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ABSTRACT 

The rotational dynamics and orientational order of 

lyotropic liquid crystals (lipid/water mixtures) have been 

studied by using frequency-domain fluorescence spectroscopic 

technique. The lipid/water mixtures exhibit polymorphic phases 

of various packing symmetries, e.g., lamellar liquid 

crystalline (L„) , inverted hexagonal (Hjj) , inverted cubic (CQ) 

and other intermediate phases. Recently a rotational diffusion 

model was developed to describe the fluorescence anisotropy 

decay behavior of fluorophores in the lamellar liquid 

crystals. By considering an extra mode of curvature related 

rotational diffusion, this molecular model was extended into 

studying the hexagonally packed liquid crystals. By embedding 

lipid-like fluorophores (diphenylhexatriene-labeled phospha

tidylcholine) into the liquid crystals and applying the newly 

developed diffusion model, different molecular dynamics 

parameters, such as rotational diffusion constants and 

orientational order parameters of the lipids in different 

phases were obtained from the frequency-domain fluorescence 

data. These parameters, particularly the curvature related 

rotational diffusion (hopping) constant (D„) , are very 

sensitive to the lamellar to non-lamellar phase transitions 

(e.g., L„-HQ) . From the lateral diffusion constant of the 

lipids as obtained from the fluorescence excimer formation 

measurement and the above D„, the average interfacial 



curvature of the liquid crystals in the non-lamellar phases 

was further estimated and compared favorably with that from 

the X-ray diffraction measurement. Based on the recovered 

order parameters, local orientational distribution functions 

of the lipids with respect to the normal of the lipid/water 

interface of the liquid crystals were reconstructed. The 

results revealed that the most probable orientation of the 

lipids in liquid crystals shifts progressively toward the 

normal of the lipid/water interface as the system approaches 

the L„ to Hn phase transition. The correlation between the 

molecular dynamics parameters obtained from this study and the 

lateral stress in the lipid layers was also discussed. 
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CHAPTER 1 

INTRODUCTION 

1.1 Structural Polymorphism of 
Lyotropic Liquid Crystals 

Liquid crystals belong to a class of materials which 

share some interesting physical properties with liquids and 

solids. Liquid crystals exhibit fluid like behavior, such as 

translational and rotational mobility. Yet they also 

demonstrate a certain degree of long range structural order. 

Lyotropic liquid crystals are formed spontaneously by 

mixing two or more compounds, one of which is a solvent (e.g., 

water) and the others are amphiphilic molecules (e.g., 

detergent and lipids). An amphiphilic molecule (amphiphile) 

consists of a water-soluble polar group and a water-insoluble 

hydrocarbon group. Most of the theoretical and experimental 

investigations on lyotropic liquid crystals are focused on the 

lipid/water systems. These systems exhibit rich structural 

polymorphism and represent a simple model for studying the 

structural dynamics of biomembranes (Cheng et al., 1986a,b; 

Epand et al., 1988; Hui & Sen, 1989; Siegel et al., 1989). 

Lipid is a major component of the biological cell 

membrane. It is made of one polar head group and two non-polar 

hydrocarbon chains (see Fig. 1.1). Upon mixing lipids with 

water, lyotropic liquid crystals of lipid/water are formed 

spontaneously and exhibit a variety of ordered phases. The 

preference of a particular lipid/water phase depends on the 
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Figure 1.1 

The chemical structure of a typical phospholipid (dioleoyl
phosphatidylcholine) (A) and the schematic representation of 
the amphiphilic nature of a lipid molecule (B). 



chemical structure of the lipids, relative lipid-to-water 

composition, pressure and temperature. 

The classifications of the structural phases of 

lipid/water systems are based on the long-range organization 

and periodicity (lattice type), chain order (fluid or extended 

chains), and curvature (normal or inverted type) of the liquid 

crystals. A nomenclature proposed by Luzzati back in 1968 is 

commonly employed to categorize different ordered phases. An 

upper-case Latin letter is used to characterize the type of 

long-range order. Liquid crystals with one-dimensional 

lamellar, two-dimensional hexagonal and three-dimensional 

cubic lattice arrangements are denoted by L, H and C, 

respectively. A lower-case Greek subscript is used to specify 

the short-range conformation of the hydrocarbon chains. 

Therefore crystals with disordered (fluid) and ordered (gel) 

chains are assigned a and ^ phases, respectively. In cases 

where the interior and exterior volumes of the liquid crystals 

can be identified topologically, Roman numerals are used to 

characterize the content of the structure elements. When 

lipids form aggregates in a continuous water matrix, this 

lipid-in-water structure is called type I or normal crystal. 

Conversely when water forms continuous channels within the 

lipid matrix, this water-in-lipid structure is called type II 

or inverted crystal. 

The structural morphologies of the ordered phases of 

lipid/water have been extensively studied by various 



structural techniques, e.g.. X-ray diffraction (Boni & Hui, 

1983; Gruner et al., 1985; Caffrey, 1985), electron microscopy 

(Tinker & Pinteric, 1971; Verkleij, 1984; Cheng et al., 

1986a&b) and differential scanning calorimetry (Ellens et al., 

1986; Brown et al., 1986; Epand & Bottega, 1987). Ordered 

phases, such as lamellar liquid crystalline (L„), inverted 

hexagonal (HQ) and inverted cubic (CQ) phases, have been 

identified in fully hydrated lipids. The arrangements of 

lipids and water in these three ordered phases are shown in 

Fig. 1.2. In the inverted phases, the lipids are packed in 

cylinders (HQ) or spheres (CQ) in which the lipid head groups 

are facing each other with water trapped inside. The L„ phase 

is the most common phase of the lipid/water mixture. The Hn 

phase can be formed in excess water for various unsaturated 

phosphatidylethanolamines (PE). On the contrary, the CQ phase 

is usually formed under limited hydration or extensive 

temperature cycling (Lindblom & Rilfors, 1988; Shyamsunder et 

al., 1988). 

The existence of a stable phase of a fully hydrated 

lipid/water mixture depends on the physical and chemical 

compositions of the lipids and the temperature. Transitions 

between different phases can be induced by varying either the 

lipid compositions or the temperature, and the lipid/water 

mixture is then said to display lyotropic or thermotropic 

mesomorphism, respectively. Other environmental factors, such 

as pressure, ionic strength and pH, may also be used to induce 



Figure 1.2 

Representations of three lipid water mesophases, (A) Lamellar 
liquid crystalline (L„) , (B) Inverted hexagonal (Hn) , and (C) 
Inverted cubic (CQ) phases. In each phase, the hydrocarbon 
chain region is separated from the water by an interface 
formed by the polar headgroups of the lipids. The shaded 
regions in the diagram represent the water. 



structural phase transitions (Cullis et al., 1980; Gruner et 

al., 1985; Crowe et al., 1988). 

The phase transition between the L„ and Hu phases is of 

particular interest in recent years (Gruner et al., 1985; 

Bentz et al., 1987; Cheng, 1989). In the L„ phase, the lipid 

molecules form a one-dimensional lattice which consists of 

stacked bilayers with sheets of water in between. However, in 

the Hn phase the lipid molecules rearrange themselves to a 

two-dimensional lattice which consists of water-cored 

cylindrical tubes with the polar head groups facing the long 

symmetry axis of the tubes. It is impossible to deform the 

lipid bilayer in the L„ phase directly into the tubes of the 

Hn phases without breaking the continuous lipid/water 

interface. Therefore, a topologically discontinuous 

rearrangement of the lipid molecules must occur at the L„-Hn 

phase transition. 

A phenomenological model has recently been proposed for 

the L„-Hn phase transition mechanism (Siegel, 1984). It is 

believed that the existence of defects in the lipid layers 

triggers the formation of the Hn phase. These defects are 

called inverted micellar intermediates (IMI) and play an 

important role in the L„-Hn phase transition. The formation of 

IMI is described as follows: First in the L„ phase two 

adjacent lipid bilayers come close to each other over a small 

area (Fig. 1.3.A). If the distance between the layers is less 

than 1 nm apart, the motions of the lipid molecules in these 
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^Q"^ CCN^;33 

Figure 1.3 

The process of formation of inverted micellar intermediates 
IMI (Siegel, 1984). (A) two lipid bilayers are closely 
opposed; (B) interactions between headgroups on the opposed 
lipid layers are developed and the radius of curvature begins 
to decrease; (C) IMI formation takes place. 
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opposed monolayers become coordinated or coupled. If a 

sufficient amount of free energy of activation is available, 

the interactions between the lipid headgroups in these lipid 

layers will be developed (Fig. 1.3.B) and cause a decrease in 

the radius of curvature of the interacting lipid layers. 

Finally inverted micellar intermediates are formed (Fig. 

1.3.C). The IMI can therefore be visualized as spherical 

attachments between two opposing bilayers. These attachments 

are also called point defects in the lamellar L„ phase. If 

these IMI start to diffuse between the opposed lipid layers, 

they will aggregate or fuse to form strings of IMI. These 

strings of IMI can then form Hn rod precursors within the 

enveloping monolayer. The structure of this HQ rod precursor 

is shown in Fig. 1.4. The Hn rod precursors will eventually 

develop into Hn rods and the HQ phase is therefore formed. Even 

though the L̂ -̂HQ phase transition mechanism proposed in this 

model has not been proven experimentally, this model offers a 

geometrical interpretation of several defects and intermediate 

structures observed experimentally near the L^-HQ phase 

transition by the use of structural techniques (Verkleij et 

al., 1980; Rand et al., 1981; Sen et al., 1982). Moreover, the 

proposed IMI formation may be of biological interest for the 

description of several membrane processes, such as membrane 

fusion and exocytosis (Seddon, 1990), at the molecular level. 



m 

Figure 1.4 

The process of IMI aggregation into Hn rod precursors (Siegel, 
1984). Top: many IMI form between opposed lamellae Middle: 
IMI encounter others and aggregate forming strings of inverted 
micelles enveloped by the lipid monolayers of the opposed 
lamellae. Bottom: micelles aggregate into elongated 
cylindrical micelles (Hn rod precursors). 
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1.2 Orientational Dynamics of 
Lyotropic Liquid Crystals 

Very little is known about the detailed orientational 

dynamics of the lipids in the ordered phases, particular non-

lamellar phases. Factors which influence the stability of a 

particular ordered phase or the phase equilibrium include 

molecular shape, hydration, inter-hydrogen bonding and 

geometrical packing constraints of the lipids in the liquid 

crystals. A simple thermodynamic model has been proposed by 

Gruner and co-workers in 1984 (Kirk et al., 1984). This model 

provides a means to estimate the free energies associated with 

the above factors in both the L„ and Hn phases. An understand

ing of the molecular dynamics of the lipids by spectroscopic 

techniques should provide valuable information in quantitating 

the effects of those factors on the physical properties and 

the formation of ordered phases in liquid crystals. 

Various kinds of motions ranging from milliseconds to 

femtoseconds are possible for the lipids in the lyotropic 

liquid crystals. As shown in Fig. 1.5, these motions include 

(A) fast internal motions of the hydrocarbon chains, (B) 

hindered rotations of the lipid about its own molecular axes, 

(C) lateral diffusion of the lipid molecules on the lipid 

layers, (D) collective density fluctuation of lipids, and (E) 

collective director fluctuation of the lipid bilayer. The 

internal motions of the lipid are associated with the 

conversion of trans-to-gauche rotamers at different locations 



11 

A B 

,' ^ 

C 

• • • • • • • • 

D 

I 

• • • • • • • • 

E 

Figure 1.5 

Motions of lipids in lyotropic liquid crystals: (A) internal 
motions, (B) hindered rotations, (C) lateral diffusion, (D) 
collective density fluctuation, and (E) collective director 
fluctuation. 



