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ABSTRACT 

In order to study lipid membrane properties, fluorescence solvent relaxation method, 

which enables us to determine the degree of hydration of the membrane and the 

mobility of the hydrated lipid molecules, was used. Applying three different 

naphthalene derivatives as fluorescent dyes (Patman, Laurdan and Prodan) allowed 

probing different parts of the headgroup region of the bilayer. First, wavelength-

dependent parallax quenching measurements resulted in the determination of precise 

locations of Laurdan and Patmant within the DOPC bilayer. Exploring the issue of the 

probes locations within the lipid bilayer, acrylamide quenching experiments were 

performed. They have shown Patman relocalization in cationic, DOTAP-containing 

systems. Bilayers formed from phosphatidylcholines with different alkyl chains (DOPC, 

POPC, OPPC and PCΔ6) but the same polar head were also studied. The results have 

shown differences in the both hydration and mobility of the membranes depending on 

the type of fatty acid chains of bilayer lipids. Finally, liposomes formed from cationic 

lipids, commonly used to deliver genes into cells in vitro and in vivo, were investigated. 

Measurements of the structure and dynamics of fully hydrated liquid crystalline lipid 

bilayers composed of the mixtures of cationic DOTAP and neutral DOPC with the use 

of fluorescence solvent relaxation technique were performed. The nonmonotonic 

dependence of dipolar relaxation kinetics (occurring exclusively on the nanosecond 

timescale) on DOTAP content in the membrane was found to exhibit a maximum 

integral mean solvent relaxation time at 30 mol % of DOTAP. Up to 30 mol %, the 

addition of DOTAP does not influence the amount of bound water at the level of the sn1 

carbonyls, but leads to an increased packing of phospholipid headgroup. Above this 

concentration, elevated lipid bilayer water penetration was observed. Additionally, to 

study the influence of hydrocarbon chain length and its saturation on membrane 

hydration and mobility, measurements similar as for DOTAP/DOPC were performed 

for the DMTAP/DMPC system.  
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ABBREVIATIONS 

5-Doxyl 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy 

16-Doxyl 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxy 

DLS dynamic light scattering 

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DMTAP  1,2-dimyristoyl-3-trimethylammonium-propane 

DNA  deoxyribonucleic acid 

DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPE  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

DOTAP  1,2-dioleoyl-3-trimethylammonium-propane 

FWHM  full width at half maximum 

GUV  giant unilamellar vesicle 

  inverted hexagonal phase HII

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IRF  instrument response function 

Lα  liquid crystalline phase 

Laurdan  6-dodecanoyl-2-dime-thylaminonaphthalene 

LUV  large unilamellar vesicle 

NMR  nuclear magnetic resonance 

OPPC  1,2-oleoylpalmitoyl-sn-glycero-3-phosphocholine 

Patman  6-hexadecanoyl-2-(((2-(trimethylammonium)ethyl)methyl)amino) 

naphthalene 

PC  phosphatidylcholine 

PCΔ6  1,2-dipetroselinoyl-sn-glycero-3-phosphocholine 

POPC  1,2-palmitoyloleoyl-sn-glycero-3-phosphocholine 

Prodan  6-propionyl-2-dimethylaminonaphthalene 

SR  solvent relaxation (technique or process) 

SUV  small unilamellar vesicle 

Tempo-PC  1,2-dioleoyl-sn-glycero-3-phospho(Tempo)choline 

TRES  time-resolved emission spectra 
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AIM OF THE STUDY 

The history of fluorescence measurements of time-resolved emission spectra goes 

back 30 years. Up to date, the process of solvent relaxation monitored by fluorescence 

TRES was used to study solvation in neat solvents and their mixtures, hydration shells 

of proteins and also the dynamics of membranes. Since monitoring of the phospholipid 

bilayer hydration and mobility seems to be important for understanding their functions, 

SR method is undeniable a good choice. Although, a lot has already been done to 

improve the SR method and make the analysis more precise, researchers still face a 

number of difficult problems that must be analyzed with a great care in order to find the 

correct explanations for what they observe. 

One of the examples, where SR technique can be very useful are cationic liposome 

measurements. Since the first described cationic liposome-DNA complex as non-viral 

transfection vector, the popularity of lipoplexes for both in vitro and in vivo applications 

seems to constantly increase. Unceasingly new molecules are being developed which 

are expected to improve transfection efficiency. Despite the impressive moving of the 

chemistry of the cationic lipid carriers, the process of delivery of lipoplexes is still very 

problematic. Many research groups working with the non-viral transfection vectors 

constantly face the fact that in some cases delivery based on cationic lipids works and in 

other cases it does not. As lipoplex design nowadays is mainly based on trials and errors, 

a lot of work on their structure and functions is still needed to better control transfection 

process. Therefore, getting more detailed knowledge on cationic liposome structure 

used in lipofection seems to be a good step. Positively charged compound, DOTAP, is a 

good candidate for above mentioned bilayer structural studies, since it is commercially 

available, not very expensive, the most widely used cationic lipid in both in vitro and in 

vivo applications.  
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Summarizing the above, the goals of this thesis were as follows: 

 Determine the location of the number of fluorescent probes within model lipid 

membrane 

 Choose the appropriate fluorescent dye for cationic liposome studies 

 Understand better solvent relaxation on the molecular level 

 Using solvent relaxation technique analyze the changes of cationic bilayer 

hydration and mobility caused by increasing positively charged molecule 

content   

 Study the influence of the different lipid alkyl chains on the structure and 

dynamics of the cationic membrane   
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1. INTRODUCTION 

1.1 BIOLOGICAL BILAYERS AND MODEL MEMBRANES 

Lipid molecules together with many kinds of proteins and saccharides form 

membranes, the most fundamental structures in cells. Various membranes separate 

compartments inside the eukaryotic cells while plasma membrane provides the barrier 

that controls the communication between the cell and external world [1]. The 

composition of the biological bilayers varies from cell to cell, between two organelles 

within one particular cell and, additionally, lipids in the inner and outer leaflet of a 

membrane are usually distributed asymmetrically.  

The most common components of biological membranes are phospholipids. These 

amphiphilic molecules with their hydrophobic (fatty acid tails) and hydrophilic (polar 

head) parts (Figure 1.1), create phospholipid bilayer (Figure 1.2) when put into the 

water. 

 

fatty acid tails 
glycerol 
backbone  polar head 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 The atomic sphere model of phosphatidylcholine as an example of typical phospholipid. 
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hydrophylic headgroups 

hydrophobic 
fatty acids 

 

 

 

Figure 1.2  The structure of phospholipid bilayer alone. 

The structure of phospholipid bilayer shown in Figure 1.2 is the simplified one. Real 

lipid membranes are dynamic systems governed mainly by weak interactions between 

molecules of water and amphiphilic lipids. Since biological membranes with all kinds of 

proteins and saccharides located in it are extremely complex and, as a consequence, 

quite difficult to study, model systems created from phospholipids seems to be the 

reasonable choice for experimental and theoretical studies. The motivation to 

investigate lipids and their aggregates comes from the fields of medicine, cell biology 

and physiology. Lipids, for instance, have been recognized as a convenient material for 

the targeted drug carriers [2-4], and recently, they become also the target of therapy [5], 

which confirms the need for extensive investigation of these compounds and structures 

they create. 

