over the rims 
(dashed); (insert) The ratio 
between the average fluorescence 
lifetime and average fluorescence 
lifetime when Kd = 1 as a function 
of the distribution coefficient Kd.
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not localised at only one transversal distance from bilayer’s center, but rather exhibit a 
complicated distribution profile within the bilayer. Then the time-resolved emission 
spectra (TRES) comprise a superposition of spectra. In this study we wanted to 
demonstrate that an analysis of TRES spectra is possible even when a dye is 
solubilized in two different environments. A careful analysis may then reveal where 
the dyes are localised, but also how the probe and the solvent molecules respond upon 
a sudden change of the electric dipole moment of the dyes.  

 

The experiments have been carried out with biocompatible polystyrene-block-
poly(ethylene oxide) vesicles dissolved in water and THF/water mixtures.44 THF 
causes swelling of the PCL domain which in turn induces a relocation of the dyes 
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Picture 3.1.5: Chemical 
structure of prodan (left) and 
laurdan (right). 
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Fig. 3.1.6: Steady-state emission spectra of (a) prodan and (b) laurdan in the PCL-
PEO/water/THF system. Volume fractions of THF in the water/THF mixed solvent 
are given at the corresponding spectra. Insert:  Decomposed steady-state spectra of 
prodan imbedded in vesicles in 20 vol% THF/water mixture. The left and right spectra 
belong to prodan localized in the PCL hydrophobic domain and in the bulk solution, 
respectively.  
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solubilised in the vesicles. Prodane28, 45 and laurdane46, 47 dyes were used for the SR 
study. The same chromophore constitutes these probes, but laurdan contains an 
additional acyl chain (picture 3.1.5).  

The steady-state fluorescence spectra of prodan and laurdan measured in a system 
composed of PCL-PEO vesicles and water are almost identical, but blue shifted as 
compared to that of prodan dissolved in water. Both chromophores are thus localised 
in the same environment (i.e. approximately at the same distance from the 
vesicle/water interface in a rather hydrophobic environment). Upon the addition of 
THF, the prodan spectra change to a much larger extent than those of laurdan (cf. Fig. 
3.1.6) as a result of the probe’s release into the bulk. Since prodan is lacking the acyl 
chain it is much easier released from the swollen PCL-PEO vesicles. Interestingly, the 
prodan spectra can be decomposed into two pertinent subspectra. The position and 
shape of the red shifted spectrum corresponds exactly to that of prodan dissolved in the 
particular THF/water mixture, whereas the blue-shifted spectrum belongs to prodan 
embedded in vesicels. The peak maximum of the latter spectrum is slightly red-shifted 
(450 nm) as compared to the aqueous solution (445 nm) due to swelling of the PCL 
domains.       

Time-resolved fluorescence spectra can also be decomposed into two subspectra (Fig. 
3.1.7): the blue-shifted subspectrum can be ascribed to the fraction of probes located 
close to the vesicle/water interface. The blue-shifted subspectrum moves towards 
longer wavelengths as the solvent relaxation proceeds, meanwhile the red-shifted 
spectrum belonging to probes dissolved in the bulk remains at the initial position, but 
shows a decreased intensity. This is because the relaxation of solvent molecules in the 
bulk is too fast to be captured by the used experimental apparatus. Therefore, 
decomposition enables separately measuring of SR dynamics for at least two probe 
populations localised in different environments.  

A careful analysis of the obtained results also reveals that not only does the 
reorientation of solvent molecules contribute to the relaxation process but also the 
probe reorientation. The reasoning is as follows. First, chromophore groups of prodan 
and laurdan are located in the same region of the bilayer of the PCL-PEO/water system 
(see above). Second, the positions of both chromophores must be the same even in the 
PCL-PEO/water/THF 10 vol% system, since the first recorded TRES (i.e. spectra 
approaching the most the time zero) for both probes are very similar. Third, the 
correlation functions of prodan always decay faster than those for laurdan. But because 
the chromophores’ environment is the same, the difference between the C(t) functions 
for prodan and laurdan can only be explained by a faster reorientation of prodan in 
PCL-PEO vesicles, whose rotations/translations are not hindered by the long acyl 
chain.   
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3.1.4 Localisation of 2-pyridones in GM1 micelles (paper IV)   