12 

of the acyl chains. The rate of the conversion or 

isomerization falls in the subpicosecond to femtosecond time 

scale. The hindered rotations of the lipid refer to the 

rotational diffusion motion of the whole lipid along and 

perpendicular to its own long symmetric axis, and their 

diffusion constants are -lO'̂  and 10* rad^s*, respectively. The 

lateral diffusion of the lipid corresponds to the 

translational motion of the lipids in the lipid layers. The 

lateral diffusion coefficient of lipids falls in the range of 

lO'̂ -lO"' cm̂ s'̂ . The collective density fluctuation of lipids 

represents the change of the population density distribution 

of lipids within the lipid matrix. The collective director 

fluctuation of the lipid layer is the slow wavy motion on the 

external surfaces of the lipid bilayers. The above two 

collective motions happen in the millisecond to microsecond 

time scale. The hindered rotational and lateral diffusion 

motions of the lipids were studied in this work. 

Nuclear Magnetic Resonance (NMR) technique provides 

molecular information in the long time region (10'̂  to 10-* s) . 

Raman and infrared spectroscopy deal with the short time 

region (10''-' to 10"'̂  s) and is useful to examine the 

vibrational motions of different parts of a lipid molecules. 

Fluorescence spectroscopy falls in the range of 10* to 10"'̂  s 

which is most suitable for studying the rotational dynamics of 

the lipid molecule. Its application in studying the molecular 
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dynamics of liquid crystals is a relatively new development 

(Cheng, 1989). 

Owing to the order of the crystal, the rotational 

diffusion motion of a lipid molecule in a liquid crystal is 

highly anisotropic and hindered. Each lipid molecule in the 

liquid crystal is therefore subjected to an orientational 

potential. This orientational potential is used to describe 

the interactions of the lipid with its surrounding matrix in 

the lipid layer. Based on different orientational potentials 

(e.g., square well, harmonic and Maier-Saupe potentials) 

(Szabo, 1984), many theoretical models have been employed to 

describe the hindered rotational motion of the lipid molecules 

in the L„ phase (Zannoni et al., 1983; Szabo, 1984; Van Der 

Meer et al., 1984). Yet no detailed orientational potential in 

the Hn phase is available to date. 

A simple model-independent interpolation theory (Van Der 

Meer et al., 1984) has been developed for describing the 

rotational dynamics and orientation of the lipids in the L„ 

phase. According to this theory, the fluorescence anisotropy 

decay behavior of a cylindrically symmetric fluorophore in the 

L phase follows a simple exponential decay in the short time 

domain and a non-zero residual anisotropy in the long time 

domain. From time-resolved anisotropy decay measurements, the 

rotational diffusion constants and order parameters can be 

calculated using the above interpolation theory. The order 

parameters are the second and fourth moments of the 
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orientational distribution function of the fluorophore with 

respect to the director symmetry axis of the liquid crystals 

(the normal of the lipid layer surface). 

Recently, a generalization of this interpolation theory 

to the Hu phase has been initiated (Van Der Meer et al., 1990; 

Chen et al., 1990a). A change in the packing geometry of the 

lipids in the HQ phase gives rise to an additional geometrical 

packing factor and a curvature-induced rotational diffusion 

(hopping) constant terms in the anisotropy decay equation. 

These parameters describe the orientational distribution of 

the lipids and the lateral diffusion motion of the fluorophore 

around the lipid cylindrical tube. The theoretical model used 

in this study was based on the above interpolation theory. 

1.3 Spectroscopic Techniques 

Time-resolved fluorescence anisotropy technique is a very 

powerful technique to investigate the orientational dynamics 

of molecules in isotropic solutions, complex fluids and liquid 

crystals. Multi-frequency phase-modulation fluorometry was 

employed in this study. Detailed descriptions of the 

instrumental set-ups and operational principle of this 

frequency-domain fluorometry are described in the next 

chapter. 

In order to extract meaningful molecular parameters from 

the experimental measurements, extrinsic fluorophores and 

appropriate molecular models are required. A chain-labeled 
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lipid, 2-[3-(diphenyl-hexatrienyl)propanoyl]-3-palmitoyl-L-a-

phosphatidylcholine (DPH-PC), has been employed in this study. 

In 1989, a first time-resolved fluorescence study on the 

molecular dynamics of the lipids in the L„ and HQ phases was 

reported (Cheng, 1989). Based on a first-order approximation 

approach (Van Der Meer et al., 1984), an increase in the local 

order parameter and a decrease in the average rotational 

diffusion coefficient of DPH-PC at the L̂ -Hy transition of 

dioleoylphosphatidylethanolamine (DOPE) were suggested (Cheng, 

1989). Similar results were obtained by the use of angle-

resolved fluorescence depolarization using trimethylammonium-

DPH (TMA-DPH) as the fluorescent probe (Van Langen et al., 

1989). Owing to the existence of the lateral diffusion motion 

of the fluorophores along the curved lipid tubes in the Hn 

phase, the exact values of the local order parameters and the 

local wobbling diffusion coefficient could not be derived from 

the existing time-resolved fluorescence anisotropy theory at 

that time. 

The local lateral diffusional motion and order packing of 

the lipids in the HQ phase should affect the fluorescence 

anisotropy decay behavior. A new curvature induced hopping 

diffusion constant (DH) was included in a new model which will 

be presented in Chapter 3. The value of D„ is related to the 

translational diffusion constant (DL) and the radius of 

curvature of the lipid/water interface (R) by the equation, D„ 

= DL/R^« The value of DL can be determined separately by 
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measuring the excimer formation rate constant of the 

monopyrene labeled lipids (Cheng, 1990). The local order 

packing and diffusional motion are represented by the two 

order parameters (<P2>/ <P4>) and the wobbling diffusion 

constant (D^) of the fluorophore, respectively. Here <P2> and 

<P4> are the second and fourth moments of the orientational 

distribution function of the probe with respect to the normal 

of the lipid/water interface. This current molecular model for 

the HU phase may also be extended into the study of CQ and 

other intermediate phases which exhibit different packing 

symmetry. The knowledge of both <P2> and <P4> parameters allows 

one to reconstruct the orientational population density 

function in a more detailed way than would be possible on the 

basis of knowing <P2> only (Van Der Meer et al., 1984). 

Infrared spectroscopy is a non-perturbing technique which 

measures the molecular vibrations of different chemical groups 

at selective regions of the lipids (Casal et al., 1987). In 

the mid-infrared region (1000-3000 cm"̂ ) , the vibrational bands 

that are useful in studying the structural dynamics of the 

lipids are the CH stretching region of the fatty acyl chains 

at 2800-32 00 cm'S the carbonyl region of the glycerol backbone 

at 1730-1750 cm'^ and the phosphate stretching region of the 

head group from 1020-1235 cm'^ Abrupt increases in the C=0 and 

CH stretching regions at the temperature- (Wong et al., 1984) 

and composition-driven (Chen & Cheng, 1990; Cheng, 1992) L<,-Hn 

transition have been observed. These changes suggested that 



17 

the interfacial conformation of the lipid layers becomes more 

closely packed while the amount of gauche rotamers increases 

as the lipids enter the Hu phase. The 0=P=0 stretching region 

is known to be sensitive to the hydration of the head group. 

Yet no detectable changes in the frequency of this head group 

vibration were found at the L„-Hn transition (Chen & Cheng, 

1990). So far, no systematic infrared studies have been 

reported on other non-bilayer phases. A fourier-transform 

infrared spectrometer (Analect RFX-40) equipped with a liquid 

nitrogen cooled mercury-cadmium-telluride detector was used in 

this work to detect the phase transition behaviors of our 

model lipid systems. The spectral resolution of this 

spectrometer is better than .25 cm'*. 

Electron microscopy is a very powerful technique for a 

direct observation of the morphology of lyotropic liquid 

crystals. This phase identification is a prerequisite prior to 

the data interpretation of any dynamic measurements. Negative 

staining and freeze fracture techniques have successfully been 

applied to visualize the phase behavior of various lipid/water 

systems by several research groups (Tinker & Pinteric, 1971; 

Verkleij, 1984; Cheng et al., 1986a&b). A transmission 

electron microscope (Hitachi HS-9) has been used for checking 

the phase state of our model lipid systems. The resolution of 

this scope is about 2 angstroms. 



18 

1.4 Scope of Study 

In Chapter 2, the principal experimental technique, 

multifrequency phase-modulation fluorometry, is introduced. 

The detailed experimental set-ups and operational principle of 

a frequency-domain fluorometer are presented. The algorithm 

for the non-linear least square fitting of the frequency-

domain data is also explained. 

In Chapter 3, the rotational diffusion model used to 

describe the molecular dynamics of lipid molecules in 

lyotropic liquid crystals with different packing symmetries 

are derived. Using the new rotational diffusion model, the 

wobbling diffusion constant (D^)/ the curvature related 

hopping diffusion constant (DH) , and the first two local 

orientational order parameters (<P2> and <P4>) of the lipids in 

various lyotropic liquid crystal systems can be determined 

from the experimental data. 

This thesis aims at exploring the orientational 

distribution and rotational dynamics of lipids in well-defined 

lamellar and non-lamellar phases. Several fully hydrated pure 

and binary lipid/water systems have been employed. Studies on 

a pure lipid/water system which exhibits thermotropic phase 

transition are presented in Chapter 4. Studies on two binary 

lipid/water mixtures which exhibit lyotropic phase transitions 

are presented in Chapter 5. Based on a stress model (Gruner, 

1989) , molecular dynamics parameters obtained from the 

spectroscopic measurements are used to examine the lateral 
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Stress behavior of the lipid layers in different structural 

phases. The above stress model and the final conclusion of 

this study are presented in Chapter 6. 



CHAPTER 2 

TIME-RESOLVED FLUORESCENCE SPECTROSCOPY 

2.1 Multifrequency Phase-Modulation 

Fluorometry 

2.1.1 Introduction 

Time-resolved fluorescence intensity I(t) and anisotropy 

r(t) decays of a fluorescent sample can be acquired by using 

either time-domain or frequency-domain fluorometric technique. 

For the time-domain technique, the time-dependent fluorescence 

response of a sample following a very short excitation pulse 

is measured. For the frequency-domain technique the values of 

the phase angle and modulation level of the fluorescence 

emission relative to those of the intensity-modulated 

excitation light are determined. An immense amount of effort 

has been expended during the past twenty years or so on the 

development of instrumentation and theory for the measurement 

and analysis of fluorescence lifetimes of a variety of 

fluorescent samples. Most of this effort has gone into the 

development of time-domain technique (Lakowicz 1983; Demas, 

1983). It is only quite recently that the frequency-domain 

technique has become a popular and powerful alternative to the 

time-domain technique. Since no deconvolution of the 

instrumental response to the excitation pulse is required, the 

highly accurate and relatively fast determinations of the 

fluorescence lifetime offered by frequency-domain technique 

20 
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have frequently been considered as the major advantage of this 

technique over the time-domain technique. 

Most frequency-domain fluorometers operate at one to 

three fixed modulation frequencies. However, a wide range of 

frequencies is required in order to obtain detailed and 

unambiguous information on the complex fluorescence intensity 

decays of a fluorescent sample (Weber, 1981). The appearance 

of multifrequency phase-modulation fluorometry has enormously 

extended the scope and power of the frequency-domain technique 

(Menzel & Popovic, 1978; Gratton & Limkeman, 1983). A modern 

multifrequency cross-correlation phase-modulation fluorometer 

permits an easy selection of arbitrary modulation frequencies 

over a wide frequency range, e.g. from hundreds of kilohertz 

to even several gigahertz (Lakowicz & Maliwal, 1985; Lakowicz 

et al., 1986). It is the time decay characteristics of a 

fluorescent system or the time scale of the emission process 

intrinsic to the sample that determines the choice of the 

number and frequency range utilized in the frequency-domain 

measurement. 