 1.1.1 Self-assembly of amphiphiles 

The process of self-assembly of lipids into complex structures is mainly the result of 

the amphiphilic character of the molecules and the hydrophobic effect [1]. Since the 

water molecules tend to avoid contact with hydrocarbon chains of lipids, the different 

kind of lipid aggregates depending on the effective shape of the lipid molecules are 

created (Figure 1.3). Basically, lipid packing into aggregates with the polar group of the 

lipid molecule interacting with water via H-bonds and hydrophobic part buried inside 

the aggregate is determined by the volume and geometry of the molecule. Since 

amphiphiles forming membranes are not covalently bound, they can easily alter their 

arrangement upon a change of such physical parameters as temperature (thermotropic 

phase transitions) or the amount of solvent (lyotropic phase transitions) [6]. Because of 

the different proportions between the hydrophobic and hydrophilic part of the molecule 
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one can expect the particular amphiphilic aggregate shape when one knows the value of 

so-called packing parameter p described as [7]: 

al
vp = , (1.1) 

where p is the volume of hydrocarbon part, a the area occupied by the headgroup, and l 

the maximum length of hydrocarbon chains. For example, when p < 1/3 (conical shape 

of the molecule), spherical micelles are created, while in order to obtain lipid bilayer it 

is necessary that 1/2 < p < 1 (cylindrical molecular shape), and if p >1 inverted 

hexagonal phase HII forms (Figure 1.3) [8]. Among all the lipid aggregates, the lamellar 

phases are the most important from the biological point of view [9], however, non-

lamellar phases have also been found in nature and are considered to be important for 

some biological processes. 

 

 

Figure 1.3 The common structures of the amphiphilic aggregates. The schemes of different phases are 

presented in the order of the packing parameter p, which characterizes the shape of the amphiphilic 

molecules (see Equation (1.1)). 

1.1.2 Lipid vesicle - example of amhiphilic aggregate  

Since the biological membranes are considered as too complex for both 

experimental and theoretical studies, model systems composed of the phospholipids are 

often introduced. The liposomes (spherical bilayers that enclose an aqueous 

compartment) are one of the examples. When water is added to phospholipids, 

multilamellar lipid vesicles (MLVs) heterogeneous both in size and shape form [10]. 

The sonication of MLVs produces small unilamellar vesicles, SUVs, with diameter 
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approximately 30 – 50 nm. Another way to obtain even more homogenous population of 

liposomes of bigger diameter is extrusion through polycarbonate filters with small pores 

[11]. Such large unilamellar vesicles, LUVs (Figure 1.4), can be prepared with diameter 

50 – 1000 nm, depending on the pores size.   
 

 
water 

 

 

 water 

 

 
lipid bilayer 

 

 

 

Figure 1.4 The cross section of the liposome bilayer. 

Special kind of lipid aggregate represent giant unilamellar vesicles (GUVs), which 

diameters are in the range 5 - 200 μm. GUVs prepared by electroformation method, for 

instance, are frequently used to study lateral lipid organization [12, 13] .  

1.1.3  Structure and hydration of lipid membranes  

Lipid bilayer is a dynamic system and fluctuating constantly. Since the position 

occupied by lipid molecule instantly changes, it is rather impossible to determined one 

sharp border between the polar and non-polar part of lipid membrane. 

To describe the structure of phospholipid bilayer the probability distribution 

function is often used [14, 15] (Figure 1.5, upper panel), however, more simplified, 

compartment representation also provides good description of the lipid membrane 

structure [16] (Figure 1.5, lower panel). In the case of the latter, the idea is based on 

dividing the bilayer into separate regions: “perturbed water”, “headgroup”, “soft 

polymer” and “decane”. The first region includes water molecules from the bulk that 

interact with the surface of the bilayer; the “headgroup region” is formed by the 

hydrated functional groups (carbonyls, glycerol, phosphate and cholines); the “soft 

polymer” region starts at the carbonyl groups and ends where the density of the chains 

 13



is comparable to liquid hexadecane; the “decane” region occupies the central part of a 

bilayer and is almost completely hydrophobic. 

The properties of the hydrophobic interior of lipid bilayer are relatively easy to 

determine experimentally, but the lipid-water interface, where the polar headgroups of 

the lipids are located, is less explored [17, 18]. This is an unfortunate situation, since 

many biologically relevant processes, including interactions with nucleic acids, take 

place in this region. The headgroup region is characterized by large gradients of all 

relevant physicochemical parameters, providing a complex environment, which can be 

modified by both the alterations of lipid bilayer composition and properties of the 

aqueous phase [19]. This picture is further complicated by the dynamic character of the 

membrane, the components of which are free to undergo a variety of motions due to 

thermal agitation as well as macro-scale membrane movements that affect the bilayer 

and adjacent water layers [15, 20, 21]. Still relatively little is known about hydration 

and dynamics of lipid bilayer. The limited availability of experimental data suppress the 

development of lipid based technologies [22, 23]. 

0.00.0
perturbed

waterheadgroupperturbed
water

Distance from bilayer centre (Å)

headgroupdecanesoft
polymer

soft
polymer

0.00.0
perturbed

waterheadgroupperturbed
water

Distance from bilayer centre (Å)

headgroupdecanesoft
polymer

soft
polymer  

Figure 1.5 The distribution functions of the functional groups of a phospholipid along the z-axis of the 

bilayer obtained by theoretical simulations [14, 15] (upper panel) and the compartment representation of 

lipid bilayer (lower panel).  
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1.2 SOLVENT RELAXATION 

Fluorescence methods, which are very popular in natural and model membrane 

studies, are capable of measuring numerous important parameters of lipid bilayer, such 

as local pH, concentrations of surface adsorbed compound, permeability, lateral and 

rotational diffusion of lipids, and others [17, 24-29]. Solvent relaxation technique (SR), 

based on simple time-resolved fluorescence measurements, when applied to lipid 

bilayers, is a unique tool that allows characterization of the bilayer hydration and 

mobility, the factors that are responsible for the state of the membrane and the way it 

interacts with its surroundings [30]. Among other techniques employed to study those 

parameters (e.g. NMR [31, 32], fluorescence [33, 34], X-ray, and neutron diffraction 

[35, 36]) the solvent relaxation is unique in its ability to measure fully-hydrated free-

standing liquid crystalline lipid bilayers, which are the most biologically relevant 

membrane models [37-39]. 

1.2.1  Phenomenon of solvent relaxation 
 

As it has been already mentioned, solvent relaxation technique enables to 

characterize the hydration and mobility of fully-hydrated free-standing lipid bilayers [30, 

37, 39, 40]. This can be achieved by monitoring the so-called time resolved emission 

spectra (TRES). 

When fluorophore absorbs photon, its electrons are redistributed in a very short time 

which results in a change in the dipole moment. At the same time, the displacement and 

reorientation of the position of the surrounding solvent molecules does not occur. 

Therefore, after excitation the dipoles of solvent molecules, which have been in the 

equilibrium with the dye in the ground state, are forced to adapt to the new situation and 

reorganize in order to reach a relaxed state of minimum free energy (Figure 1.6). As a 

consequence of the presence of the “solute–solvent” interactions, the energy of the state 

from which the dye emits is different from that of the Franck-Condon one. The dynamic 

process starting from the initial non-equilibrium Franck-Condon state and gradually 

proceeding toward the fully relaxed state is called solvent relaxation. The higher the 

polarity of the solvent, the lower the energy of the relaxed state and the larger the red-

shift of the emission spectrum. This continuous red-shift caused by the relaxation 
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process can be monitored by recording, already mentioned, time resolved emission 

spectra (TRES). 

FAbs
F’

FAbs
F’

 
Figure 1.6 Schematic diagrams presenting solvent relaxation around a probe that has a weak dipole 

moment in the ground state and a large dipole moment when excited. The reorientation motion of the 

solvent molecules leads to the lowering of the energy of the system resulting in the red shift of monitored 

TRES. 

1.2.2 Information gained from TRES 

The analysis of the time-resolved emission spectra (TRES) enables to extract the 

solvent relaxation information from the fluorescence signal. TRES are obtained by the 

spectral reconstruction method [41] and fitted by a log-normal function in order to 

determine the position of the spectra ν(t) (in terms of their maxima) and their full widths 

at half maxima (FWHM).  

The two main factors that can be extracted from TRES are the total spectral shift (i.e. 

how far the emission spectrum is shifted during the whole process) and its kinetics (i.e. 

how fast the spectrum is shifting). 