Motivations. The release of drugs from micelles but also loading efficiency are stirred 
by where the drug is localised.48, 49 For instance, a drug which resides in the micellar 
core is released into the bulk much slower than from the shell and the loading 
efficiency is restricted by the small micellar core. This is why the localisation of multi-
ring fused 2-pyridones has been investigated. These compounds belong to the class of 
pyridones usually exhibiting interesting biological activity, including antitumor and 
antibacterial properties.50-53 The location in GM1 micelles was investigated for several 
reasons: i) the micelles are easy to prepare, ii) they exhibit narrow size distribution 
with a known aggregation number54 and iii) specifically labelled gangliosides are 
available, which form a suitable DA pair with 2-pyridones. The intention was mainly 
to confirm or exclude compounds’ localisation either in the core, at the core/shell 
interface or in the shell. A simple FRET approach was used, which is based on steady-
state fluorescence experiments and data analysis by means of a simplistic model 
accounting for FRET within a micelle. Three pyridones derivatives have been 
positioned (Picture 3.1.6).  
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Fig. 3.1.7: (left) Decomposed time-resolved subspectra for prodan in PCL-
PEO/water/THF(10%). The number at each spectrum indicates the time after 
excitation (in ns); (right) Correlation functions, C(t), of the blue-shifted subspectra for 
laurdan (solid) and prodan (dashed) in the PCL-PEO/water system (curves 1 and 2) 
and in the PCL-PEO/water/THF(10 vol.%) system (curves 3 and 4), respectively.  
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Model. Assume that the donors are randomly distributed at the distance RD from the 
micellar core, whereas acceptors are localised at the distance RA from the micellar 
centre. Then the average energy transfer rate on a micelle is given by the distribution 
of distances between donors and acceptors according to   

 A

D

D A

D A
 ,          (3.1.2) 

where NAc denotes the number of acceptors, τD lifetime of the donor and P(R) the 
normalised number density of acceptors at the distance R from a donor and is given by 
P(R) = R/(2RARD).55 Integration of Eq. 3.1.2 yields  

~ A
A D

A D
 .            (3.1.3) 

The randomly distributed acceptors surrounding the micellar centre can be considered 
as one effective quencher, which quenches the donor fluorescence at the rate ω. The 
ratio between the fluorescence intensity of the donor in the absence ( 0

DF ) and presence 

( DF ) of acceptors is then related to the total energy transfer rate according to:11   

 D

D
1 D .        (3.1.4) 

Experimental results. Provided that 2-pyridones with unknown position in GM1 
micelles work as donors localisation of acceptors (RA) must be known a priori. In this 
study we have used GM1 gangliosides labelled in the polar (P) and nonpolar (NP) 
region by FL-BODIPY, whose position within the micelles was calculated by means 
of the assumption that the GM1 chain was fully extended. To avoid estimation of R0, τD 
and NAc we formed a ratio of Eq. 3.1.4 for the two different acceptors (FL-BODIPY-
NP, FL-BODIPY-P). The experiments thus involved measurements of FD

0 and FD in 
the presence of either FL-BODIPY-NP or FL-BODIPY-P. The analysis concerns 
finding the minimum of the following expression: 

Picture. 3.1.6: The structures 
of the studied multi-ring-fused 
2-pyridones. 



 
 

29 
 

 D NP D NP

D P D P
D P

D NP

NP

P
0 .     (3.1.5)  

The minimisation routine yielded one minimum RD = 33 Å (cf. Table.3.1.2) for all 

three derivatives in the physically relevant range of D  0; 54 Å, which is given by 
the micellar centre and the hydrodynamic radius of GM1 micelles. 2-Pyridones are thus 
located at the core/shell interface irrespective of the substituent R1 or R2, respectively. 
Similar location was found for the solvent relaxation probe prodan in PCL-PEO 
vesicles (paper I) but also for BODIPY and NBD in lipid bilayers.30, 31 For a more 
elaborated discussion see paper IV.  

Table 3.1.2: Positions of 2-pyridones in GM1 micelles.  