2.1.2 Basic Principles 

The theory of phase-modulation fluorometry was first 

developed by Dushinsdy (193 3). Basically, the intensity of the 

excitation light is modulated by either a photo-acoustic or 

electro-optical device at a given frequency f. A term 

modulation, M, is defined as the ratio of the AC amplitude and 
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the DC level of the light. A fluorophore characterized by a 

single fluorescence decay lifetime r will, upon excitation by 

this modulated light, emit fluorescence light at the same 

frequency. However the phase and modulation level of the 

fluorescence light will be altered when compared with those of 

the excitation light. This is equivalent to say that the 

fluorescence decay of the sample produces a phase delay and a 

demodulation of the incoming light. As shown in Fig. 2.1, the 

modulation levels of the excitation E(t) and fluorescence F(t) 

are ME(=DCEX/ACEX) and l^j:{=DC^/AC^) , respectively, and the 

phase shift between the fluorescence and excitation light is 

A0. The demodulation is a measure of the ratio of the 

modulation levels of the fluorescence and excitation (i.e., 

Mp/Mg) . The relations between the phase shift and demodulation 

of the fluorescence signal with the lifetime T are given by 

A0(cj)=tan-'(a)T) (2-1) 

(̂co)=(l+(cor)2)->'2 (2.2) 

where a)=27rJf, f is the modulation frequency. As seen in the 

above equations, both A<p and Mp/Mg provide two independent 

determinations of the fluorescence lifetime of the sample at 

any given modulation frequency. 

If the fluorescent sample exhibits multiple decay 

behavior and each decay is characterized by a single lifetime. 
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INTENSITY 

TIME 

Figure 2.1 

Schematic representation of the excitation E(t) and 
fluorescence F(t) waveforms. The fluorescence signal is 
delayed by an angle A0 and demodulated with respect to the 
excitation. The modulation levels of the fluorescence and 
excitation are equal to DC^/kC^ and OC^kC^^^, respectively. 
A term demodulation is defined as the ratio of the modulation 
levels of the fluorescence and the excitation. 
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the f luorescence in tens i ty decay ( I ( t ) ) of the sample can be 

expressed by a sum of exponential decays, i . e . , 

I(t)=5];a.e"''' . (2.3) 

In this expression T; is the fluorescence lifetime of the i-th 

component, 0:̂  the pre-exponential factor of this component, n 

is the total number of components. At each modulation 

frequency the values of A0 and Mp/M^ are given by (Weber, 1977) 

A0(a))=tan->(N„/DJ (2.4) 

^(a,)=(N^D!)>'^ (2.5) 
"E 

where 

O.CJT? 
N„=[ fi(t)sin(wT)dt]/J=[53—L_L]/J (2.6) 

D^=[ fl(t)cos(a)T)dt]/J=[X;-^^]/^ 
L ' l+cj^T,. 

(2.7) 

and 
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J=[j(t)dt=53a.T. . (2.8) 

These equations provide the basis for the mathematical 

equivalence between the frequency and time-domain methods for 

describing the fluorescence intensity decay of a fluorescent 

sample. 

Based on the mathematical equivalence mentioned above, 

time-resolved fluorescence anisotropy decay can also be 

determined from the frequency-domain method. Assume that Ij 

and Iĵ  represent the intensities of the fluorescence emission 

of a sample that are parallel and perpendicular to the 

direction of the polarization of the excitation, respectively. 

The fluorescence anisotropy r of the sample is then defined as 

(Ij - I^)/(I| + 21 ĵ ). Note that the denominator, I, + 21̂ ,̂ 

equals the total fluorescence intensity of the sample. From 

this definition of fluorescence anisotropy, the decays of the 

parallel and perpendicular components of the fluorescence 

emission can be represented as 

J,(t)=ij(t)(l+2r(t)) (2.9) 

IJt)=^I(t) (l-r(t)) (2.10) 

where r(t) is the time-resolved fluorescence anisotropy decay 
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of the sample. In the frequency-domain method, r(t) can be 

obtained by measuring the phase difference (A) between the 

perpendicular (0^) and parallel (0,) components of the 

modulated emission (A = 0j.-0|) and the modulation ratio (A) of 

the parallel (Mj) and the perpendicular (M^) components of the 

modulated emission. Here A is equal to Mj/M^. By applying the 

same mathematical transformation as described in the 

fluorescence intensity decay, i.e., equations 2.6 and 2.7, the 

values of A and A can also be calculated from the sine and 

cosine transforms of the individual polarization decay 

(Lakowics, 1983) , 

Ni= [j,(t)sina)tdt (2.11) 

£),.= [ I, (t)cos(otdt (2.12) 

where the Nj and Dj are calculated at each frequency and the 

subscript i can be || or 1 . The frequency-dependent values of 

A and A are given by 

A (0)) =tan-^ ( J ' ^ ' ) (2.13) 
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A(oj) = ^ ^ ^ J . ( 2 . 1 4 ) 
N\ ^D\ 

2.1.3 Cross-Correlation Detection 

Accurate measurements of the phase shift and demodulation 

of the fluorescence emission as compared with the original 

excitation light of different modulation frequencies are 

required in the frequency-domain method. For any fluorescence 

event in the nanosecond region, the modulation frequencies 

used for the frequency-domain measurement will fall in the 

range of 10-100 MHz. Evidently, direct and accurate phase and 

modulation measurements are quite difficult to perform at 

those high frequencies. This problem of direct high frequency 

measurements is eliminated by using the cross-correlation 

method. In 1969, Spencer and Weber devised a ingenious 

procedure in which the high frequency signal is transformed 

into the low frequency signal of only a few Hz. The low 

frequency cross-correlation signal contains the same phase and 

modulation information as the original high frequency signal. 

This conversion can be performed directly in the 

photomultiplier tube. The phase and modulation of such low 

frequency signals are easily measured with a simple time 

interval counter and a digital voltmeter. 

Cross-correlation detection is accomplished by modulating 

the gain of the photomultiplier tube at a frequency cĵ  which 
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is slightly different by Aoj from the frequency j of the 

incoming light. Here ĉ is equal to OJ+AOJ. Assume that the 

intensity F(t) of the emitted light received by the 

photomultiplier tube can be described by 

F(t) =Fo[l+Mcos(cjt+0) ] (2.15) 

where FQ is the average fluorescence intensity and M and 0 are 

the modulation level and phase of the emission with respect to 

the excitation, respectively. The photomultiplier gain is 

varied by applying a modulating voltage on one of its dynodes 

and the voltage is expressed as 

C(t)=Co[l+M,cos(aj,t+0j ] (2.16) 

where CQ and M^ are, respectively, the average intensity and 

modulation level of the applying voltage, and 0̂  ^^ an 

arbitrary phase. With this modulating voltage, the overall 

signal S(t) received by the photomultiplier tube is a product 

of C(t) and F(t) and therefore has the form of 

S{t)=C{t)- F{t) =FoCo[l+Mcos(a;t+0) +M̂ cos (cĵ t+0j 

+MM̂ Cos(a)t+0)cos(aĵ t+0,) ] . (2.17) 

The last term of equation 2.17 can be rewritten as 

^[cos(Aajt+A0)+cos(aj^t+wt+0+0,) ] (2.18) 
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where A0 = 0, - 0. If oĵ  is very close to OJ, then equation 2.17 

contains a constant term, a term of frequency w, a term of 

frequency 2aj, plus a term of frequency Aoj. The term of 

frequency Ao) possesses all the phase and modulation 

information (i.e., M and 0) of the original fluorescence 

signal. 

2.1.4 Instrumentation 

A schematic description of the multifrequency cross-

correlation phase-modulation fluorometer used in this study is 

shown in Figure 2.2. A cw He-Cd laser (Liconix 4240NB) with an 

output of 15 mW at 325 nm was used as the excitation source. 

The output of this cw UV-laser was intensity-modulated by a 

pockels cell (Lasermetrics 1042). A frequency synthesizer 

(FSl) (Marconi 2022A) was used as the frequency source. The 

output of this FSl is amplified by a broadband 2 5 watt radio 

frequency power amplifier (ENI 325LA for 0.1-10 MHz; ENI 525LA 

for 1-300 MHz) and sent to the pockels cell. After passing 

through the pockels cell, the intensity of the light was 

modulated with the same frequency as the frequency of FSl. The 

modulation level of the excitation light depended on the 

optical alignment of the pockels cell as well as on the 

frequency. A modulation level of 0.5-1.0 was usually achieved. 

The intensity-modulated light was used to excite the 

fluorescent sample. As described in the earlier section, the 

fluorescence emission signal from the sample was phase shifted 
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Figure 2.2 

Schematic representation of the multifrequency cross-
correlation phase-modulation fluorometer. L, He-Cd laser; TWP, 
two-way polarizer; PC, pockels cell; M, mirror; FSl & FS2[ 
frequency synthesizers; Al, 25 watt rf power amplifier; A2, 3 
watt rf power amplifier; PMTl & PMT2, photomultipliers; BS, 
beam splitter; P, polarizer; S, sample turret; SMC, stepper-
motor controller; L, lens; F, filter; DVM, digital voltmeter. 
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and intensity demodulated with respect to the original 

excitation beam. This fluorescence emission was detected by a 

photomultiplier tube PMT2 (Hamamatsu R928). Another 

photomultiplier PMTl (Hamamatsu R928) was also used for the 

phase and modulation references. The determination of the 

values of phase shift and demodulation was accomplished by 

using a cross-correlation method as mentioned previously. 

Specifically, the gains of both PMTl & PMT2 were modulated at 

a frequency of F+AF by using another Marconi 2022A frequency 

synthesizer (FS2) (Marconi 2022A). FS2 was phase-locked to FSl 

and the output was amplified by a broadband 3 watt radio 

frequency power amplifier (ENI 403LA, 0.1-300 MHz). The phase 

lock between FSl and FS2 was critical in order to achieve 

phase stability during the cross-correlation measurements. The 

phase and modulation values were measured at the cross-

correlation frequency (AF) by a time-interval counter and a 

ratio digital voltmeter, respectively. 

The rotation of the sample turret and all polarizers were 

driven by stepper motors which were controlled by a 

microcomputer (AT&T 6286) via a stepper motor controller. The 

selection of modulation frequencies and data acquisition were 

also controlled by the same microcomputer. Data analysis was 

performed on a VAX/8650 mainframe computer provided by Texas 

Tech University Academic Computing Services. 
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2.2 Fluorescence Intensity Decay 
Measurement 

Because the excitation light exiting from the pockels 

cell was vertically polarized, a UV polarizer with its 

polarization axis set at 35° with respect to the vertical-was 

placed in the excitation beam to eliminate any contribution of 

the rotational diffusion effect of the sample to the 

measurements (Spencer and Weber, 1970). 

The fluorescence lifetime of the liquid crystals 

containing fluorescent lipids was measured by using a non-

fluorescent glycogen solution as a reference sample. A lower 

wavelength cutoff filter (model 3-72, Corning Glass-Works, 

Corning, NY) was used to remove the excitation light from the 

fluorescent signal and no filter was used for the reference 

sample. Both phase delay {Sp - S^) and modulation ratio (Mp/Mg) 

were measured at different modulation frequencies ranging from 

1 to 300 MHz. Here S^ and S^ represent the phase delay of the 

sample and that of the reference, respectively, and Mp and M^ 

represent the modulation values of the fluorescent sample and 

that of the reference, respectively. In some cases, the non-

fluorescent glycogen solution was replaced by a standard of 

known fluorescent lifetime and a monochromator was used to 

select the emission wavelength. Usually a solution of (1,4-

bis[2-(5-phenyloxazolyl)]benzene (POPOP) in ethanol which has 

a known fluorescence lifetime of 1.34 ns was used as the 

standard. 
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2.3 Fluorescence Anisotropy Decay 
Measurement 

For time-resolved fluorescence anisotropy decay 

measurements, both excitation and emission polarizers were 

used. The emission was collected with the use of the same 

emission filter as described above. The differential polarized 

phase angle {Sj_ - 5 y) and the ratio of polarized modulation 

amplitudes (My / Mj_) were measured at different modulation 

frequencies (1 to 300 MHz) . The subscripts || and -•- refer to 

the directions of the polarization axis of the emission 

polarizer that are parallel and perpendicular to the vertical 

axis, respectively. These values were measured using an L-

format method (Lakowicz, 1983). The polarization axis of the 

excitation polarizer in our system was always set in the 

vertical direction. 