The overall shift Δν is attributed to the difference between the energies of the Frank-

Condon and the fully relaxed state, which are proportional to ν(0) (t=0) and ν(∞) (t=∞), 

respectively [41] and defined as: 

)()0( ∞−=Δ ννν , (1.2) 

The second information can be obtained calculating the spectral response function (or 

correlation function), defined as: 

ν
νν

νν
νν

Δ
∞−

=
∞−
∞−

=
)()(

)()0(
)()()( tttC

 , (1.3) 

by taking the estimated time-zero spectrum as ν(0). The so-called time-zero spectrum is 

the hypothetical fluorescence emission spectrum of the dye which is vibrationally 
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relaxed but emit before any nuclear solvent motions occur. As has been shown, this 

spectrum cannot be measured directly in most systems due to the finite temporal 

resolution of the apparatus, but can be estimated using absorption and steady-state 

emission spectra measured in a non-polar solvent [40]. A comparison of the positions of 

time-zero spectra (the estimated and reconstructed one) also allows the percentage of 

the solvation process below the time resolution of the experimental setup to be 

determined [42, 43]. In order to quantitatively characterize the solvent relaxation 

process, two parameters defined above are analyzed. It has been shown that Δν is 

proportional to the polarity of the dye environment [41]. In a phospholipid/water 

system, polarity is mainly attributed to water molecules, therefore Δν reflects the extent 

of lipid bilayer hydration. For Prodan, Laurdan, and Patman, which share the same 

fluorophore and time-zero spectra, the uncertainty of 50 cm-1 for comparing the Δν 

values is assumed.  

The second parameter assigned to a relaxation process is the relaxation time, which 

describes the mobility of the solvent molecules, and is interpreted as a measure of the 

viscosity for neat solvents [41]. In the phospholipid bilayer at the level of glycerol, 

however, water hydrating the membrane is fully bound to the phospholipid molecules. 

Therefore, the slow relaxation kinetics observed in membranes is attributed to the 

collective relaxation of the dye environment and reflects membrane dynamics rather 

than the motions of water molecules [42, 43]. The integrated mean solvent relaxation 

time can be calculated according to the following formula: 

  (1.4) 
∫
∞

≡
0

)( dttCrτ

Above approach does not require any a priori knowledge about the solvation process 

[41] unlike fitting the relaxation function by kinetic models [42, 44]. The intrinsic 

uncertainty of this parameter was assumed to be ~ 20 ps, based on the time resolution of 

the experimental setup. 

The temporal behavior of the FWHM of the TRES provides useful information on 

the extent of the observed solvent relaxation. The experiments carried out in 

phospholipid bilayers [45, 46] and also in the supercooled liquids [47] have shown that 

the FWHM passes a maximum during solvation process. This is in a good agreement 

with the idea of a non-uniform spatial distribution of solvent response times [47, 48]. It 

has been shown that in homogeneous systems of low molar mass molecules, the FWHM 
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decays monotonically. In a spatially inhomogeneous systems, however (i.e. where the 

microenviroments of the fluorophores differ), the relaxation behavior is different, since 

the solvent shells of individual fluorophores distributed in the system, respond with 

different rates to changes in the local electric field (which also spatially varies). This 

gives rise to a new phenomenon, which reflects the time distribution of phases of 

relaxations of individual solvation shells during the relaxation. The overall transient 

inhomogeneity increases significantly during the solvation and than decreases once the 

solvation finishes and the equilibrated excited state is reached. That is why the FWHM 

of TRES, which gives the measure of inhomogeneity of dyes microenvironments, 

passes a pronounced maximum. This effect gives the origin for the method of checking 

whether the entire response or merely part of it was captured within the time-window of 

the experiment. If only a decrease in the FWHM is observed, it means that the early part 

of the relaxation process is possibly beyond the time resolution of the equipment. In 

contrast, if only an increase is detected, the process is fairly slow under given conditions 

and the lifetime of the used fluorophore is not long enough to completely monitor the 

relaxation. It should be mentioned that in the case of Aerosol-OT reverse micelles, it is 

suggested from experiment [49] and by computer simulations [50] that the time 

dependence of the FWHM is due to self-diffusion of the excited probe (4-

(dicyanomethylene(-2-methyl-6(p-dimethylaminostyryl)-4H-pyran) from non-polar to 

polar location. However, since the chromophores of Laurdan and Patman are anchored 

in the hydrophobic part of the bilayer, this alternative explanation appears unlikely for 

the lipid experiments presented here.   

1.2.3 SR probes - naphthalene derivatives 

It has been already mentioned that the solvent relaxation dyes should undergo a 

large change in their dipole moment upon excitation (large Stokes shift). In the lipid 

membranes there are, however, further requirements that should be imposed on 

fluorescent probes. First of all, the chromophore has to be incorporated into the lipid 

bilayer, which usually requires that the probe be at least partly hydrophobic. It is very 

important to know the exact location and position of the chromophore in the bilayer, 

and to assure that these are not changed during experiment. Finally, the size and the 

structure of the probe should disturb the bilayer as little as possible; from the same 

reason the quantum efficiency should be high enough to keep the dye to lipid ratio low.  
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Solvent relaxation in the lipid membranes is four decades slower than in the bulk 

water – the mean time constant in pure water is about 0.3 ps [51], whereas at the 

glycerol level of a fully hydrated phospholipid bilayer in the liquid crystalline state it is 

about 2 ns [42]. Such a large change in solvation kinetics on a distance of only 1 nm 

results in enormous gradients of solvation properties along the membrane normal. 

Knowledge about the precise location of a polarity-sensitive fluorescent dye is crucial 

for characterization of the relaxation properties. It is also very advantageous if one has a 

series of probes with the same chromophore located at different depths within the 

bilayer. Examples of such dyes include naphthalene derivatives Prodan, Laurdan and 

Patman (Figure 2.2), which are often used in our laboratory. Their fluorophore consist 

of the electron-donating dimethylamino group and the electron-withdrawing carbonyl 

group of a different fatty acid residue, separated by a naphthalene ring. The naphthalene 

ring ensures a substantial increase of dipole moment upon electronic excitation.  

Prodan [52], which contains a short propionyl group, is believed to be located in the 

outermost region of the interface [53]. The location is, however, poorly defined and, 

consequently, any measurements performed with Prodan should be always evaluated 

with care (see [54], for example). In addition, there was hypothesized that the two 

population of this probe that differ in their positions can be present in membrane: one 

perpendicular and one parallel to the membrane surface [53]. It is also the most water 

soluble dye from the set, hence some of the fluorescence signal can originate from the 

bulk which further complicates the interpretation of results. Nevertheless, Prodan is still 

a valuable membrane probe and can be successfully used in solvent relaxation studies 

[37, 54, 55]. 

Laurdan and Patman molecules are modified so that their location within the 

membrane is more stable. Laurdan has a longer hydrocarbon chain (11 carbons) 

attached to the carbonyl group, which anchors the molecule in the hydrophobic part of 

the bilayer. It is commonly assumed that its fluorophore stays at the level of the glycerol 

backbone [56]. This assumption is a result of a comparison between its fluorescence 

properties under different experimental conditions [56-58]. 