Donor Acceptor FD(NP)/FD(P) RA/Å RD/Å 

D-F FL-NP 1.15 23 34 
FL-P 42 

D-H FL-NP 1.06 23 33 
FL-P 42 

D-Me FL-NP 1.07 23 33 
FL-P 42 

   

3.2 Lipid nanodomain size estimation 

Lipids dispersed into water organize into lamellar or non-lamellar phases, the former 
ones being more common in biological systems. Lamellar phases are found in lipid 
bilayers and can be classified according to their translational and conformational order. 
Liquid-disordered phase (Ld) is similar to the fluid state, where the acyl chains are 
disordered and the lipid molecules diffuse across the bilayer relatively fast. On the 
other hand, lipid chains in the solid-ordered state (So) are extended and highly ordered 
and the diffusion coefficient is very low. Finally, liquid-ordered phase (Lo) has some 
properties common to Ld and some to So: it is characterized by high conformational 
order and the diffusion coefficient slightly lower as compared to the Ld phase.  

At equilibrium several phases may coexist with each other. The phase separation is 
driven by the fact that interactions of two different lipids A and B are usually 
repulsive. Interestingly, attractive forces exist between cholesterol and sphingomyelin 
or between cholesterol and a saturated phosphatidylcholine,56 which actually can 
explain accumulation of both lipids in the Lo domain phase. For a ternary mixture of 
DOPC/DPPC/cholesterol, the phase separation is explained by three pairs of binary 
interactions: i) the favourable interaction between cholesterol and ordered lipids and 
the unfavourable interactions of ii) ordered with disordered lipids and iii) cholesterol 
with the disordered lipids.57, 58  
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Phase separation may lead to the formation of microscopic or even nanoscopic liquid-
ordered lipid domains. Sometimes these domains are called rafts and are connected 
with several functional roles such as signalling, membrane trafficking or viral 
infection. The domains tend to adopt a circular shape in order to minimize the line 
tension originating from the height mismatch between the Lo and Ld phases and the 
steric interactions at the phase interface.59 As the domains become larger their 
morphology changes from the flat one to a dimpled one, the latter one facilitating 
repulsive elastic interaction of the coalescing domains. Consequently, separated small 
domains cannot merge into one large domain as a result of minimization of the line 
tension.60             

In order to observe the phase behaviour of lipid system one can use electronic energy 
transfer approach. Actually, despite the advances in far-field optical microscopy61 
FRET still remains the most powerful technique in lipid nanodomain size estimation.      

3.2.1 What are the limitations of FRET in estimations of lipid nanodamain sizes 
(paper VI)?  

Motivations. The estimation of lipid nanodomain sizes by FRET is based on measuring 
energy transfer efficiency between donors and acceptors that have increased affinity 
either to the Lo domain phase or to the remaining Ld phase. As will be shown 
resolution of FRET is ruled by affinity of probes to the particular phase. Therefore, the 
localisation of probes within a bilayer influences the sensitivity of FRET and as a 
thumb of rule the resolution increases with increasing affinity of probes to Lo/Ld 
phases. It seems that possible impact of the affinity of probes on the resolution is in 
general underestimated. Concerning the availability of suitable probes, dyes exhibiting 
substantial affinity to the Lo phase are still missing.7 Assuming realistic distribution 
coefficients we explored theoretical limits of FRET in nanodomain size estimation by 
applying MC simulations. 

Table 3.2.1: Conditions that have been used in order to discuss FRET limits in the 
nanodomain size estimation. F and Funi denote steady state intensities for uniform and 
nonuniform distribution of probes, respectively. 

Conditions TRFM Steady-state range Colour 

1. Domains are beyond the resolution  F/Funi < 1.05 Red 
2. Domains are close to the resolution 

li i
1.05< F/Funi < 1.1 Orange 

3. Domains are detectable 1.1< F/Funi < 1.2 Yellow 

4. Domains are safely resolvable  F/Funi > 1.2 Green 

 

Three situations may arise when distributing D/A molecules in a bilayer 1) D:s/A:s 
reside inside Lo domains, 2) D:s/A:s are excluded from these, and 3) D:s/A:s exhibit 
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increased affinity to different phases. Concerning the limits four conditions are 
considered (cf. Fig. 3.2.1 & Tab.3.2.1). Below most important outcomes of the 
simulations will be summarized. More elaborate discussion can be then found in paper 
VI.   
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Case I. The favourable 4th condition is reached when KD and KA > 10 (Fig. 3.2.2). 
Here, KD and KA denote distribution constants of D/A defined by Ki = [i]Lo/[i]Ld. 
Unfortunately, such probes are not yet available. For more realistic values of KD and 
KA = 3 domains with an area exceeding 20 % and radii > 1.6R0 might be resolved by 
TR FRET (cond. 2), whereas for KD = 5 and KA = 5 (i.e. comparable to labelled 
cholera toxin) domains with an area > 15 % and radii > 1R0 can be detected by TR 
FRET (cond. 3 and 4). This setup is not realistic for determining sizes < 20 nm with up 
to now available probes.      