2.4 Data Analysis 

The frequency-domain phase and modulation data were 

analyzed using a nonlinear least-squares procedure that 

minimizes the chi-square, x̂ - Here x̂  is defined as the sum of 

the square of deviations between the observed and expected 

phase and modulation values of the fluorescence measurements. 

Usually this x̂  was further divided by the total degrees of 

freedom of the fitting, i.e., number of experimental data (N) 

minus the number of fitting parameters (p) , in order to obtain 

the reduced chi-square, XR^- The values of x̂  and XR^ are 
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expressed as 

X'=E A (*--*.-) ̂ -E-^(M»-«cJ' (2.19) 

^«'=2fe ^2.20) 

where 0„ and M„ refer to the measured phase and modulation 

values at the indicated frequency, respectively; 0̂ ^ and M,̂  the 

expected phase and modulation values at the indicated 

frequency, respectively; a^ and a^^ the experimental errors of 

the measured phase and modulation values, respectively. The 

minimization of XR^ was accomplished by a Marquardt procedure 

(Bevington, 1969) with some modifications. This modified 

Marquardt procedure is summarized below. 

The minimization procedure consists of solving a system 

of linear equations by setting the derivative of x̂  with 

respect to each model parameter aj to zero. First a Taylor 

expansion with respect to aj was used to linearize the 

theoretical functions of both 0 and M, i.e.. 

<Pc.=<Po.^E^^^J (2-21) 
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Wc.=W..-^E^H • (2.22) 
^ j 

In these expressions the zero subscript refers to the starting 

or current value of the parameter and the subscript oj refers 

to the frequency. Using these expanded functions, x' can be 

expressed as 

30, 
X^=EA(<^--^O.-E^H) 

<- ^ « o , 

^ E A ( ^ - - ^ O . - E 5 ^ H ) ' • (2-23) 

The strategy used in the least-squares method is to calculate 

the increment of each parameter, i.e., Sa.^, so as to calculate 

a new set of a/s, i.e., â  = â  + (Saj. The ultimate goal is to 

obtain the minimum value of x̂  with a particular set of aj's. 

This goal is achieved theoretically when the derivative of x' 

with respect to <Saj is zero. Hence, 

JxL = V Ĵ  (« -^^-Y: ^ Sa,) (^) 
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The above equations can be rearranged to yield 

E - ^ (*.-*o„) ( ^ ) -E A ("--«-) ( ^ ) 

=E::^E(^)(^)H 7̂  "5i7 "5iT 

SM^. . . dM, 

Equation 2.25 can further be written in a matrix form as 

/3t=EV^;' (2.26) 

where 

*E-^(^--^0")(^^ (2-27) 
« "Af« 

where /Ĵ  and ^a^ are respectively elements of the row matrices 

fi and 5a, and a^^ is an element of the symmetric matrix a. The 
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latter is also called the curvature matrix since it describes 

the curvature of the x' surface in the parameter space. The 

value of (Saj is obtained by a simple linear algebraic 

transformation, i.e., 

Saj=ejfi, (2.29) 

where ê^ is an element of the symmetric matrix 6, which 

represents the inverse of a. The above process is repeated 

until x̂  converges to a minimum value. The gradient-expansion 

algorithm also requires a self-adjusting parameter X. This X 

is added to each diagonal element of the curvature matrix. The 

value of X is varied using the recipe given by Marquardt 

(1963), as summarized by Bevington (1969). A flow chart for 

this fitting algorithm is shown in Figure 2.3. 
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X = X/10 

initial guess 
a: = a« 

I 
X = 
XoU -
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compute a-^ ; 0. 
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iâ  = (aj'^. 

3 
a; = aj + 5aj 

_ . . 1 ' 
' 

X«w' = x ' ( a j ) 

final aj = aj 

X = Xxio 

DO 

Figure 2.3 

The flow chart of Marquardt's fitting algorithm 



CHAPTER 3 

ROTATIONAL DIFFUSION MODELS FOR 

LYOTROPIC LIQUID CRYSTALS 

3.1 General Description 

A detailed study of the time-resolved fluorescence 

depolarization behavior of fluorophores embedded in liquid 

crystals provides valuable information regarding the 

orientational order and rotational dynamics of the constituent 

molecules making up the crystals (Zannoni et al., 1983; Szabo, 

1984; Van Der Meer et al., 1984; Cheng, 1989). Time-resolved 

fluorescence depolarization technique has been successfully 

applied to explore the rotational dynamics of fluorophores in 

solutions (Favro, 1960; Weber, 1971; Chuang & Eisenthal, 

1972). Yet its application in liquid crystals, particularly 

lyotropic liquid crystals of different packing geometries, has 

not been fully developed (Szabo, 1984; Cheng, 1989) . In order 

to obtain meaningful physical parameters or molecular dynamics 

information from the fluorescence measurements, a reasonable 

diffusion model for describing the dynamics of fluorophores in 

a highly hindered and anisotropic environment of the liquid 

crystals is required. Several years ago, a first detailed 

rotational diffusion model for liquid crystals with a two-

dimensional planar geometry was proposed (Szabo, 1984; Van Der 

Meer et al. , 1984). Based on this model, the orientational 

orders and local rotational diffusion constants of different 

39 



40 

fluorescent probes, either cylindrical or planar, in the 

lamellar phase can be obtained. 

In 1989, a first time-resolved fluorescence depolari

zation study on lipid non-lamellar phases was reported (Cheng, 

1989) . Due to the lack of an appropriate diffusion model for 

the non-lamellar phase, quantitative molecular dynamics 

parameters could not be recovered from the time-resolved 

fluorescence depolarization data at that time. 

In this chapter, an interpolation approach (Van Der Meer 

et al., 1984) is introduced to describe the fluorescence 

depolarization behavior of a cylindrical fluorophore in the 

lamellar liquid crystalline phase. This approach is based on 

the modified Smoluchowski diffusion equation for describing 

the anisotropic rotational diffusion of a molecule in a given 

potential energy function. The interpolation approach does not 

require a particular form of potential energy and is 

sufficient to describe the orientational distribution of the 

molecules in the liquid crystal (Szabo, 1984). By further 

taking account of the geometrical packing factor and an extra 

mode of reorientational motion, a new diffusion model for the 

non-lamellar phases (Hn or CQ phase) is presented. In the new 

model, orientational order parameters (<P2> and <P4>) , wobbling 

diffusion constant (Dw) and curvature related hopping 

diffusion constant (DH) of fluorophores in lyotropic liquid 

crystals are explicitly expressed for the first time in the 

time-resolved fluorescence anisotropy decay functions. The 
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development of this new rotational diffusion model was the 

result of a joint collaborative effort between the biophysics 

laboratory of Dr. Kelvin K. Cheng at Texas Tech University and 

the laboratory of Dr. Wieb. B. Van Der Meer at Western 

Kentucky University. A detailed description and derivation of 

this new model can be found in two joint papers from the above 

mentioned laboratories (Van Der Meer et al., 1990; Chen et 

al., 1990a). 

3.2 Rotational Diffusion Models 

3.2.1 L„ phase 

An isotropic suspension of lamellar lipid vesicles doped 

with cylindrical fluorescent probes is considered. Upon 

excitation with a plane polarized light, those fluorescent 

probes whose absorption dipoles are parallel to the 

polarization of the excitation light are selectively excited. 

This phenomenon is also called photoselection. The selective 

excitation will cause the system to have an initial 

fluorescence anisotropy. If the concentration of the probes in 

the system is sufficiently small, the anisotropic rotational 

diffusion motion of the probes thereby causes a decay of the 

above initial fluorescence anisotropy. The time-resolved 

fluorescence emission anisotropy decay, r(t) , after excitation 

by an infinitely short pulse of light is given by (Lipari & 

Szabo, 1980; Zannoni et al., 1983) 



42 

r(t) =l<<P,(Mo- f,)>> (3.1) 

where P2(x) = 3/2 x̂  - 1/2 is the second-order Legendre 

polynomial and ô" "t is an inner product. Here IJLQ represents the 

unit vector along the absorption dipole of the fluorescent 

probe at zero time and v^ represents the unit vector along the 

emission dipole of the fluorescent probe at time t. The double 

bracket (<< >>) in equation 3.1 denotes an ensemble average 

over all the possible orientations of the fluorescent probe at 

both time zero and time t. 

Assume that the probe distribution is axially symmetric 

with respect to the normal of the lipid layer. This normal is 

usually called the local director axis of the lipids. A 

coordinate system (X̂ , Ŷ , Ẑ ) can therefore be defined as the 

local frame. In this local frame the Z^-axis points along the 

local director axis. A coordinate system {X^, Y^, Z^^) , called 

molecular frame, is fixed with respect to the fluorophore. The 

Z axis is parallel to the long axis of the cylindrical 

fluorophore. The director frame can be rotated into the 

molecular frame at time t by the Euler angles (*j, d,, ,̂) , 

where i^ is the azimuthal angle of the Z^-axis in the director 

frame, ,̂ is the corresponding polar angle, i.e., the angle 

between Z^ and Ẑ , and ^^ is the angle between the Ŷ -̂axis and 

the line intersecting the (X̂ , Ŷ ) and (X^, Y^) planes. Figure 

3.1.A shows the relative orientations between the director 
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A 

B 

Figure 3.1 

Coordinate representations of the director and molecular 
frames. (A) Relative orientations between director frame (X 
YD, ZD) and the molecular frame (X̂ , Y^, Ẑ ) , where 6^ is the 
corresponding polar angle between Z^ and ZQ at time t. (B) The 
angular coordinates of the absorption (ix) and emission (j/) 
dipole of the probe in the molecular frame. 6 and d are 
respectively the polar angles of the absorption "and emission 
dipole with respect to Z^ and 0̂  and 0, are the corresponding 
azimuthal angles. 
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frame (XQ, YQ, ZQ) and the molecular frame (X^, Ŷ <, Ẑ ) • The 

absorption {a) and emission {v) dipoles are assumed to have 

fixed orientations in the molecular frame. As shown in Fig. 

3.1.B, 6^ and 6, are the polar angles of the absorption and 

emission dipole with respect to Z^, respectively, and *̂  and 

*, are the corresponding azimuthal angles. 

It is a reasonable assumption that the distribution of 

the probe is axially symmetric around ZQ. Therefore the 

orientation distribution function f(^) depends only on 6 and 

not on • or ^, and the probability that the fluorophore can be 

found at an angle between 6 and d-^dd is given by f (̂ )sin̂ d̂ . 

The function f(^) can be expanded in a series of Legendre 

polynomials, i.e., 

f (fl) = l+f; i±^<p^>P^(cos9) (3.2) 
2 L-l ^ 

where 

<P2L>= {P2Li^osd)f{d)sindde (3.3) 

Only even Legendre polynomials appear in equation 3.2. This is 

because the distribution is symmetric with respect to the 

membrane plane, i.e., f(^) = f{n ' 0) . The distribution will 

be completely specified if all the order parameters, <P2L>/ are 

known. In an isotropic system, all <P2L> îîe equal to zero. On 
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the contrary, if the probe molecules are perfectly aligned 

along the membrane normal, all <P2L> will be equal to unity. 