Patman, in addition to a palmitoyl tail, possesses a trimethylammonium group, 

which orients the alkylamino end of the fluorophore toward the lipid-water interface 

[59] and stabilizes the dye position in the bilayer due to interactions with charged 

phospholipid headgroups. The location of Patman is stable and unimodal. The NMR 
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studies have shown that Patman is embedded deeper in the bilayer compared to Prodan, 

and that its movement is more restricted [38]. The positive charge of the ammonium 

group can be a serious drawback of this probe in some applications. 
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1.3 NON-VIRAL GENE TRANSFER VECTORS  

1.3.1  Cationic liposomes in transfection 

The interest in positively charged lipid membranes stems from biology, where 

cationic lipids are used for delivery of nucleic acids into host cells to achieve transgene 

expression or gene regulation – techniques that are essential for genomics and 

proteomics. Electrostatic interaction of polyanionic DNA or RNA with cationic lipids 

leads to formation of the so-called lipoplex, which functions as a transfection vector 

[60-63]. Complexation with lipids facilitates the cell uptake of genetic material, in 

particular crossing the hydrophobic barrier of cellular membrane. The efficiency of 

lipofection is still lower than transfection with viral vectors, but this is the safety and 

biocompatibility that drew attention to the lipofection in medicine. The long-term 

potential of gene therapy for the treatment of both inherited and acquired disorders is 

the motivation for many studies on transfection agents. The focus in lipid vector 

development is on protecting genetic material from degradation in the bloodstream of a 

patient (e.g. stealth liposomes), selectively targeting vector to the cells of interest, 

increasing transfection efficiency, and maintaining stability and repeatability of the 

formulation. All these require a thorough knowledge about the lipoplex structure and its 

interactions with physiological environment. Although, it is already more than 20 years 

since cationic lipids were first used in DNA delivery in tissue cultures [64], still little is 

known about the possible structures of the lipoplexes and how the structure is 

determined by the lipid composition and physicochemical parameters. There are likely 

other factors besides electrostatics [65] that should be considered to better control the 

association process. The lipids that are used to form a lipoplex are usually mixtures of at 

least two lipid species in a form of liposomes (unilamellar or multilamellar). Moreover, 

the lipid surface is commonly altered by modifying the positively charged lipid 

compound [60, 66, 67] or grafting the surface with a polymer [68-70]. No quantitative 

measure of such alterations exists, therefore, the approach is usually reduced to trial and 

error. It is reasonable to study the structure and properties of the mixed cationic lipid 

membrane itself before characterizing their interactions with nucleic acids and the 

structure and function of the resulting lipoplex. Basic studies on positively charged lipid 

membranes are relatively new, since the main interest was, for a long time, on neutral 
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and negatively charged lipid bilayers, which are omnipresent in natural membranes, in 

contrast to the positive ones, which are rare in nature. 

1.3.2  DOTAP surfactant 

Cationic lipids used in transfection protocols are synthetic products like, synthesized 

in 1988, DOTAP [71]. This monocationic quaternary surfactant consists of amine-based 

cationic headgroup which is connected to two unsaturated hydrocarbon chains through 

the linker (Figure 1.7.). This positively charged lipid alone or when mixed with DOPC 

tends to form bilayer (liposomes) and since DOTAP phase transition temperature is -

11.9°C [72], the liposomes are easily formed at room temperature. The superiority of 

DOTAP over its analogues stem from the experiments showing better transfection 

activity when considering different kinds of amines present in monocationic surfactants 

[73]. Moreover, lipid formulation containing compound with the ester bond, like in 

DOTAP, was found to be less toxic than with ether or carbamate one [74, 75]. The pH-

independence of the positive charge of the DOTAP molecule [76] is also of great 

importance since cationic charge is critical for efficient DNA binding, cellular lipoplex 

uptake, and trafficking. Another advantage of the DOTAP formulations is its good 

stability [77] that is preserved for more than 3 years when DOTAP liposomes are stored 

as dry lyophilized powder at 4 °C.  
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Figure 1.7 Structure of the DOTAP molecule. 
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2 MATERIALS AND METHODS 

2.1 MATERIALS 

Zwitterionic phospholipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

dipetroselinoyl-sn-glycero-3-phosphocholine (PCΔ6), 1,2-oleoyl-palmitoyl-sn-glycero-

3-phosphocholine (OPPC), 1,2-palmitoyloleoyl-sn-glycero-3-phosphocholine (POPC), 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cationic: 1,2-dioleoyl-3-

trimethylammonium-propane chloride (DOTAP) and 1,2-dimyristoyl-3-

trimethylammonium-propane (DMTAP) used in this study were supplied by Avanti 

Polar Lipids, Inc. (Alabaster, AL, USA) (Figure 2.1). All lipids were stored in 

chloroform at -20°C and used without further purifications. 
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Figure 2.1 Structures of the lipids used in this study. 
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Napthalene derivatives: 6-hexadecanoyl-2-(((2-(trimethylammonium)ethyl)methyl) 

amino)naphthalene chloride (Patman), 6-dodecanoyl-2-dimethylaminonaphthalene 

(Laurdan) and 6-propionyl-2-dimethylaminonaphthalene (Prodan) used in this study 

were purchased from Molecular Probes (Eugene, OR, USA) (Figure 2.2). 
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Figure 2.2 Structures of the fluorescent probes used in this study. 

The spin-labeled quencher molecules 1,2-dioleoyl-sn-glycero-3-

phospho(TEMPO)choline (TEMPO) was obtained from Avanti Polar Lipids, Inc. 

(Alabaster, AL, USA); 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy 

(5-Doxyl-stearic acid) and 2-(14-carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-

oxazolidinyloxy (16-Doxyl-stearic acid) were supplied from Aldrich (Steinheim, 

Germany). Acrylamide was ordered from Fluka (Buchs, Switzerland). 

Hepes was purchased from Fluka (Buchs, Switzerland). Solvents of spectroscopic 

grade were supplied from Merck (Darmstadt, Germany).  
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2.2 METHODS 

2.2.1  Vesicle preparation  

Lipid vesicles were prepared in a glass tube by mixing required volumes of the 

chloroform solution of the lipid with the methanol solution of selected fluorescent dye. 

The final concentration of the probe in all samples was 1 mol %. Solvents were 

evaporated under a stream of nitrogen while being continuously heated. To remove 

residual solvent, samples were kept under high vacuum over night. The dry lipid film 

was hydrated with 10 mM HEPES buffer (pH=7.4, 100 mM NaCl) and vortexed for 4 

minutes. Large Unilamellar Vesicles (LUVs) were formed by extrusion through a 

polycarbonate membranes (Avestin, Ottawa, Canada) with 100 nm pores [11]. Prepared 

samples were transferred to a 1 cm quartz cuvette and equilibrated at the desired 

temperature for 10 minutes before measurement. Unless otherwise specified, the final 

concentration of the lipid in the sample was 1 mM.  

In the case of cationic liposomes, where positively charged lipid (DOTAP or 

DMTAP) content in the bilayer was from 0 to 100 mol %, total lipid concentration was 

kept constant. Multilamellar Vesicles (MLVs) for the parallax measurements was 

containing in their membrame 15 mol% of selected spin-labeled compound. 

2.2.2  Steady-state fluorescence measurements 

All steady-state excitation and emission spectra acquisition were performed on a 

Fluorolog-3 spectrofluorometer (model FL3-11; Jobin Yvon Inc., Edison, NJ, USA) 

equipped with a Xenon-arc lamp. The spectra were collected in 1 nm steps (2 nm 

bandwidths were chosen for both the excitation and emission monochromators). The 

temperature in the cuvette holder was maintained within ±0.1°C using a water-

circulating bath. 

2.2.3  Fluorescence quenching with acrylamide  

Fluorescence quenching measurements were performed with a Fluorolog-3 

spectrofluorometer. The LUVs suspension (0.08 mM lipid concentration) was 

transferred to a quartz cuvette and thermostated at 20 oC for at least 10 min, while being 
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constantly stirred. Fluorescence intensity changes were measured after sequentially 

additions of the small amounts of 5 M stock solution of acrylamide in water to liposome 

suspension. The excitation wavelength used was 373 nm and emission was monitored at 

the maximum of the emission spectrum. Quenching data were analyzed using the Stern-

Volmer equation [78]: 

[ ]QK
F
F

D+= 10

 , (2.1) 

where F0 and F are the fluorescence intensities in the absence and presence of the 

quencher, respectively, KD is the Stern-Volmer quenching constant, and [Q] is the 

concentration of the quencher in the sample. 

2.2.4 Parallax fluorescence quenching 

The parallax analysis of fluorescence quenching was used to determine the positions 

of the fluorescent probes within the membrane [79, 80]. Steady-state fluorescence 

measurements were carried out on a Fluorolog-3 spectrofluorometer. In brief, 1 mol% 

of the dye was added to the lipid mixture with or without 15 mol % of one of the three 

free radical quenchers (TEMPO, 5-Doxyl-stearic acid, 16-Doxyl-stearic acid) present. 