Case II. As can be seen from Fig. 3.2.2 this setup is not favourable for determination 
of raft sizes around R0. For instance, probes with rather high affinity to Ld (KD = KA = 
0.01) can only resolve domains with sizes > 20 % and radii > 1.5R0. BODIPY-PC/fast-
DiI DA pair has KD = KA ≈ 0.1 and has been used for characterization of domains in 
DOPC/DSPC/Chol system.6 The authors speculated that the domains had radii in the 
range 2-8 nm. According to our study, domains with R > 5 nm and areas > 25 % could 
have been resolved. Although high Ld affinity probes exist they are not useful for 
detection of small domains < 20 nm.    

Case III. Since probes with high affinity to the Ld phase already exist we used KA = 
0.01 in all simulations. The value of KD = 5, comparable to cholera toxin, which has 
the highest KD so far, is high enough to observe domains over a broad range of sizes, 
but still domains with area < 2.5 % and domains with radii < 1R0 and occupying < 
10% of the area are beyond the resolution. To observe the very small domains with R 
< R0 and area of only few % KD = 40 would be needed. Care should be taken when 

Fig.3.2.1: Fluorescence decays 
generated for the uniform 
distribution of D/A (black), and 
those corresponding to the 
following conditions (cond.): 
cond. 1 (red), cond. 2 (orange), 
cond. 3 (yellow) and cond. 4 
(green). The radius of domains  R 
= 10 nm and  the domain area 
ranged from 4 to 34 %. 
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interpreting data. For instance, Hammond et al5 used a favourite DA pair perylene and 
DiI (KA = 0.01) to detect nanodomain formation by steady state measurements. 
Because they did not see any changes in the intensity before and after a hypothetic 
domain formation they concluded that no domains were formed. Based on the 
simulations and even by using an approximately four times higher KD value than 
determined by us, formation of nanodomains < 20 nm cannot be excluded.   

      

Fig. 3.2.2: The resolution of FRET represented by the intensity ratio of D:s (FD) and 
D:s when  D:s/A:s are distributed uniformly in the bilayer (FD(uni)) as a function of 
the domain area and the relative domain radius (divided by R0). The D-lifetime was 6 
ns in the Lo and Ld phase. The red corresponds to the condition (cond.) 1, the orange to 
the cond. 2, the yellow to the cond. 3 and the green to the cond. 4. For [KD = 0.01, KA 
= 0.01], [KD = 3, KA = 3] and [KD = 5, KA = 5] the ratio FD(uni)/FD is displayed 
instead. Values above 1.5 are displayed with the same colour at the limiting value. 
 

3.2.2 Is the formation of nanodomains proceeding microscopic phase separation 
(paper VII)?   

Motivations. It has been demonstrated that cholera toxin induces in the presence of 
small amounts of ganglioside GM1 microscopic liquid ordered (Lo) and liquid 
disordered (Ld) phase separation both in giant unilamellar vesicles (GUVs) formed by 
lipid mixtures consisting of dioleoylphosphatidylcholine (DOPC), sphingomyelin 
(Sph) and cholesterol (Chol)5 as well as in plasma membrane spheres.62 Clustering of 
lipid components plays a crucial role in various membrane associated processes such 
as signalling of immune receptors.63 One could speculate that formation of crosslinker-
induced nano-scaled domains proceeds the microscopic phase separation (detectable 
by optical microscopy) along the trajectory displayed in Fig. 3.2.3 heading from the Ld 
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to the Lo phase. To test this hypothesis two colour z-scan fluorescence correlation 
spectroscopy,64 which enabled a dynamic characterization of nanodomains, and Förster 
resonance energy transfer combined with Monte Carlo simulations have been applied. 
The latter two techniques might reveal the size of the domains together with the area 
the domains occupied in the bilayer.  