The exact form of r(t) has been evaluated by Zannoni 

(1983) and is expressed as 

r{t) =|P2(cosdJP2(cos^,)Go(t) +^sin20^sin2^,cos0^ G,{t) 

*l̂ ^̂ '̂̂ ''̂ "̂̂ '̂̂ °̂ 20̂ ,G2(t) , (3.4) 

where *̂ , = •̂  - *,. The correlation functions G„(t) (n=0,l,2) 

are defined as 

<^nit)=«DjiiJ^^^)», (3.5) 

where D^^(*^^) is an element of the Wigner rotation matrices 

and (*̂, 6^, "̂^̂t) ̂ ^^ "the Euler angles between the molecular 

frame at time 0 and that at time t. For the case of a 

cylindrical probe, the rotations of the fluorophore along the 

arbitrary X^ and Ŷ , axes are identical. Therefore the 

rotational diffusion tensor is degenerate along X^ and Y^. The 

function G„(t) has the following properties 

GJ0)=1 (3.6) 

GJ0)=-6D^-(D^-D,)n\ (3.7) 

Gni'^)=<P2>'^n,o (3.8) 
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Where the dot in equation 3.7 denotes the time derivative, S^^ 

is the Kronecker delta and D^ and D| are the elements of the 

rotational diffusion tensor of the probe. Using the notation 

as described in Fig. 3.1.B, Dĵ  is the diffusion constant of 

the probe along an axis which is perpendicular to the symmetry 

axis Z^ of the fluorophore, and Dj is the diffusion constant 

along the long axis Ẑ,- The rotational diffusion constant Dĵ  

is usually denoted as wobbling diffusion constant, or D^ (see 

Figure 3.2). 

Based on the properties of above correlation functions 

(i.e., equations 3.6-3.8), the fluorescence anisotropy decay 

of a fluorophore in a lipid layer can be constructed using an 

interpolation theory (Van Der Meer et al., 1984; Szabo, 1984) 

and is given by 

r(t)=lP2(cosl?JP2(cos^J C<P2>2 + (l-<P2>2)exp(-6D^t/(l-<P2>2)) ] 

+ _sin2d^sin2d,cos0^ ,exp(-D,t-5D„,t) 

+ JLsin2d^sin20,cos20^,exp( -4D,t-2£)̂ t) . (3.9) 

This equation reduces to a more simple expression in the 

case of (a) d and/or d, are small, i.e., the absorption and/or 

emission dipole are close to the molecular long axis (Z^) 

(Zannoni et al., 1983), or (b) the axial rotation is much 

faster than the wobbling motion, i.e., D|»Dw (Cheng, 1989). 
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Upid. i n a t r t x 
* T f. .̂ I'T.". ^ ' " ' . ' 

^ 
• r r ^ 

Figure 3.2 

Representation of the hindered rotation of a cylindrical 
fluorophore in a planar lipid matrix. Two major rotational 
motions, axial rotation about the fluorophore long symmetry 
axis Z^ and wobbling rotation about an axis perpendicular to 
Ẑ / are shown, 
rotations 

The diffusion coefficients for the above two 
are denoted by D, and D^, respectively. The 

orientation of the cylindrical probe with respect to the lipid 
matrix is given by 6 which is the angle between Z^ and Z 
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Note that the value of D,̂^ of most fluorophores in aqueous 

solutions or lyotropic liquid crystals has the same order of 

magnitude as the inverse of the fluorescence lifetime of the 

fluorophores. Equation 3.9 becomes 

r(t) =ro Q̂ ,̂ (3.10) 

where 

^o=|c^2(cos^JP2(cos^,) ] , (3.11) 

and 

C)^=<P2>'+(l-<P2>')-expC-6D^t/(l-<P2>2) ] (3.12) 

In summary, for a cylindrical fluorophore in a lamellar 

liquid crystal, factors that contribute to the depolarization 

are (a) the relative orientations of the emission and 

absorption dipole with respect to the long symmetry axis of 

the fluorophore, (b) the rotation along the directions 

perpendicular to the fluorophore long symmetry axis 

(wobbling), and (c) the steady-state orientational 

distributions of the fluorophores about the director symmetry 

axis of the liquid crystal. In this case, the form of 

anisotropy decay follows a simple exponential decay at the 

short time domain and a nonzero residual anisotropy constant 

at the long time domain. Equations 3.10-3.12 are usually 

denoted as the First-order Approximation of the anisotropic 

decay of a fluorophore in the L„ phase. 
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A more sophisticated approximation can also be obtained 

as follows. By using the closure relation of the elements of 

Wigner rotation matrices, each correlation function G„(t) can 

be decomposed into three correlation functions (Zannoni et 

al., 1983). Each correlation function corresponds to a 

distinct mode of reorientation motion of the fluorophore. The 

new expression of G„(t) becomes 

Gn(t)=G^{t)^2G,Jt)^2G^{t) (3.13) 

where G^(t) = < < Dj{i^eo%)*Dj{i,e,^;} > >. Each G^(t) has the 

following interpolation behavior for t=:0and t = ao, 

G^(t)=G^(0)H-tG^(0) (3.14) 

Gm«(°°)=<'P2>'<̂ .Ao • (3.15) 

Based on these interpolation equations, a new expression of 

r(t) can be obtained (Van Der Meer et al., 1984). 

2 

r{t) =roC»̂ =ro[<P2>2+|3ooexp(-aoot) +2E/?«oexp(-a^t) ] , (3.16) 
m»l 

where the exponents and pre-exponentials (cr̂  and /3̂ ) are 

functions of <P2>, <P4>/ and D^, and are shown in the table 

below. 
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0 l / 5 + 2 < P 2 > / 7 + 18<P4>/35-<Pj>2 6 D w { l / 5 + < P 2 > / 7 - 1 2 < P , > / 3 5 ) / / 3 ^ 

1 l / 5+<P2>/7 -12<P4>/35 6Dw( l /5+<Pj> /14 + 8<P,> /35) / | (?^ 

2 l / 5 - 2 < P j > / 7 + 3<P4>/35 6Dw( l / 5 - < P ; > / 7 - 2 < P , > / 3 5 ) / j 3 ^ 

In this new equation for r(t) the values of D^ and <P2> 

determine the decay behavior of the fluorophore at short times 

and long times, respectively. A combination of <P2>, <P4>/ and 

Dvv affects the decay of the fluorophore at intermediate times. 

Equation 3.16 is sometimes denoted as the Second-order 

Approximation of r(t). Note that if <P4> is set to zero in 

Equation 3.16, the First-and Second-order Approximations will 

be identical. 

3.2.2 Hn phase 

The orientational dynamics of a fluorophore in the HQ 

phase can also be studied by time-resolved fluorescence 

anisotropy. Owing to the large curvature of the lipid layers 

in the HQ phase, the lateral diffusion of the fluorophore in 

the curved layers will further produce an additional 

depolarization effect other than the wobbling diffusion motion 

on the measured fluorescence emission anisotropy. In the HQ 

phase the change in the orientation of a cylindrical 

fluorescent probe as it diffuses around a cylindrical lipid 

tube during the fluorescence lifetime is roughly given by 

(DLr)̂ /̂R (in radians). Here DL is the lateral diffusion 
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constant, r is the fluorescence lifetime and R is the radius 

of curvature of the lipid tubes (see Figure 3.3). 

Using the typical values of DL {^ 0.05 nm-ns'), R (s; 2 nm) 

and T (« 6 ns), an order of magnitude estimate of the change 

in the orientation of the probe is about 16 degrees. The angle 

of 16° corresponds to a depolarization factor of <P2(16'')>, or 

0.89. Obviously this depolarization factor is quite 

significant in the overall anisotropy decay of the 

fluorophore. The above estimate indicates that time-resolved 

fluorescence anisotropy decay can be employed to measure the 

curvature-related rotational diffusion motion of a probe in a 

cylindrical surface. 

Consider a macroscopically isotropic sample in which the 

fluorophore is perpendicular to the lipid-water interface. 

This is equivalent to saying that the probe is perfectly 

aligned with respect to the normal of the lipid surface (see 

Fig. 3.3). Using a similar assumption that the absorption 

and/or emission dipole are parallel to the long symmetry axis 

of fluorophore, the fluorescence anisotropy decay after 

excitation with a very short pulse is 

r(t)=roQ„ (3.17) 

Q„=«P2(eo,)» (3.18) 
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Figure 3.3 

Depolarization effect of the lateral diffusion of a 
fluorophore in the HQ phase. A lipid probe (solid bar) chanaes 
.tc, nr'^^r.i-^i•^r.r. ..Ĥ r, diffusing around a tube in a direction 
perpendicular to the z-axis (the axis of the Ĥ  tube) Here R 
is the radius of curvature of the lipid-water interface D is 
the lateral diffusion constant, T is the fluorescence 
lifetime, and e^ is the angle between the molecular axis at 
time zero (the time of the excitation) and that at a later-
time t = r. This angle e^ is equal to (DLT)'^/R (in radians) 
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where 9̂ =0̂ -0, is the angle between the molecular axis at time 

zero and that at a later time t. The double bracket indicates 

an ensemble average at both time 0 and time t. As is indicated 

in Figure 3.3, diffusion of the fluorophore along the z-

direction will not change the orientation of the fluorophore 

with respect to the cylindrical frame (x, y, z). The z-axis 

has been chosen along the long cylindrical axis of the tube. 

The translational motion or hopping along a direction 

perpendicular to the z-axis, however, does change the 

orientation of the molecule. With the above consideration, 

equation 3.18 reduces to 

Q =«2^cos^eQ,-l»=«l+lcosi20Q-2(p,)» 
" 2 2 4 4 

2x 

1 . 3 = (l/27r) |d0o|d0,g(0o|0„t) [ l + icos(20o-20,) ] (3.19) 

where g{<Po\<Pi,t) is the conditional probability of a molecular 

azimuthal angle being equal to <p^ at time t while having the 

value 0o at time zero. This conditional probability is the 

solution of a diffusion equation for a cylindrical surface, 

and can be expressed as 

as 

rf ^ _ 1 
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where DL is the lateral diffusion coefficient for the 

lipidlike probe and R is the radius of curvature of the 

cylindrical surface. Upon substituting equation 3.20 into 

equation 3.19 and evaluating the integrals, the factor Q^ is 

given by 

Qn-j^^^^Pi-^D^t/P') (3.21) 

and equation 3.17 becomes 

r(t)=ro[l+2exp(-4D^t/R2)]. (3.22) 

A simple model that takes into account the combined 

effect of hopping along a cylindrical surface and of wobbling 

within an ordering potential can be derived. This model 

requires an assumption that the hopping (QH) and wobbling (Q^) 

factors are two independent depolarization factors. This is 

also equivalent to saying that the combining effect of the 

hopping and wobbling motions of the fluorophore in a curved 

surface results in a product of Q̂ , and QH in the expression 

for r(t). Therefore, one obtains 

r(t)=ro QWQH= 

£2[<P2>^ + 3<P2>^exp(-t/T„)+(l-<P2>^)exp(-t/T„,) 
4 

+3(l-<P2>2)exp(-(r^+r«)t/(r,^T„))] (3.23) 
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where Q^ is given by equation 3.12 (First-order Approximation 

in the lamellar phase) and QH by equation 3.21, TH is equal to 

RV4DL, and r^ is equal to (1-<P2>̂ ) / (6Dw) . This model is called 

"WOBHOP" model. It contains the following molecular 

parameters, D^ (wobbling diffusion constant), <P2> (the second 

rank orientational order parameter) and the hopping diffusion 

constant DH = DL/R^. 

If the Second-order Approximation of Q^ (see equation 

3.16) is used, a more complete expression for r(t) which 

contains one more order parameter (<P4>) will be obtained. Now 

r(t) takes the form of 

r(t) = (rJ4) [<P2>' + B,exp(-C,t)][l+3exp(-t/T„)} 

+ Biexp(-Cit) [exp(-t/4TH)+exp(-t/T„) ] 

+ (B2/4)exp(-C2t) [3+4exp(-t/4TH)+exp(-t/TH) ] . (3.24) 

The factors B, and C, (1=0,1,2) are functions of <P2>, <P4> and 

r^, and are shown in the table given below. 

i Bi C; 

0 l /5+2<P2>/7+18<P4>/35-<P2>^ (1-<P2>2) ( l / 5+<P2>/7 -12<P,> /35 ) /BoTw 

1 l / 5+<P2> /7 -12<P4> /35 { l -<P2>^)( l /5-»-<P2>/14-8<P,>/35) /B,Tw 

2 l / 5 -2<P2> /7+3<P4>/35 (1-<P2>2) ( l / 5 - < P 2 > / 7 - 2 < P , > / 3 5 ) / B ^ T W 

This model is called "P2P4HOP" model. Note that the 

••P2P4HOP" model can be considered as a more generalized model 
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for both lamellar and hexagonal phases. The Second-order 

Approximation of r(t) for the lamellar phase can be considered 

as the limiting case of the "P2P4HOP" model for the hexagonal 

phase when DH approaches to zero. This occurs as R approaches 

to infinity, i.e., the cylindrical surface degenerates into a 

planar surface. 