The steady-state fluorescence intensity as well as fluorescence decays were measured at 

different emission wavelengths. Data collected for the three quenchers was analyzed in 

pairs, in order to obtain the distance h of the dye from the bilayer centre, according to 

[80]: 
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where F is the fluorescence intensity in the presence of quencher, and hq is the distance 

of the quencher from the bilayer center. The subscripts designate different quenchers, 

and C indicates the surface concentration of the quencher in molecules per unit area. 

The results obtained for different pairs of quenchers were collected and compared. 

An alternative method is to calculate the distribution function of the quenched dye by 

fitting the collected data for three quenchers with the parallax profile: 
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where F0 is the fluorescence intensity in the absence and F(hq) in the presence of the 

quencher located at a distance hq from the bilayer center, and Rc is the radius of 

quenching [81]. 

2.2.5 Time-resolved fluorescence measurements 

Fluorescence decays were recorded on a 5000U Single Photon Counting setup (IBH, 

Glasgow, UK), using an IBH laser diode NanoLED 11 (370 nm peak wavelength, 80 ps 

pulse width, 1 MHz maximum repetition rate) and a cooled Hamamatsu R3809U-50 

microchannel plate photomultiplier. Emission decays were recorded at a series of 

wavelengths spanning the steady-state emission spectrum (usually 400 nm – 540 nm) in 

10 nm steps (emission slits: 8 nm bandwidths). Additionally, a 399 nm cutoff filter was 

used to eliminate scattered light. The signal was kept below 2 % of the light source 

repetition rate (1 MHz). Data was collected in 8192 channels (0.014 ns per channel) till 

the peak value reached 5000 counts. The time resolution, calculated as 1/5 of the full 

width at half maximum (FWHM) of the instrument’s response function (IRF), was 

about 20 ps. Fluorescence decays were fitted to multi-exponential functions (2 or 3 

exponential components were used), using the iterative reconvolution procedure with 

IBH DAS6 software. 

2.2.6  Dynamic light scattering 

The size distribution of vesicles was measured using Dynamic Light Scattering 

(DLS). The light scattering setup (ALV, Langen, Germany) consisted of a 633 nm He-

Ne laser, an ALV CGS/8F goniometer, an ALV High QE APD detector, and ALV 

5000/EPP multibit, multitau autocorrelator. Prior to measurement, samples were filtered 

through 0.45 μm Acrodisc filters. Experimental, normalized intensity autocorrelation 

functions were analyzed using cumulant analysis [82] and constrained regularized 

fitting based on the CONTIN method [83]. Mean vesicles sizes, along with the standard 

deviation, were calculated from surface weighted size distributions. 
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3 RESULTS AND DISCUSSION 

3.1 SR PROBES LOCATION IN LIPID BILAYERS 

Easy and efficient tools to experimentally determine chromophore location within 

the lipid membrane are fluorescence quenching techniques. One of them is the parallax 

method, which can be used to measure the mean distance of the fluorophore from the 

bilayer centre [27, 79, 80]. For the polarity sensitive probes located within the 

membrane interface a better measure of their distribution can be obtained with 

wavelength-dependent parallax quenching.  

The paralax method was used to measure Laurdan and Patman locations in DOPC 

bilayer. The distance from the bilayer center and the mean location of Laurdan 

fluorophore, calculated using equation 2.2, was about 11.4 Å, regardless of the selected 

pair of quenchers. The obtained value was comparable to 9.8 Å measured in the cell 

membrane of Torpedo marmorata enriched with nicotine acetylcholine receptors [84]. 

The radius of the sphere of quenching, calculated according to equation 2.3, was equal 

to 12.8 Å, again in good agreement with values reported elsewhere [80]. The distance 

measured for Patman was 10.4 Å from the bilayer centre. The results obtained for 

Prodan for different pairs of quenchers were not consistent and suggested a broad 

distribution of this dye. The statistical character of the location of both Laurdan and 

Patman and also quenchers implies that all the obtained values are averages and that the 

actual values can fluctuate [79]. The determined position of the two dyes are indicated 

in the schematic lipid bilayer representation in Figure 3.1, together with the hypothetical 

Prodan position found in the literature [56]. 

The difference in location between the chromophores of Patman and Laurdan is 1 Å, 

which is close to the uncertainty of the parallax method, but agrees with the SR results 

obtained for these probes in many lipid systems. It must be kept in mind that this small 

1 Å difference in position occurs in the bilayer region where a large gradient of water 
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concentration is present [15]. This fact, together with the sensitivity of the solvent 

relaxation method, is responsible for the differences in the measured relaxation times 

and Δν values.  
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Figure 3.1 Schematic diagram of the location of Patman, Laurdan and Prodan in a membrane composed 

of DOPC and DOTAP. The positions of sn1 and sn2 carbonyls are indicated by arrows. The carbon atoms 

of the sn2 chain are numbered. The scale on the left shows the approximate distance from the bilayer 

center. Upon the addition of DOTAP, the position of Patman changes and differs from the one shown 

here. See the text for details on the dye locations. 

The average positions of Laurdan and Patman were determined for the emission 

maxima, i.e. 493 nm and 475 nm, respectively. A strong dependence of quenching 

efficiency on the emission wavelength was observed. The calculated distances of the 

dyes from the membrane centre increased with the wavelength (Figure 3.2). 

An increase in the detection wavelength of the emission leads to the photoselection of 

the chromophores, which are in a more relaxed and/or more polar environment, since 

solvent relaxation becomes faster and the amount of water increases when moving 

towards the lipid/water interface [39]. Thus, the wavelength dependence of the 

quenching rate provides information on the heterogeneity of the chromophore locations 

along the bilayer normal. These two dyes differs in this respect, i.e. a stronger 

dependence of the calculated position on the emission wavelength is observed for 

Laurdan (~2 Å) than for Patman (<1 Å). This can be a result of the presence of the 

trimethylammonium group and longer hydrophobic chain in the molecule of Patman. 
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Figure 3.2 Position of Laurdan (open squares) and Patman (filled circles) in terms of the distance from 

the centre of bilayer, calculated according to equation 2.2 for different emission wavelengths. The dye 

was excited at 373 nm. The measurements were performed at 20 °C. 

Once the location of a probe within lipid bilayer of interest is known, one can check 

if it is stable upon the changes in composition or physicochemical parameters. The 

easiest way to do this is to quench the fluorescence using a quencher that is water 

soluble and does not penetrate lipid membrane. One of such quenchers is acrylamide. 

Because of its neutral charge, it was selected to check whether the addition of cationic 

lipid DOTAP to the DOPC lipid bilayer does not change the locations of the probes. 

The fluorescence intensity was being measured while the sample was titrated with the 

quencher. The data were analyzed in terms of the Stern-Volmer equation (Equation 2.1). 

Only the quenching plots for Prodan departed slightly from linearity, which is yet 

another indication for a rather heterogeneous localization of this probe [53, 85]. The 

Stern-Volmer constants obtained for Laurdan and Patman are summarized in Table 3.1. 

An interesting result was the relocation of Patman, which moved out of the bilayer 

when the content of DOTAP was changed from 0 to 30 mol%. Further addition of 

DOTAP did not change the position of Patman any further. In the case of Laurdan there 

is no significant change in its position. The increased accessibility of the fluorophore to 

acrylamide might also be explained by the increased penetration of the quencher into 

the interfacial region of the lipid bilayer. In such case, however, we would have 

observed the same effects for both dyes. Additionally the scenario of increased 

membrane penetration is unlikely in the view of the SR results, which indicate that the 
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membrane becomes tighter when the amount of DOTAP rises to 30 mol%. In 

conclusion, the observed rise in the quenching efficiency for Patman is a consequence 

of its relocation upon the addition of DOTAP (up to 30 mol%). 

Table 3.1 The quenching of Patman and Laurdan embedded in DOPC/DOTAP LUVs with acrylamide. 

Patman Laurdan [DOTAP] 
(mol %) KD (M-1) (a) KD (M-1) (a)

0 0.274 ± 0.003 0.340 ± 0.005 

30 0.314 ± 0.003 0.347 ± 0.004 

50 0.317 ± 0.004 0.350 ± 0.006 

100 0.314 ± 0.006 0.369 ± 0.003 
 
(a)   KD – Stern-Volmer constants calculated by fitting the data points to a straight line. 