The performed experiments focused on characterization of bilayers with compositions 
close to the microscopic separation (points B and C in Fig. 3.2.3). At the point A the 
used bilayer did not contain any Sph and was homogenous (≈ without any domains), 
whereas at the points D and E phases there is a microscopical phase separation (cf. 
Fig.3.2.3 and Tab. 3.2.2). Experiments have been performed at low and high loadings 
of CTxB (marked by a prim).  

 

 

 

Table 3.2.2: Molar fractions of lipids in GUVs discussed in this manuscript. 

 DOPC Sph Chol DOPG GM1 

A 0.68 0 0.25 0.05 0.02 

B 0.49 0.19 0.25 0.05 0.02 

C 0.44 0.24 0.25 0.05 0.02 

D 0.29 0.39 0.25 0.05 0.02 

E 0.23 0.45 0.25 0.05 0.02 

 

Point A: At this composition the bilayer contained no Sph and was homogenous. The 
addition of CTxB in the amount corresponding to a high loading caused no changes in 
lipid dynamics, nor any structural phase changes.  

Fig. 3.2.3: A ternary phase diagram for 
DOPC/Sph/ Cholesterol lipid mixtures 
as given in literature: black curve and 
the tie-lines and the red curve were 
published by Smith et al and Farkas et 
al, respectively. The line connecting 
points A to E denotes compositions 
with constant cholesterol content. All 
measurements were performed at 
compositions given by the points A to 
E. These also correspond to the lipid 
compositions given in Table 3.2.2. 
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Point B: The diffusion of CTxB labelled by Alexa 647 exhibits very distinct changes 
after the titration with additional crosslinker (B → B’).  A substantially prolonged 
component in the autocorrelation fluorescence curve gFCS(t) appears for B’ (Fig. 3.2.4), 
which could be a consequence of either a massive aggregation of CTxB molecules, or 
coalescence of condensed GM1 molecules around the crosslinker molecules. The 
mutual interaction of crosslinker molecules is excluded by the fact that no cross-
correlation was detected between CTxB labelled by Alexa 488 or Alexa 647.  

Interestingly, FRET detects inhomogeneities already in B, but these are smaller than in 
B’. The exact raft size was estimated by fitting the experimental decays to those 
generated by MC simulations. The number of fitting parameters involved the domain 
radius, R, and the area domains occupy in the bilayer, area (for details on MC 
simulations see supplementary material of the paper VI). As shown in Fig 3.2.5, the 
optimisation routine provides a pronounced minimum for B when R = 5-5.4 nm and 
area = 6-9 %, and for B’ when R = 8 nm and area = 6 %.   

Point C: FCS reveals diffusion obstacles for the composition C, but on the contrary to 
B the obstacles are present already at low loadings of CTxB and do not change by 
further titration with CTxB. The fitting of the FRET decays yielded an CTxB 
independent value of R = 24 nm and area =  3 %.   

Table 3.2.3: Mean transition times of CTxB-647 through the illuminated spot - the 
minimum value obtained when membrane was centred in the beam waist. Stdev 
denotes the standard deviation of tD and N gives number of z-scans acquired for the 
given composition.  

 A 
B – 
low 
load 

B – 
medium 

load 

B – 
high 
load 

C – 
low 
load 

C – 
medium 

load 

C – 
high 
load 

D E 

tD/ms 6.6 5.9 40.3 46.5 12.8 14.6 12.0 7.1 22.1 

Stdev/ms 0.08 0.21 2.24 10.54 0.92 2.86 6.82 0.66 4.99 

N 4 4 2 3 2 3 3 3 4 

 

An interesting piece of knowledge is obtained from the analysis of the minimum mean 
transition time tD, i.e. the time a fluorescent molecule spends in the waist (the 
narrowest part) of the illuminated focal volume. The transition time is substantially 
longer in B and C than in A, which indicates heterogeneities in the bilayer. The value 
of tD depends on the time the dye is confined in nanodomains, τconf, the time-based 
distribution coefficient α, and the effective diffusion coefficient Deff according to 

2 conf ,65 where the confinement time τconf is ruled by the transition of 

the dye into and from the domains. Surprisingly, we obtained approximately 3 times 
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longer confinement time for B than for C, although the bilayer with the composition C 
contained larger domains. This finding indicates that the C domains are more 
permeable for CTxB than the smaller B’ domains, i.e. CTxB binds more tightly to the 
B’ domains. CTxB seems thus to be more substantial for the existence of the B’ than 
the C domains, probably because it can compensate the lack of sphyngomyelin in the 
B’ domains. This would also explain why titration of GUV’s with additional CTxB 
induced changes in the bilayer with B composition only.  