3.2.3 Cn phase 

The time-resolved fluorescence anisotropy decay of a 

cylindrical fluorophore in the C^ phase can also be derived by 

considering the lateral diffusion of the fluorophore over a 

curvature with spherical symmetry. The fluorescence 

depolarization factor of the fluorophore diffusing on a 

spherical surface (Qc) can also be derived by using the 

approach used for the HQ phase. Briefly, the condition 

probability function for the fluorophore in the CQ phase in 

equation 3.20 is now the solution for a spherical diffusion 

equation. Following the steps similar to those outlined above 

for the Hn phase, Qc can be expressed as 

0̂ =exp(-6£>̂ t/i?2) ̂  (3.25) 

Therefore, the new r(t) for the CQ phase is equal to 

r(t)=roO^Qc (3.26) 

where the Qw can be represented by either the First- or 
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Second-order Approximation derived for the lamellar phase. 

Since this dissertation will focus on the L„ and HQ phases, the 

detailed derivation and complete expression of r(t) for the CQ 

phase are not presented here. 

By comparing the goodness of the fittings, the 

significance of D„ in the HQ phase may be tested. The P2P4HOP 

model which is more complete and generalized for both the L„ 

and HQ phases may be employed systematically to analyze the 

time-resolved fluorescence anisotropy decay data, from which 

two order parameters and two rotational diffusion constants in 

all lipid/water systems can be extracted. The following 

chapter describes the use of WOBHOP model and First order 

Approximation to fit the time-resolved fluorescence anisotropy 

data for both the L„ and HQ phases. 

3.3 Reconstruction of Orientation 
Distribution Function 

As mentioned in section 3.2, the orientation of a 

cylindrical fluorophore in a lipid matrix is specified by the 

angle 6 between the long molecular symmetry axis of the 

fluorophore and the normal of the lipid-water interface. The 

distribution function f(^) can be expressed as a series 

expansion of Legendre polynomials (PL(COS^)). In the 

expansion, each polynomial is weighted by an order parameter 

<PL>. The functions and their mathematical definitions are 

given below: 
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f (̂) = | E (2L + 1)<P^>P,(COS(9) , (3.27) 
L'O 

[r(^)sin^d^ =1, (3.28) 

<P^>= [f (̂ )P̂ (coŝ )sin̂ d̂ . (3.29) 

The orientational distribution function f {$) is fully 

characterized if all the order parameters <PL> are known. Due 

to the symmetric nature of the distribution function, only the 

even Legendre polynomials contribute to the summation in 

equation 3.27. In practice, only one or two order parameters 

can be resolved experimentally on a macroscopically non-

oriented crystals and in oriented crystals. Nevertheless the 

form of the orientational distribution function can be 

estimated based on the values of the recovered order 

parameters by using information theory (Jaynes, 1962). In the 

case of only two known order parameters, the most probable 

orientational distribution function f (6) can be obtained by 

maximizing the information entropy of the distribution (Berne 

et al., 1968) and has the form of 

fid) =N-^expl\P2(cose) ^X^P^icosd)] (3.30) 
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where N is a normalization constant and X, and \ are the 

corresponding coefficients for the Legendre polynomial P2 and 

P4. The values of Xj, X4 and N can be obtained from the known 

values of <P2> and <P4> according to equation 3.29 and the 

normalization condition of f(^) as given by equation 3.28, 

i.e. , 

r 

<P{>= [N-'exp[X2P2(cos^) ^\P^{cosB)]Pj{cose)sinede, (3 .31) 

<P4>= [N-'exp[X2P2(cos^) +X4P4(cosd) ]P^{cose)siT\ede, (3.32) 

i7= [ [X2P2(coŝ ) +X4P4(coŝ ) ]sin0d^. (3.33) 

From the values of X2, X4 and N, the orientational distribution 

function can therefore be reconstructed from equation 3.30. 

3.4 Lateral Diffusion Constant 
Determination 

When an excited pyrene molecule encounters another ground 

state pyrene molecule in close proximity, an excimer is 

formed. Excimer-forming molecules, e.g., pyrene and its 

derivatives, have been widely used in lipid research, 

especially in regard to the study of lateral diffusion in the 
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lipid/water systems (Galla & Hartmann, 1980; Chong & Thompson, 

1985; Hresko et al., 1986; Chen et al., 1990b). Upon 

incorporating a small amount (<5%) of pyrene-labeled lipid 

molecules into the model lipid/water systems, the lateral 

diffusion constant of the host lipids can be calculated by 

measuring the rate of excimer formation of the pyrene probes. 

A classical random walk model has commonly been employed 

to describe the lateral diffusion of the lipids. The monomer 

lifetime T of pyrene in a lipid/water mixture is related to 

its excimer formation rate K^ by the following relation 

r-'=K,^K^^K^=ro-'^R^ (3-34) 

where K, and K̂ , are the radiative and non-radiative decay rates 

of pyrene, respectively. Here T^ is the intrinsic lifetime of 

pyrene monomer in the absence of excimer formation. This 

intrinsic lifetime can be obtained by adding a very small 

amount (<0.1%) of pyrene-labeled lipids into the lipid system 

such that the possibility of excimer formation of those probes 

is negligible. Note that equation 3.34 is valid under a 

reasonable assumption that the excimer dissociation rate is 

much smaller than K̂ .̂ The lateral diffusion constant DL is 

obtained from the following equation. 

D,=<n>L'K^/^ (3.35) 

where L is the length of one diffusion jump and has been 
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estimated to be about 8 A from the average area per lipid 

molecule (Trauble & Sackmann, 1972). <n,> is the number of 

average steps between two collision processes and is given by 

a random walk model (Galla et al., 1979) as 

fy py 

where X̂y is the pyrene/lipid molar ratio. 

Based on the relationship between the curvature-related 

hopping diffusion and the lateral diffusion (DH = DL/R^; R = 

radius of curvature), the values of R in the lipid/water 

systems can therefore be estimated from the measured values of 

DH and DL-



CHAPTER 4 

SINGLE LIPID SYSTEM 

4.1 Introduction 

Among various thermotropic phase transitions of 

lipid/water systems, the L̂  to HQ phase transition has been a 

subject of interest for many years. This phase transition 

involves changes not only in the curvature of the lipid/water 

interface but also in the overall packing geometry of the 

lipid assembly. 

Many structural techniques, e.g., x-ray diffraction and 

freeze fracture electron microscopy, have been used to 

investigate the geometrical dimensions and morphologies of the 

L„ and HQ phases. X-ray diffraction provides valuable and 

direct information about the lattice spacings and symmetry of 

the samples. With appropriate assumptions, the radius of the 

hexagonal lipid tubes in the HQ phase has been derived from 

the measured lattice spacings and the volume fractions of 

lipids and water in the samples (Rand et al., 1990). This 

radius is believed to play a key role in understanding the 

mechanism that drives the L„-HQ phase transition. It is because 

the curvature related elastic free energy is one of the many 

free energy terms (e.g., electrostatic, packing constraint in 

the hydrocarbon region, and hydration) which preside the phase 

preference of the lipids. In this respect, a precise 

determination of the interfacial curvature of the lipids in 

62 
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the HQ phase will provide significant information about the 

elastic energy stored in the lipid layers (Mutz & Helfrich, 

1989) . 

A detailed understanding of the polymorphic phase 

behavior of lyotropic liquid crystals requires the knowledge 

of both the structure and the molecular dynamics of the 

constituent molecules. Although a significant amount of 

information in the structure of the HQ phase has been 

accumulated over the last decade, the molecular dynamics of 

the lipids in the HQ phase has not been fully explored. Each 

molecular spectroscopic technique has its own merits and 

possible drawbacks. Vibrational (Chen & Cheng, 1990; Cheng, 

1992) and Ĥ nuclear magnetic resonance (NMR) (Fenske et al., 

1990) are both non-invasive techniques which provide 

information about the amount of gauge rotamers or structural 

order of the lipid acyl chains. Time-resolved fluorescence 

(Cheng, 1989; Wang et al., 1991) on the other hand provides 

both structural and dynamical information of the lipids. Yet 

models are required in order to extract useful molecular 

dynamics parameters, such as orientational orders and 

diffusion coefficients, from the measured fluorescence data. 

Besides model dependence, the possible "labeling effect" of 

the fluorescence probes has to be considered carefully. 

In the previous chapter a new theoretical model for the 

fluorescence anisotropy decay of a cylindrical fluorophore in 

the HQ phase were discussed. To demonstrate the application of 
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this new model, we chose a pure lipid/water system which 

exhibits a known thermotropic L^-HQ phase transition. 

This study aimed at investigating the detailed 

orientational dynamics of lipids in well-defined L„ and HQ 

phases. Two pure lipid/water systems were employed. They were 

the pure aqueous suspensions of either dioleoylphosphatidyl-

ethanolamine (DOPE) or dioleoylphosphatidylcholine (DOPC). The 

chemical structures of DOPE and DOPC are shown in Fig. 4.1. 

Both DOPE and DOPC are synthetic lipids. Each consists of two 

unsaturated oleic fatty acid with cis-double bonds at the 9-

lO*** positions. DOPC has a zwitterion phosphocholine headgroup 

while DOPE has a smaller phosphoethanolamine headgroup. 

The DOPE/water mixture has been investigated extensively 

by X-ray diffraction technique and its thermotropic L„-HQ phase 

transition temperature is known at -8-12*'C (Gruner, 1989). To 

tackle the above mentioned problems of model dependence and 

labeling effects of our fluorescence technique, we performed 

a parallel fluorescence study on the DOPC/water mixture which 

doesn't have the thermotropic L„-HQ transition. Although it has 

the same fatty acyl chain composition as DOPE does, DOPC stays 

in the L„ phase at all temperatures mainly because of its 

larger and more hydrated choline headgroup as compared with 

the ethanolamine headgroup of DOPE. 

In the analysis the WOBHOP model was first tested and 

compared with the First order Approximation to demonstrate its 

validity in describing the depolarization behavior of a 
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Figure 4.1 

Chemical structures of DOPE (A) and DOPC (B) 
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cylindrical fluorophore in the HQ phase. Then the more 

generalized P2P4HOP model was used to investigate both the 

local orientational distribution and rotational dynamics of 

the above two lipid systems. The curvature-induced rotational 

diffusion motion (hopping), which refers to the lateral 

diffusion of the fluorophore around the long symmetry axis of 

the lipid tubes, was determined from the P2P4HOP fit. To 

confirm the correlation between this hopping motion and the 

lateral diffusion of the lipids, pyrene excimer formation 

technique was employed to independently measure the lateral 

diffusion constant of the lipids. From these hopping and 

lateral diffusion constants, the radius of the lipid tubes was 

estimated and compared with that derived from X-ray 

diffraction measurements (Gruner, 1989). 

4.2 Sample Preparation 

DOPC and DOPE were obtained from Avanti Polar Lipids 

(Birmingham, AL). The fluorescent lipids, l-palmitoyl-2-[[2-

[4-(6-phenyl-trans-l,3,5-hexatrienyl)phenyl]ethyl]carbonyl]-

3-sn-PC (DPH-PC) and l-palmitoyl-2-[10-(l-pyrenyl) decanoyl]-

PC (Py-PC), were obtained from Molecular Probes, Inc. (Eugene, 

OR). The chemical structures of these two fluorescence probes 

are shown in Fig. 4.2. As seen in the figure, DPH-PC consists 

of a sixteen carbon long fatty acyl chain attached to the sn-1 

position of the glycerol backbone. A diphenyl-hexatriene (DPH) 

fluorophore was attached to the sn-2 position of the glycerol 
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backbone via a propanoyl chain. The head group of DPH-PC is a 

phosphocholine. A similar structure was found in Py-PC. Here 

a pyrene fluorophore (Py) was attached to the methyl end of a 

decanoyl chain. The resulting pyrenyl decanoic acid is 

attached to the sn-2 position of the glycerol backbone. DPH-PC 

was employed for the rotational dynamics study while Py-PC for 

the lateral diffusion study. All lipids were dissolved in 

chloroform and kept at -80 •'C prior to use. 