In addition to the quenching techniques, the analysis of the TRES width can give an 

indication whether the distribution of the probe fluorophore within the membrane is 

unimodal. We showed that if more than one homogenous population of the dye is 

present, or if other processes, besides solvation, take place, the FWHM profile clearly 

differs from the one normally observed [39, 42, 54]. 
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3.2 Influence of the lipid hydrocarbon chain structure on the 
membrane dynamics 

Solvent relaxation measurements were performed for four lipid systems (DOPC, 

POPC, OPPC and PCΔ6) (see Figure 2.1) in order to investigate the influence of the 

structure of the acyl chains of lipids on the membrane dynamics. Patman, located 

slightly below the level of the hydrated ester-group of the sn1 lipid chain (see Section 

3.1), was chosen as a suitable dye for the studies since acrylamide experiments showed 

that its location was not changed by the chemical nature of the chains of electrically 

neutral lipids.    

It was shown that the solvation dynamics in lipid bilayers becomes faster with 

increasing temperature [26]. This trend is visible when comparing the SR characteristics 

in a particular bilayers system at different temperatures. Trivially increasing 

temperature leads to higher headgroup mobility. On the other hand, in four investigated 

lipid systems (i.e. DOPC, POPC, OPPC and PCΔ6 bilayers), the Δν values are invariant 

with the temperature, indicating that the level of hydration in the vicinity of the 

chromophore does not change within the examined temperature range. When comparing 

lipids with different phase transition temperatures, Tm, the measurements are often 

performed at certain temperature offset above that phase transitions of these lipids (at 

the so-called relative temperatures). It is also assumed that at the certain temperature 

(above Tm of both compared lipids) the dynamics of the lipid with lower Tm should be 

faster. This assumption holds true, when comparing DOPC with either POPC or OPPC 

measured at, for instance, 10 oC and 25 oC. Considering the Tm values of those lipids [86] 

it is understandable that the SR curve for DOPC (Tm = -18.3 ± 3.6 oC) decreases 

considerably faster than for POPC (Tm = -2.5 ± 2.4 oC) and OPPC (Tm = -8.9 ± 0.7 oC) 

(Figure 3.3). Hovewer, when the OPPC and POPC isomers are compared, the faster 

relaxation is observed for POPC, for which the difference between phase transition 

temperature and the temperature at which measurements are performed is smaller 

(Figure 3.3). 
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Figure 3.3 Correlation functions for Patman in DOPC ( ), POPC ( ), OPPC ( ), PCΔ6 ( ) LUVs. 

Measurements were performed at 20 oC. 

The difference in the solvent relaxation kinetics between OPPC and POPC becomes 

even more evident when measured at the temperatures relative to the phase transition 

(Figure 3.4). In this case (OPPC measured at 20 oC K and POPC measured at 27 oC; in 

other words ~ 30 oC above their phase transitions), the difference in the relaxation times 

between the two lipids reaches 30%. We attribute these results to the different depth of 

double bond position in the POPC and OPPC bilayers. The double bond containing 

chain in POPC is attached at the sn2 position, which is located closer to the water phase 

(see Figure 2.1) than the sn1 (which is the attaching point for the OPPC double bond 

containing chain). Thus, in POPC the double bond is located closer to the glycerol level, 

where the Patman resides, which explains why the faster SR kinetics is observed. 
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Figure 3.4 Correlation functions for Patman in DOPC ( ), POPC ( ), OPPC ( ), PCΔ6 ( ) LUVs. 

Measurements were performed at temperatures relative to the transition temperatures Tm of the lipids. 
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In order to investigate the influence of the position of the double bonds within the 

acyl chains on the solvent relaxation kinetics of Patman, measurements in PCΔ6 

liposomes were performed. While DOPC contains double bonds at 9th carbons, in PCΔ6 

the double bonds are shifted three carbons up to the 6th carbon positions, which results 

in a substantial increase of the main phase transition temperature from -18.3 to 1.0 oC 

[86]. When measuring DOPC and PCΔ6 at 10 oC at which the systems are 28 and 9 oC 

above their phase transition temperatures, respectively, one should again expect a 

substantially faster kinetics in the DOPC membrane. However, the obtained relaxation 

times τr present opposite trends for 10 oC as well as for 25 oC. The τr decreases from 

1.98 ns for DOPC to 1.56 ns for PCΔ6 at 10 oC and from 1.23 to 1.04 ns at 25 oC. It is 

worth noticing that SR kinetics at 10 oC for PCΔ6 is also much faster than for both 

POPC and OPPC, even though the Tm of PCΔ6 is the highest. The comparison of SR 

kinetics in these lipid systems gives clear evidence that the mobility of the hydrated 

lipid molecules is not only the function of the lipid phase transition temperature. The 

water molecules bound to the ester-groups probed by Patman are apparently more 

mobile if the double bonds disturbing lipid packing are located closer to the 

phospholipid headgroups.  

Regarding the level of hydration of the membranes represented by the Δν parameter 

we observe a difference at 10 oC between OPPC and POPC on one side and DOPC and 

PCΔ6 on the other side. By the level of hydration or the hydration itself we understand 

here the number of water molecules present in the vicinity of the probe chromophore. In 

this case, the water molecules are predominantly bound to the lipids. The ester-groups 

probed by Patman are apparently more hydrated in the case of DOPC and PCΔ6, which 

possess double unsaturated fatty acid chains. These hydration changes are less 

detectable at higher temperatures and at 25 oC they are already within the experimental 

error (50 cm-1). The Δν values are in general agreement with SR kinetics (i.e. the larger 

the Δν the smaller the τr), which means that the increased hydration of the membrane 

also increases its mobility. The kinetics is, however, much more sensitive to the 

different lipids. 

Summarizing, SR results obtained here for DOPC, POPC, OPPC and PCΔ6 shows 

that not only the relative temperature to the phase transition temperature influences the 

mobility in the membrane, but also the position of the double bond in the acyl chain. 

The closer is the double bond to the sn1 ester-group, the more mobile this group is. 
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3.3 SOLVENT RELAXATION IN CATIONIC MEMBRANES 

3.3.1 The effect of the surface charge on vesicle size distribution 

As it has recently been shown, the curvature of a membrane can affect its hydration 

properties [44]. Since the surface charge of cationic vesicles may influence both their 

size and surface properties, the morphology of liposomes should be well characterized 

after preparation. Dynamic light scattering was used for this purpose. Vesicle 

suspensions were measured at a right angle. In addition, the radius of gyration was 

calculated based on light scattering measurements at different angles. When the 

hydrodynamic radii were compared with the gyration radii, no significant discrepancy 

was observed for any of the samples used. This justifies the hard sphere model used for 

fitting the distributions. In addition, vesicle size distributions measured shortly after 

sample preparation and 5 days later do not show any relevant differences, providing 

evidence for liposomes stability. The mean radius for all the formulations used was 40 ± 

5 nm. All distributions were unimodal with a standard deviation smaller than 15 nm. 

Taking into account the fact that the mean relaxation times measured by Patman for 

vesicles with a radius of 10 nm and 100 nm differ by only ~ 25% [44],  curvature effects 

here can be neglected. 

3.3.2 Steady-state fluorescence spectra 

Excitation and emission spectra of Prodan, Laurdan, and Patman incorporated into 

LUVs were determined. Representative normalized emission spectra of the three dyes 

for 0, 50, and 100 mol% of DOTAP in DOPC at 10°C are shown in Figure 3.5. The 

largest changes were observed for Patman, namely a red-shift occurs and the shoulder 

on the blue side of the spectrum disappears with increasing DOTAP fraction. These 

observations may be interpreted in terms of a DOTAP induced relocalization of Patman 

towards a more polar and/or less viscous microenvironment. The changes in the steady-

state spectra are less pronounced for Laurdan, which emission spectrum for liposomes 

containing 50 mol% of DOTAP is the least red-shifted one. 
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Figure 3.5 Steady-state emission spectra of Prodan, Laurdan, and Patman collected for LUVs formed 

from DOPC (solid line), DOPC/DOTAP (1:1) (dashed line), and DOTAP (dotted line) at 10 °C. The 

excitation wavelength was 373 nm. 