 

 

 

It is worth noticing that the radius of the pentameric CTxB is approximately 4.5 nm.  

 

With respect to the sizes of B domains, they can be formed only by a single 
pentameric unit, which is probably surrounded by the sphingomyelin enriched shell. A 
domain radius of 8 nm of C domains allows for the formation of a domain with a 
maximum of 2-3 pentameric units. It could be that the larger 8 nm domains are formed 
as a result of collisions between the pentameric units.   

Fig. 3.2.4: Upper part: autocorrelation curves for CTxB-647 in upper GUV 
membrane centred in the waist of the focal spot at different lipid compositions: A 
(black), B – low load of CTxB-647 (orange), B – high load of CTxB-647 (red), C 
(blue), D (olive), E (dark cyan). Lower part: intensity traces for CTxB-647 in B 
composed membranes at low (orange) and high (red) load of CTxB-647. 
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Figure 3.2.5: Upper part: Best fitting chi-square parameter as a function of the domain 
radius and the area domains occupy in the bilayer. A minimum is found at R = 5 nm 
and domain area 9 % for the composition B (on the left), R = 8 nm and domain area 6 
% for the composition B’ (in the middle) and at R = 24 nm and domain area 3 % for 
the composition C (on the right). Lower part: Displayed time resolved fluorescence 
decays of CTxB-488 serving as the donor (D) representing the bilayer containing (i) D 
only (green line); (ii) D and A distributed between domain and non-domain regions 
(black line) and (iii) D and A, where both D and A are uniformly distributed in the 
bilayer without any domains (blue line). The red line coinciding with the black line is 
the best fit calculated by means of MC simulations. Instrument response function is 
displayed too. Figures in the lower part correspond to those in the upper part. 

 

3.2.3 Self-assembly of GM1 ganglioside molecules in water (paper II)    

Motivation (A). GM1 molecules are known to prefer a detergent resistant liquid-ordered 
domain phase66 and to self-aggregate in model lipid membranes.67 When dissolved in 
water these lipids spontaneously form micelles over a broad range of concentrations. 
Upon heating, the micellar aggregation number, Nagg, starts to decrease, probably due 
to the molecular transition from one to another molecular conformation.68, 69 However, 
this explanation has not been supported by Orthaber and Glatter,70 who explained the 
changes by the existence of larger aggregates, which are dissolved upon increasing the 
temperature. This controversy has inspired us to look on the self-assembling 
behaviour.  
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Motivation (B). In order to measure Nagg one can apply fluorescence correlation 
spectroscopy (FCS). The correct estimation of Nagg relies on the preciseness with 
which the illuminated focal volume Vf is measured. The most rapid way how to 
determine Vf is to measure the diffusion time τDiff of a fluorescent dye with known 
diffusion coefficient across the focal volume. For this purpose, rhodamine 6G (R6G) is 
frequently used and the focal volume Vf is calculated from71  

 4 Diff R6G
/  .       (3.2.1) 

Here Ps is obtained by fitting the correlation function gFCS(t) by Eq. 2.10.2. Since it is 
experimentally difficult to measure the diffusion coefficient at low concentrations 
corresponding to the FCS level, a value DR6G(old) = 280 m2s-1, which was published 
1974, was used for more than 30 years.24 A recently published value DR6G(new) = 426 
m2s-1 differs considerably from the previously established one. This implies that the so 
far calculated Nagg by means of FCS deviate 0.54 times from the true value.72, 73     

Therefore the goal of this study was two-fold: (1) to reinvestigate the controversial 
temperature behaviour by light scattering and FRET, and (2) once the correct 
aggregation numbers of GM1 micelles were known to use them in order to test the 
recently published reference values of rhodamine-6G diffusion coefficient needed for 
the estimation of Nagg.    