The lipids and probes were first mixed in chloroform 

(spectroscopic grade). For the DPH-PC fluorescence intensity 

and anisotropy decay measurements, the molar ratio of DPH-PC 

to lipid was 1/1000. For the pyrene excimer formation 

measurements, two different molar ratios of Py-PC to lipid 

were used. They were 5/10000 for the intrinsic pyrene monomer 

fluorescence lifetime measurement and 2/100 for the pyrene 

excimer formation rate constant measurement. Each lipid 

mixture was dried under a gentle nitrogen stream in a clean 

pyrex tube and further kept in vacuum for at least 4 h to 

ensure complete removal of chloroform. The thin film formed on 

the tube was then hydrated with an aqueous buffer (100 mM 

NaCl, 10 mM TES and 2 mM EDTA pH=7.4) at 4°C. The suspension 

thus formed was vortexed rigorously and placed under mild 

sonication in a bath sonicator for a few seconds. The 

resulting suspension was then incubated overnight at 4°C in 

the dark to ensure proper hydration. Upon further dilution to 

» 0.1 mg/ml, the sample was then placed in a 10 mm UV quartz 
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cuvette for subsequent fluorescence measurements. To eliminate 

oxygen quenching in pyrene excimer formation measurements, the 

buffer was purged with dry nitrogen gas before use. Also the 

sample chamber of the fluorometer was continuously purged with 

dry nitrogen during the fluorescence measurements to avoid 

water condensation at low temperatures. 

4.3 Experimental Result 

The fluorescence lifetimes of DPH-PC in the model lipid 

systems are required for obtaining the physical parameters 

from the frequency-domain anisotropy data (see section 2.1.2) . 

These lifetimes were also measured by the use of frequency-

domain technique. A typical frequency-domain measurement of 

the fluorescence intensity decay of DPH-PC in DOPC at 23®C is 

shown in Fig. 4.3. The value of fluorescence lifetime (T) was 

found to be 5.9 ± 0.1 ns. The fluorescence lifetime of DPH-PC 

appeared to remain constant at around 6 ns in either DOPC or 

DOPE and insensitive to temperature from 0 to 40°C. A better 

fit was found for the fluorescence intensity decay of DPH-PC 

by using a double-exponential decay function as judged by the 

reduced chi-square value. In this case, a major long lifetime 

component at -6.2 ns and a shorter lifetime component (1-2 ns) 

with an intensity fraction less than 0.04 were found. This 

extra short lifetime has been attributed to the minor but 

unavoidable degraded product of the fluorescent probe as 

described in detail elsewhere (Parente & Lentz, 1985). There 
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Figure 4.3 

Phase shift (D) and modulation ratio (O) of the fluorescence 
signal with respect to the reference (glycogen) as a function 
of modulation frequency for DPH-PC in DOPC at 23«C. The lines 
were obtained from fitting the data using a single exponential 
decay profile. The lifetime was 5.9±0.1 ns. The reduced chi-
square for the fit was 1.41. 
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are no detectable differences in the rotational and 

orientational parameters obtained by using either the single 

or double intensity decay function of DPH-PC in the analysis 

of anisotropy decay data (Cheng, 1989). 

Time-resolved fluorescence anisotropy decays of DPH-PC in 

both DOPC and DOPE suspensions were measured by the use of 

multifrequency cross-correlation phase modulation technique at 

25 different modulation frequencies (1 to 300 MHz) and from 

0°C to 40°C. Fig. 4.4 shows the typical frequency-domain data 

of the fluorescence anisotropy decay of DPH-PC in DOPE at 

30°C. Both WOBHOP model and First-order Approximation (see 

Chapter 3) were employed to fit the frequency-domain 

fluorescence anisotropy data. Tables 4.1 and 4.2 show the 

fitted parameters and the reduced chi-squares (XR^) for both 

DOPE and DOPC, respectively. In general we observed that the 

values of XR^ from the WOBHOP fit were quite similar to those 

from the First-order Approximation fit for DOPC at all 

temperatures and DOPE at low temperatures (<22«C). However, 

for DOPE at high temperatures (>22°C), XR^ values from the 

WOBHOP fit were consistently smaller than those from the 

First-order Approximation fit. By using a T-test (Steel & 

Torrie, 1980) , the XR^ from the First-order Approximation fit 

was proved to be significantly higher (P< 0.005) than that 

from the WOBHOP fit for DOPE at high temperatures (>22°C). A 

nearly 2-fold increase in the values of XR^ of the First-order 

Approximation fit when compared with those of the WOBHOP fit 
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Figure 4.4 

Differential polarized phase angle (D) and ratio of polarized 
modulation (O) as a function of modulation frequency for DPH-
PC in DOPE at 30*C. The solid and dotted lines were obtained 
from the WOBHOP model and First order Approximation fits, 
respectively. 
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TABLE 4.1 

Comparison of the fitting results from the First-order 
Approximation fit and the WOBHOP fit (in parentheses) for DPH-
PC in DOPE at different temperatures (0-40"'C) . 

• DOPE 
CC) 

0.2 

2.5 

4.8 

7.2 

9.8 

11.6 

14.1 

16.9 

19.6 

22.2 

25.0 

27.8 

30.8 

34.5 

38.1 

TQ 

0.26 
(0.26) 

0.26 
(0.26) 

0.26 
(0.26) 

0.26 
(0.26) 

0.25 
(0.25) 

0.25 
(0.25) 

0.25 
(0.25) 

0.25 
(0.25) 

0.25 
(0.25) 

0.25 
(0.25) 

0.25 
(0.25) 

0.24 
(0.24) 

0.24 
(0.24) 

0.24 
(0.24) 

0.24 
(0.24) 

<P2> 

0.81 
(0.83) 

0.78 
(0.79) 

0.76 
(0.77) 

0.76 
(0.76) 

0.73 
(0.74) 

0.74 
(0.75) 

0.66 
(0.86) 

0.66 
(0.87) 

0.66 
(0.89) 

0.67 
(0.88) 

0.65 
(0.86) 

0.63 
(0.86) 

0.62 
(0.85) 

0.58 
(0.85) 

0.57 
(0.87) 

lO^s' 

1.87 
(1.89) 

1.85 
(1.86) 

1.85 
(1.86) 

1.97 
(1.96) 

2.05 
(2.07) 

2.20 
(2.22) 

2.28 
(2.15) 

2.51 
(2.54) 

2.65 
(2.48) 

3.31 
(3.18) 

4.11 
(3.95) 

4.23 
(4.02) 

4.35 
(4.15) 

5.34 
(5.12) 

5.97 
(6.01) 

10V> 

DH 

N/A 
(0.02) 

N/A 
(0.01) 

N/A 
(0.01) 

N/A 
(0.01) 

N/A 
(0.08) 

N/A 
(0.10) 

N/A 
(0.80) 

N/A 
(1.03) 

N/A 
(1.18) 

N/A 
(1.39) 

N/A 
(1.51) 

N/A 
(1.75) 

N/A 
(1.91) 

N/A 
(2.40) 

N/A 
(2.98) 

X.' 

1.32 
(1.46) 

1.92 
(1.96) 

1. 15 
(1.26) 

1.90 
(1.93) 

1.42 
(1.41) 

1.54 
(1.56) 

1. 11 
(1.09) 

1.22 
(1.10) 

1.13 
(1.04) 

2.22 
(1.68) 

2.91 
(1.21) 

2.43 
(1.53) 

2.94 
(1.34) 

3.76 
(1.98) 

3.44 
(1.63) 
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TABLE 4.2 

Comparison of the fitting results from the First—order 
Approximation fit and the WOBHOP fit (in parentheses) for DPH-
PC in DOPC at different temperatures (0-40*C). 

DOPC 
(»C) 

2.7 

4.4 

7.4 

9.4 

10.4 

11.6 

13.2 

15.8 

17.6 

20.2 

22.4 

25.6 

28.2 

30.0 

35.7 

-

To 

0.29 
(0.29) 

0.29 
(0,30) 

0.29 
(0.29) 

0.29 
(0.28) 

0.29 
(0.29) 

0.29 
(0.29) 

0.28 
(0.28) 

0.29 
(0.28) 

0.28 
(0.28) 

0.29 
(0.27) 

0.28 
(0.29) 

0.28 
(0.27) 

0.28 
(0.29) 

0.29 
(0.27) 

0.29 
(0.27) 

<P2> 

0.58 
(0.60) 

0.61 
(0.62) 

0.60 
(0.62) 

0.56 
(0.59) 

0.58 
(0.61) 

0.54 
(0.61) 

0.56 
(0.62) 

0.54 
(0.60) 

0.54 
(0.62) 

0.53 
(0.61) 

0.54 
(0.62) 

0.53 
(0.61) 

0.53 
(0.60) 

0.52 
(0.59) 

0.53 
(0.60) 

lO's' 

Dw 

1.58 
(1.71) 

1.75 
(1.79) 

2.06 
(2.11) 

2.23 
(2.54) 

2.37 
(2.46) 

1.90 
(2.47) 

1.94 
(2.67) 

2.11 
(2.88) 

2.21 
(3.82) 

2.67 
(3.63) 

2.96 
(4.48) 

3.12 
(4.63) 

3.69 
(4.92) 

4.48 
(5.12) 

5.47 
(5.86) 

lO's ' 

DH 

N/A 
(0.14) 

N/A 
(0.11) 

N/A 
(0.15) 

N/A 
(0.20) 

N/A 
(0.45) 

N/A 
(0.16) 

N/A 
(0.46) 

N/A 
(0.22) 

N/A 
(0.23) 

N/A 
(0.21) 

N/A 
(0.31) 

N/A 
(0.16) 

N/A 
(0.25) 

N/A 
(0.26) 

N/A 
(0.34) 

XR' 

0.82 
(0.79) 

1. 54 
(1.53) 

1.43 
(1.42) 

0.70 
(0.81) 

1.08 
(1.06) 

0.74 
(0.78) 

0.66 
(0.82) 

0.82 
(1.32) 

0.92 
(1.75) 

1.04 
(1.79) 

2.01 
(1.94) 

2.21 
(2.06) 

1.12 
(1.75) 

2.29 
(2.16) 

1.13 
(1.51) 



was found. This increase is adequate to reject the First-order 

Approximation model with 99% certainty (Bevington, 1969). The 

fitted phase and modulation values from both fits for DOPE at 

30*>C were also demonstrated in Fig. 4.4. To further examine 

the goodness of fit, the residues, which are defined as the 

differences between the theoretical and experimental values, 

of phase and modulation for both Zits are presented as a 

function of modulation frequency in Fig. 4.5. 

In order to get a complete picture of the orientational 

distribution as well as the rotational diffusion constants of 

the lipids in our model systems. A more complete and 

generalized P2P4HOP model was used to fit the data. The values 

of the fitted second (<P2>) and fourth (<P4>) rank order 

parameters of DPH-PC in DOPE and DOPC as a function of 

temperature are shown in Figs. 4.6 and 4.7, respectively. In 

DOPE, an increase in the values of <P2> and <?<> at 12-14*0 was 

evident. In contrast, no significant change in the values of 

<P2> was found at all temperatures for DOPC. Yet a broad 

decrease in the values of <P4> was observed at 10-30«C for 

DOPC. Both order parameters of DPH-PC in DOPE were 

significantly higher than that in DOPC at all temperatures (0-

40'»C) . 

The values of the two fitted rotational diffusion 

constants, Dw and D„, of DPH-PC in DOPE and DOPC as a function 

of temperature are shown in Figs. 4.8 and 4.9, respectively. 