The spectra of Prodan are not modified by the presence of DOTAP, except for a minute 

red-shift for liposomes formed from DOTAP alone. It is worth noticing that the spectra 

of Patman are narrower and less red-shifted than the spectra of the two other dyes. This 

may indicate that the dye is in a less polar (or more restricted) environment. Such a 

conclusion is not straightforward, however, since steady-state spectra depend on 

viscosity as well. In order to weigh the effect of the two processes, an analysis of time-

resolved emission spectra is required. 

3.3.3 Hydration and mobility of the DOPC/DOTAP liposome membranes  

Solvent relaxation measurements were performed for three fluorescent probes: 

Prodan, Laurdan and Patman embedded into mixed cationic membranes composed of 

cationic DOTAP and zwitterionic DOPC. Both the lipids contain the same hydrophobic 

parts consisting of two oleic chains, which assure their low transition temperature. 

Examples of fluorescence decays of Laurdan in two different formulations are shown in 

Figure 3.6. 
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Figure 3.6 Examples of fluorescence decays of Laurdan (λex = 373nm) at 10 °C for 30 mol% of DOTAP 

in DOPC (black lines) at 400nm ((i)) and 540nm ((ii)) and pure DOTAP (grey lines) at 400nm ((iii)) and 

540nm ((iv)). Additionally, instrument response function (IRF) is shown. 

The TRES reconstructed from the series of fluorescence decays (see Figure 3.7) 

were fitted using log-normal function, and analyzed in terms of their positions and 

widths. Examples of TRES position and FWHM cures are given in Figure 3.8. The 

gradual shift to longer wavelengths and a decrease of the intensity maxima are clearly 

visible in Figure 3.7. The spectra became wider with time after excitation. The spectral 

difference between the two samples persists up to the 8th ns. For liposomes formed from 

pure DOTAP, the spectral shift towards longer wavelengths occurs faster. 
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Figure 3.7 Reconstructed time-resolved emission spectra (TRES) for Laurdan at 10 °C for 30 mol% of 

DOTAP in DOPC (empty symbols and solid lines) and pure DOTAP (filled symbols and dotted lines), at 

0.5 ns (squares), 1.5 ns (circles), 4 ns (triangles), and 8 ns (stars) after excitation. 
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Figure 3.8 The position of the maximum and full width at half maximum (FWHM) of TRES obtained for 

Laurdan at 10°C for 30 mol % of DOTAP in DOPC (solid lines) and pure DOTAP (dotted lines) as a 

function of time after excitation. 

The Laurdan FWHM profile for liposomes formed from pure DOTAP is shifted to 

shorter times and larger wavenumbers, which indicates that the environment of Laurdan 

is more mobile and more heterogeneous, respectively (Figure 3.8). The FWHM profiles 

for all three dyes in all investigated lipid systems showed clear maxima, providing 

evidence that solvent relaxation took place within the timescale of the experiment and 

suggesting a unimodal distribution of the fluorophores. The ν(0) for the dyes used were 

estimated to be 23800 cm-1. 

Total emission shift, Δν, calculated for Laurdan and Prodan was within the 

uncertainty of the method (50 cm-1) (Figure 3.9). For Patman, however, an increase of 

Δν with increasing DOTAP content is observed. Typically: the larger the Δν the more 

hydrated the membrane. The effect was however, larger than any we had previously 

observed for liquid crystalline membranes. Correct interpretation of the SR results for 

Patman was possible only after determination of the probes locations within the bilayer 

(see the previous section). The first part of the Δν curve of Patman (in the range 0-30 

mol% of DOTAP) can be attributed to the fact that the dye is moving outward from the 

bilayer where it probes more hydrated environment. For the fraction of DOTAP larger 

than 30 mol% the location of Patman does not change any more (see Table 3.1) thus the 

continuous increase of Δν above 30 mol% of DOTAP indicates an increased hydration 

of the bilayer. This hydration increase is not observed for the two other dyes, which 
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probe much more hydrated environment already in DOPC bilayer (Figure 3.9). This 

means that water penetrates deeper into the membrane when the DOTAP content 

exceeds 30 mol%. Below this value we can only conclude that the hydration at the 

levels of Laurdan and Prodan does not change significantly. 
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Figure 3.9 Solvent relaxation Δν parameter for Prodan (filled triangles), Laurdan (open squares), and 

Patman (filled circles) in DOPC/DOTAP LUVs as a function of DOTAP content. Measurements were 

performed at 10°C. The solid lines are polynomial fits and are shown only as a guide to the eye. 

The integrated mean solvent relaxation time (Equation 1.4) is a good measure of 

relaxation kinetics, provided the spectral response functions do not vary in shape, which 

was the case in the measured systems. The obtained values of τr are plotted in Figure 

3.10. Pronounced maxima at around 30 mol% of DOTAP in the lipid bilayer are 

reported by Laurdan and Prodan. The different behavior of Patman is once again 

attributed to its relocation. The kinetics of dielectric relaxation in the lipid membrane is 

often interpreted as the freedom of movement of water hydrating the membrane. At the 

level where the dyes we use are located water molecules are believed to be fully bound 

to membrane phospholipids. Therefore, the dynamics of the system as a whole should 

be considered [43], rather than the slow dynamics of individual water molecules, as it 

was previously postulated for subnanosecond dynamics observed at protein surfaces 

[87, 88]. We believe that this is the dynamics of the whole hydrated lipid moieties that 

we observe and it is better to discuss the results in a general way, referring to bilayer 

mobility and rigidity [38]. The relaxation time constant depends nonmonotonically on 

the concentration of cationic lipid. The addition of up to 30 mol% of DOTAP to the 

DOPC bilayer increases the rigidity of the hydrated functional groups in the vicinity of 
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the fluorophores of Laurdan and Prodan, which is reflected by the elevated integrated 

relaxation time. 
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Figure 3.10 Mean solvent relaxation time τr (defined by Equation 1.4) for Prodan (filled triangles), 

Laurdan (open squares), and Patman (filled circles) in DOPC/DOTAP LUVs as a function of DOTAP 

content. Measurements were performed at 10 °C. The solid lines are best polynomial fits and are shown 

only as a guide to the eye. 

Further addition of DOTAP does not increase τr any more, instead the solvation kinetics 

becomes faster once again, which means that the lipid bilayer is getting more mobile in 

the closest surrounding of the fluorophores (headgroup region). This nonmnotonic 

dependence of the membrane headgroup mobility is in good agreement with anomalous 

mixing of zwitterionic and cationic lipids observed previously in calorimetric studies, 

where similar maximum was observed in the phase diagram of the mixture of 

dipalmitoylphosphatidylcholine and cationic dihexadecyldimethylammonium chloride 

at 35 mol% of cationic compound [89]. It is reasonable that the higher the temperature 

of the lipid system above its gel-liquid crystalline transition the more mobile the lipid 

molecules become. Consequently, at the certain temperature, at which all the systems 

studied are in their liquid crystalline state, the less mobile should be the system, the 

phase transition temperature of which is the highest. It holds true for our mixtures, 

which have higher phase transition temperatures than those of the individual pure 

components. But such relation does not have to be that straight forward and the SR 

kinetics does not always reflect the temperature offset above the phase transition (see 

Section 3.2). The reason for the nonideal mixing of zwitterionic and cationic lipids can 

be a rearrangement of the zwitterionic headgroups as a result of electrostatic interactions 
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between both the compounds. The phosphatidylcholine headgroup is a dipole, with 

dipole moment of about 19 D [90], consisting of negatively charged phosphate group 

and positively charged quaternary ammonium group (in short P-N dipole). It was shown 

experimentally that in pure phosphatidylcholine bilayer the P-N vector lies almost 

parallel to the plane of the membrane [91]. Seelig et al., who measured the orientation 

of the P-N dipole using 31P NMR, observed reorientation of this dipole of more than 