Figure 3.2.6: (left) Kw/R proportional to app
w1 M , where app

wM  is the apparent molar 

mass of GM1 micelles, at different heating cycles (see the text). Solid line: reference 
sample with no heating, dashed line: heating up to 40 °C until the sample is 
equilibrated and then up to 45 °C, solid line: heating up to 50 °C until the sample is 
equilibrated and then up to 55 °C; (right) Dynamic light scattering relaxation time 
distributions (measured at the scattering angle 90° and at the temperature 21°C) of GM1 
micelles.  
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(A) The temperature behaviour. Information about the system polydispersity is 
contained in the autocorrelation curves obtained from light scattering (LS). 
Distribution of relaxation times shows one narrow peak corresponding to the 
hydrodynamic radius RH = 5.4 nm. The shape and position of the peak remains 
unchanged when measured before and after filtration. Interestingly, the aggregation 
number of GM1 micelles is really responding to elevated temperatures (Fig. 3.2.6 left). 
One finds that nothing happens with the micelles up to 30 °C, but then the aggregation 
number starts decreasing irreversibly. These results are in agreement with Cantu et al 
(and in contradiction with Orthaber and Glatter). The former group explained the 
changes by irreversible transitions from one to another energetically more favourable 
state. The extrapolation of LS data to zero concentration and zero scattering angle 
yielded that the mass-averaged Nagg = 263 ± 5 at 21 °C.     

On the contrary to LS, FRET and FCS provide number-averaged aggregation numbers, 
which are equal to or lower than the mass-averaged Nagg (due to polydispersity). FRET 
method involves labelling of micelles by donors and acceptors, where the latter act as 
fluorescence quenchers, and furthermore estimation of the fraction of micelles which 
do not contain any acceptor. This fraction is accessible by time-resolved fluorescence, 
and is by means of Poissonian distribution related to the average number of quenchers 
per micelle <n>. The aggregation number is given by the final equation Nagg = 
([Lipid]-cmc)<n>/[A], where cmc is critical micellar concentration. By using three 
different DA pairs consistent results have been obtained over a broad concentration 
range Nagg(ET) = 168 ± 4. This value has served us as the reference value in the 
calibration of the FCS method (part B). 

(B) FCS calibration. The measurement is based on estimating the number of micelles 
(Nmic) within the illuminated focal volume Vf. Since only labelled micelles are 
observed by FCS each micelle contains at least one dye molecule in order to obtain the 
correct value of Nmic. To achieve this, one can titrate the micelles by a fluorescent dye 
that exhibits high affinity to the micelles, and to monitor the number of particles in the 
focal volume (one fitting parameter of gFCS(t)) as a function of the dye concentration. 
When a plateau is reached, all micelles must be labelled (Fig. 6 in paper II). Similarly 
to FRET, the final Nagg is calculated as Nagg(FCS) =  ([Lipid]-cmc)/[Mic], where 
[Lipid] is a priori known and [Mic] = Nmic/Vf. By using the recently published value of 
DR6G

73 one obtains aggregation numbers spread around the average value 168, 
obtained by FRET as well, while by using the old value24 one would obtain the value 
of Nagg(FCS, old) = 91, which poorly agrees with Nagg(FRET). 
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4. CONCLUSIONS 

The thesis emphasizes that electronic energy transfer is a powerful method in i) 
finding the equilibrium position of fluorescent probes in homogenous as well as 
inhomogenous lipid bilayers and ii) in measuring sizes of lipid domains, which are still 
beyond the resolution of a fluorescent microscope.  

More specifically, localisation of the BODIPY chromophore methylated at the 
positions 1, 3, 5, 7 was studied when it was attached to the differently long sn-2 acyl 
chain of phosphatidylcholins (paper III). It has been shown that the Me4-BODIPY 
chromophore loops back to the lipid-water interface and is not residing at depths 
corresponding to the acyl chain length. The transverse positioning of fluorescent 
probes is usually done when using less precise steady-state parallax quenching 
experiments. Here a FRET/DDEM method has been introduced instead. The analysis 
is based on fitting models to time-resolved fluorescence data (i.e. thousands of data 
points are accounted for in comparison to only one or a few points given by the steady-
state intensity) to the analytical model describing energy transfer/migration between 
donors/acceptors in a lipid bilayer.    