30°, when a cationic amphiphile was added [92]. The authors attributed this 

reorientation to the electrostatic repulsion between the cationic headgroup and the N+ 

end of the P-N dipole (see Figure 3.1). More recent molecular dynamics simulations of 

the mixture of dimyristoylphosphatidylcholine (DMPC) and 

dimyristoyltrimethylammoniumpropane (DMTAP) showed the increase of the angle 

between the P-N dipole of DMPC and bilayer surface from 10° in pure DMPC to 60° in 

50 mol% and more of DMTAP [93]. This reorientation resulted in decreased area per 

lipid for the DMPC/DMTAP (1:1) mixture. Above 50 mol% of DMTAP the bilayer 

expanses again due to repulsion between the cationic headgroups. The curve of the area 

per lipid as a function of DMTAP content [93] was very simmilar to the τr curve we 

obtained for Laurdan (Figure 3.8); except the maximum, in our case, is at 30 mol% of 

the cationic lipid. To our best knowledge our SR measurements gave the first 

experimental confirmation of these nonmonotonic changes in lipid packing in fully 

hydrated free standing mixed cationic membranes (Figure 3.11). The discrepancy 

between the positions of the maxima can be the effect of different backbones of the 

lipids used (oleic versus myristic chains). This hypothesis motivated the SR studies on 

DMPC/DMTAP system. 
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Figure 3.11 Scheme presenting headgroup rearrangement in mixtures of cationic and zwitterionic lipids 
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3.3.4 DMPC/DMTAP versus DOPC/DOTAP  

SR measurements analogous to the presented above were performed for 

DMPC/DMTAP system, to study the influence of the hydrocarbon chains on the 

mobility and hydration of the headgroup region of these mixed cationic membranes. 

The myristic chains are shorter than the oleic ones and fully saturated. To compare both 

systems only Laurdan data, for which the changes were the most pronounced, was used. 

The DMPC/DMTAP membranes were measured at 50 °C to keep approximately the 

same temperature offset above the main phase transition temperatures of both the 

systems. The Δν and τr parameters are presented in Figure 3.12 and Figure 3.13, 

respectively; the results obtained previously for DOPC/DOTAP membrane are included 

for comparison. 
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Figure 3.12 Solvent relaxation Δν parameter for Laurdan in DOPC/DOTAP LUVs (squares) and 

DMPC/DMTAP LUVs (diamonds) as a function of cationic lipid content. Measurements were performed 

at 10 °C and 50 °C for DOPC/DOTAP and DMPC/DMTAP systems, respectively. The best polynomial 

fits (solid lines) are shown for eye guidance. 

The increase of Δν values with increasing TAP content was more pronounced for the 

DMPC/DMTAP system (Figure 3.12). Although, the overall change in DMPC/DMTAP 

hydration was not large, the bilayer hydrated gradually when percentage of DMTAP 

increased. The higher hydration of DOPC than DMPC is not a surprise as the double 

unsaturated backbones of DOPC create molecule with bulkier backbone, hence, the 
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larger area per lipid leaves more space for water at the headgroup region; in comparison 

with DMPC with saturated myristic chains. 

The maximum of mean relaxation time is also present for DMPC/DMTAP 

membrane, although it is shifted to 45 mol% of DMTAP content (Figure 3.13). This 

discrepancy is a straight forward consequence of the different geometries of DMPC and 

DOPC molecules. The membrane area per DMPC molecule is smaller and more 

dependent on its headgroup than on its hydrophobic part.  
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Figure 3.13 Mean solvent relaxation time τr (defined by Equation 1.4) for Laurdan in DOPC/DOTAP 

LUVs (squares) and DMPC/DMTAP LUVs (diamonds) as a function of cationic lipid content. 

Measurements were performed at 10 °C and 50 °C for DOPC/DOTAP and DMPC/DMTAP bilayers, 

respectively. The best polynomial fits (solid lines) are shown for eye guidance. 

When the P-N dipoles raise, the DMPC bilayer compresses considerably, while the 

DOPC compressibility is restricted by its bulky hydrophobic part and finishes at lower 

cationic lipid content. It is worth noticing that the relative changes in the relaxation time 

are considerably bigger for DMPC/DMTAP bilayer (Figure 3.13), i.e. τr at 45 mol% of 

DMTAP is 30 % longer than for pure DMPC, while τr at 30 mol% of DOTAP is only 

15 % longer than the one for pure DOPC. The results obtained for DMPC/DMTAP 

membrane are in very good agreement with the previously mentioned molecular 

simulations of the same system, where the maximum compression was achieved at 

around 50 mol% of DMTAP [93]. It was shown that in some cationic membranes at 

high cationic lipid content the expansion of the membrane can cause the interdigitation 

of the bilayer leaflets [94]. In both the systems presented here no signs of interdigitation 

were observed. 
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4 CONCLUSIONS 

Solvent relaxation method based on time-resolved measurements of fluorescent 

probes with defined locations within the lipid bilayer is a valuable tool, suitable for 

monitoring the hydration and organization of fully hydrated biological and model 

membranes. The goal of this doctoral thesis was: 1) find the precise location of 

fluorescent headgroup probes within the model lipid membranes; 2) characterize the 

solvation dynamics of different neutral lipid bilayer compositions which could help 

better understand the fluorescence solvent relaxation process on the molecular level; 3) 

using fluorescence solvent relaxation method characterize dynamics of cationic 

membranes, structures more and more popular in gene therapy. The most important 

results are put together below: 

 The solvation dynamics in the headgroup region which was monitored along the 

normal plane of the phospholipid bilayers seems to be purely nanosecond 

excluding the presence of the so-called “bulk” water. Decrease of the hydration 

and mobility was observed when moving toward the centre of the bilayer. 

 When a set of dyes that share the same chromophore, but differ in their location 

within the bilayer is applied, it allows compare hydration and mobility of lipid 

bilayer at different depths inside the membrane. In order to determine the precise 

location of two headgroup fluorescent probes (Laurdan and Patman), parallax 

quenching method was used. 

 Parallax quenching results shows that even thought the distance between two 

particular dyes probing the headgroup region of the lipid membrane is very small 

(~ 1 Å), the huge polarity gradient present in this region significantly influences 

solvent relaxation results.  
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 Quenching with acrylamide provided a simple and reliable test for potential dye 

relocation. 

 Quenching experiments with acrylamide showed that only neutral probe (e.g. 

Laurdan) is acceptable for positively charged membrane measurements. Selection 

of the charged probe (e.g. Patman) can result in the misinterpretation of the 

solvent relaxation results.  

 Solvent relaxation measurements shows that differences in mobility at the 

glycerol level can be observed for the PC bilayers with different hydrocarbon 

tails. A very strong dependence of SR kinetics on the position of double bond in 

the fatty acid chains was observed which proves that SR approach can report 

mobility changes within phospholipid bilayers with a remarkable molecular 

resolution.  

 The SR properties of DOPC/DOTAP cationic membranes were investigated. The 

observed nonmonotonic dependence of relaxation properties on DOTAP content 

in the DOPC bilayer supports a scenario of headgroup rearrangement in mixtures 

of cationic and zwitterionic lipids [92-95]. This finding may have important 

implications for the development of synthetic genetic information carriers, e.g. it 

correlates with the interaction profile of cationic vesicles with oligonucleotides, 

for which maximum association was found at ~25 % of DOTAP [96]. 

 In order to investigate how does the change of the hydrophobic part of the lipid 

membrane (i.e. different alkyl chains) influences bilayer structure, measurements 

with the DMPC/DMTAP liposomes were performed.  

 Comparing both the above systems, i.e. DOPC/DOTAP versus DMPC/DMTAP, 

the influence of the different alkyl chains was clearly seen, i.e. the smallest area 

per lipid was observed at different cationic lipid content in the lipid membrane (at 

30 mol% in the case of  the DOPC/DOTAP system and ~45 mol% in the case of 

the other one). 
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