There exist analytical models which account for FRET in a limited number of cases. 
This limitation can be circumvented by making use of Monte Carlo simulations. In 
paper V we have used this approach to model FRET on bilayers containing highly 
curved torroidal pores and on bicellar surfaces comprising planar and curved regions. 
A comparison between modelled and experimental decay curves enabled exploring the 
affinity of conically and cylindrically shaped BODIPY labelled phosphoethanolamines 
to differently curved regions of the above mentioned systems. Surprisingly, the studied 
DA pairs showed a rather modest affinity to the antibacterial pores. Since this project 
aimed at developing probes with high affinity to the pores experiments are currently 
performed with more conical probes, which should increase the labelling efficiency of 
pores. 

Rather simplified FRET models can provide useful information about the localisation 
of fluorescent probes as well. In paper IV a simplistic model was used which accounts 
for FRET between donors and acceptors found in a micelle at two distances from the 
micellear centre in order to localise three different derivates of 2-pyridones. 
Irrespective of whether the derivate was fluorinated, methylated or hydrogenated, 
respectively, it turned out that the dyes are solubilised at the core-shell interface of 
GM1 micelles. This finding is in agreement with the paper III, where the methylation of 
BODIPY at four positions did not influence localisation of the chromophore within the 
DOPC bilayer.         
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The location of probes in polymeric vesicles was determined by the solvent relaxation 
technique (paper I). Despite the FRET method the SR technique also provides 
information about the dynamics of solvent relaxation, which is connected to polarity 
and viscosity of the solvent. A comparison between solvent relaxation data obtained 
for PRODAN and LAURDAN in PCL-PEO vesicles suggests that a reorganisation of 
solvent molecules and polymer units around the dye, but also a lateral motion of the 
probe with respect to the vesicle contributes significantly to the relaxation process. 
Moreover, the study shows that the analysis of time-resolved emission from a probe 
distributed in two media is in principle possible.                  

Despite recent advances in the field of super resolution microscopy FRET still remains 
the most powerful method in the estimation of lipid nanodomain sizes. In paper VI 
theoretical limits of FRET during the measurement of lipid domain sizes were 
explored. It turned out that limitations of FRET are mainly caused by low affinity of 
probes to either the Lo or Ld phase. As the best approach appears the case when 
D:s/A:s prefer a different phase. Then a D/A pair with distribution constants KD = 5 
and KA = 0.01 already resolves a broad range of domain sizes. However, only probes 
with high affinity to the Lo phase will enable detection of very small domains or 
domains occupying only few percent of the bilayer area. Situation when D:s/A:s prefer 
the same phase, either the Ld or Lo phase, is not yet a realistic approach for 
determining domain sizes < 20 nm.       

In paper VII we continued the previous study and provided a detailed dynamic and 
structural study of crosslinker-triggered formation of nanodomains. We give evidence 
for existence of such structures in model plasma membranes at lipid compositions 
closely approaching the optically resolvable phase separation boundary. We revealed 
two types of domains: a) domains whose size becomes larger with increasing amount 
of added cholera toxin and to which CTxB binds tightly and b) domains formed in 
membranes with slightly increased amount of sphingomyelin (as compared to a) 
whose size does not change during titration by additional CTxB and to which CTxB 
binds less tightly. We explain the observed behaviour by ability of cholera toxin to 
compensate the lack of sphingomyelin in case a). 

Finally, paper II investigates a) the controversial temperature behaviour of GM1 
micelles and b) shows that the value of the diffusion coefficient of rhodamine 6G 
published in 1974 and used from that time for calibration of the focal volume was 
wrong. The aggregation numbers of GM1 micelles decrease from 30°C irreversibly 
with increasing temperature but remain unchanged (Nagg = 168 ± 4 at 20°C) over a 
broad range of GM1 concentrations (0.76 – 156 μM). The aggregation numbers have 
been further used to calibrate the focal volume in FCS. Although the newly published 
rhodamine 6G diffusion coefficient provides a reasonable agreement between Nagg 
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obtained by energy transfer and FCS it is recommended to use the more precise 
calibration by means of known dye concentrations (preferably of 5-TAMRA).   
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