The values of D^ for DOPE were slightly higher than that for 
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Figure 4.5 

The residuals of the differential polarized phase angle and 
the ratio of polarized modulation from the WOBHOP model (solid 
line) and First-order Approximation (dotted line) fits for 
DOPE at 30«C. 
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Figure 4.6 

Second-rank order parameters <P2> versus temperature for DPH-
PC in DOPE (O) and DOPC (A). 



0.8 
cP,> 

9 § ? 0 I ^ 

0.4 i Q 9 

DOPE 
0.2 

-0.2 

•0.4 

ni 
J-DOPC 

5 $ 

10 20 30 

TEMPERATURE(oC) 

40 

Figure 4.7 

Fourth-rank order parameters <P4> versus temperature for DPH-
PC in DOPE (O) and DOPC (A) . 
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Figure 4.8 

Wobbling diffusion constant (D^) versus temperature for DPH-PC 
in DOPE (O) and DOPC ( A) . 
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Figure 4.9 

Hopping diffusion constant (D„) versus temperature for DPH-PC 
in DOPE (O) and DOPC ( A) . 
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DOPC at low temperatures (T < 10°C). At higher temperatures, 

the values of D^ in both lipids were roughly identical and 

were increasing linearly with temperature. A prominent 

increase in the values of D̂  from 2.0x10* s"' to 8.6x10^ s') was 

observed for DOPE at 14 °C. Thereafter, the values of DH 

increased steadily with temperature. In contrast, the values 

of DH remained essentially zero for DOPC at all temperatures. 

Using the excimer formation technique, the lateral 

diffusion constants (DL) of the lipids in DOPC and DOPE were 

determined as a function of temperature. The values of the 

monomer fluorescence lifetimes of Py-PC at two different 

concentrations, 0.05 and 2.0 mole %, are shown in Fig. 4.lOA 

(DOPC) and Fig. 4.10B (DOPE). Using equations 3.34-3.36, the 

values of DL for DOPC and DOPE were calculated and are shown 

in Fig. 4.11. Here the monomer lifetimes from 0.05% Py-PC 

samples were used as the intrinsic lifetime of the Py-PC 

monomer. The values of DL for DOPE were observed to be 

slightly lower than that for DOPC at temperatures lower than 

12*'C. Yet these values of DL for both lipids became 

inseparable at higher temperatures. 

Based on the relationship between the hopping and lateral 

diffusion constants (DH = DJB?; R = radius of curvature of 

lipid-water interface) , the values of R for DOPE in the HQ 

phase were estimated and are presented in Fig. 4.12. The 
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Figure 4.10 

Fluorescent lifetime of pyrene monomer emission versus 
temperature for 0.05% (A) and 2% (A) PyPC in DOPC (panel A) 
and in DOPE (panel B). 
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Figure 4.11 

The calculated lateral diffusion constant DL as a function of 
temperature for Py-PC in DOPE (O) and DOPC (A). 
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Figure 4.12 

Radius of curvature of the lipid/water interface versus 
temperature for DOPE. 
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values of R were found to decrease steadily from 20 A at IS^C 

to 17 A at 35°C. 

Based on the experimentally recovered orientational order 

parameters, <P2> and <P4>, the parameters Xj ^^^ K (see 

Chapter 3) for describing the most probable orientational 

distribution functions (f(^)) of DPH-PC in the lipid systems 

were solved numerically. The reconstructed orientational 

distribution functions of DPH-PC in both DOPE and DOPC are 

plotted as a function of polar angle. At 3*0, the peak of the 

orientational distribution of DPH-PC molecules was located at 

about 32® and 2 0*̂  for DOPC and DOPE, respectively (see Fig. 

4.13). At 30°C, a similar peak location (34°) was found for 

DOPC, however, the peak shifted dramatically to 0° for DOPE 

(see Fig. 4.14) . 
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Figure 4.13 

Orientational distribution function f (/3) versus polar angle jS 

for DPH-PC in DOPE and DOPC at 3°C. 



87 

Orientational Distribution Function 

-90 •60 -30 0 30 

Polar Angle (degree) 
60 

Figure 4.14 

o r i e n t a t i o n a l d i s t r i b u t i o n funct ion f (/3) versus po lar angle /3 
f o r DPH-PC in DOPE and DOPC a t SO^C. 



CHAPTER 5 

BINARY LIPID SYSTEM 

5.1 Introduction 

This study was aimed at investigating the detailed 

orientational dynamics of lipids in binary lipid mixtures as 

a function of lipid composition at a constant temperature 

(lyotropic phase behavior) . Two binary lipid mixtures were 

employed. They were the aqueous suspensions of dioleoylphos-

phatidylethanolamine (DOPE)/dioleoylphosphatidylcholine (DOPC) 

mixture and dilinoleoylphosphatidylethanolamine (DLPE)/1-

palmitoyl-2-oleoylphosphatidyulcholine (POPC) mixture. DOPE 

and DOPC are the lipids which have been studied separately in 

the preceding chapter. They possess the same equal-length 

hydrocarbon chains. In contrast, DLPE and POPC have different 

types of hydrocarbon chains. DLPE has a pair of equal-length 

hydrocarbon chains (two unsaturated linoleic fatty acids) yet 

POPC has an unequal-length pair (one saturated palmitic fatty 

acid and one unsaturated oleic fatty acid). The polymorphic 

phase behavior of these two binary mixtures have been studied 

by various structural techniques and their phase diagrams are 

known (Boni & Hui, 1983; Gruner, 1989). The DOPE/DOPC mixtures 

exhibit well-defined lamellar and hexagonal phases as a 

function of DOPE content. At room temperature (23«C), the L̂  

to Hn phase transition occurs when the DOPE content is 

increased to about 85-90%, while at low temperature (3°C), no 

88 



89 

phase transition is found for all lipid compositions (0-100% 

DOPE) (Gruner, 1989). In contrast to DOPE/DOPC mixtures, the 

DLPE/POPC mixtures exhibit more complicated lyotropic phase 

behavior. Besides the L„ (0-75% DLPE) and Hy (>90% DLPE) 

phases, some intermediate structures which do not exhibit long 

range translational order have been observed at 7 5 to 90% DLPE 

at 23'*C by electron microscopy (Boni & Hui, 1983). The 

intermediate phase mainly consists of cylindrical Hy rod 

precursors and some minor point defects, i.e., IMI. Therefore 

our new rotational diffusion model should also be useful to 

study the molecular dynamics of the intermediate phase. 

This study was aimed at investigating both the local 

orientational order and rotational dynamics of the above two 

binary lipid mixtures as a function of PE content at a 

constant temperature. Furthermore the radii of curvature of 

these lipid mixtures in the HQ phase as well as in the 

intermediate phase were estimated from our time-resolved 

fluorescence measurements. Our calculated radius parameters 

were compared with the same parameters obtained from X-ray 

diffraction measurements for DOPE/DOPC mixtures (Rand et al., 

1990) . 

5.2 Results for DOPE/DOPC Mixtures 

Time-resolved fluorescence intensity and anisotropy decay 

measurements were performed for the DOPE/DOPC binary mixtures 

with DOPE content varying from 0 to 100 % and at 3 and 23°C. 
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The fluorescence lifetimes of DPH-PC in these lipid mixtures 

were measured and found to be insensitive to both lipid 

composition (0-100% DOPE) and temperature (3 and 23"C) (see 

Table 5.1). 

The rotational diffusion P2P4HOP model was employed to 

fit the frequency-domain fluorescence anisotropy data of 

DOPE/DOPC mixtures. The fitted <P2> and <P4> values of DPH-PC 

in the DOPE/DOPC mixtures as a function of DOPE content are 

shown in Figures 5.1 and 5.2, respectively. At 23°C, an abrupt 

increase in the values of <P2> and <P4> at 90% DOPE is clearly 

evident. In contrast, a progressive increase in the values of 

<p2> and <P4> as a function of DOPE content was found at 3°C. 

The values of the fitted wobbling diffusion constant, D^, 

of DPH-PC in the DOPE/DOPC mixtures as a function of DOPE 

content are shown in Figure 5.3. At 3*»C, the values of D^ for 

DOPE/DOPC mixtures were found to decrease slightly with 

increasing DOPE content. Yet an abrupt decline in the values 

of Dw was observed as the DOPE content was higher than 85% at 

23«C. 

The values of the fitted hopping diffusion constant, D„, 

of DPH-PC in the DOPE/DOPC mixtures as a function of DOPE 

content are shown in Figure 5.4. The values of D„ remained 

essentially zero at 3*C and at all lipid compositions but an 

abrupt increase was found as the DOPE content was higher than 

85% at 230c. 
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Table 5.1 

Fluorescence lifetime T of DPH-PC in DOPE/DC?C mixtures 

DOPE mol % 

0 

20 

40 

50 

55 

60 

65 

70 

75 

30 

85 

90 

95 

100 

Fluorescence lifetime of DPH-PC (ns) 

3«C 

6.02 ± 0.08 

6.05 ± 0.09 

6.07 ± 0.07 

6. 12 ± 0. 14 

6.14 ± 0.21 

6.05 ± 0.19 

6.07 ± 0.12 

6.11 ± 0.16 

6.10 ± 0.20 

6.05 ± 0.08 

6.06 ± 0.07 

5.91 ± 0.06 

5.98 ± 0.12 

5.93 ± 0.08 

23»C 

5.91 ± 0.07 

6.10 ± 0.11 

5.95 ± 0.06 

6.03 ± 0.12 

6.04 ± 0.16 

6.12 ± 0.22 

6. 14 ± 0.13 

6.04 ± 0.07 

6.06 ± 0.10 

5.92 ± 0.08 

5.97 ± 0.09 

6.07 ± 0.14 

5.92 ± 0.13 

5.86 ± 0.07 
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Figure 5.1 

Second rank order parameters <P2> versus DOPE content for DPH-
PC in DOPE/DOPC mixtures at 3*»C (D) and 23°C (•). 
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Figure 5.2 

Fourth rank order parameters <P4> versus DOPE content for DPH-
PC in DOPE/DOPC mixtures at 3'»C (D) and 23°C (•). 
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Figure 5.3 

Wobbling diffusion constant (D^) versus DOPE content for DPH-
PC in DOPE/DOPC mixtures at 3«»C (D) and 23°C (•). 
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Figure 5.4 

Hopping diffusion constant (DH) versus DOPE content for DPH-PC 
in DOPE/DOPC mixtures at 3°C (D) and 23»C (•). 
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The lateral diffusion constant (DL) of the lipids in the 

DOPE/DOPC mixtures at different DOPE contents at 2 3^0 were 

also determined by using excimer formation technique. The 

results are listed in Table 5.2. The radius of curvature of 

the lipid/water interface (R) of the HQ phase (DOPE content 

larger than 85%) was subsequently determined from the values 

of DL and DH as mentioned previously using the relationship of 

DH=(DL/R^) . The values of R for the DOPE/DOPC mixtures at 2 •'C 

with high DOPE contents (>85%) were found to be about 2 0 A. 

Based on the experimentally recovered order parameters, 

<P2> and <P4>, the reconstructed orientational distribution 

functions of DPH-PC in the DOPE/DOPC mixtures with varying 

DOPE content are plotted in Figures 5.5 and 5.6. At 3°C 

(Figure 5.5), the peak of the orientational distribution of 

DPH-PC molecules was located at about 32° for DOPC. The peak 

polar angle of the distribution function decreased gradually 

as the DOPE content of the DOPE/DOPC mixtures was increased. 

At 100% DOPE, the peak was found at 20°. At 23°C (Figure 5.6), 

a similar dependence of the peak location with DOPE content 

was observed for 0-80% DOPE. However, as the DOPE content 

reached 100%, the peak shifted dramatically to 0°. 

5.3 Results for DLPE/POPC Mixtures 

No significant changes in the fluorescence lifetimes of 

DPH-PC in the DLPE/POPC binary lipid mixtures were found by 

varying the lipid compositions at room temperature (see 



Table 5.2 

Lateral diffusion constants of py-?c in 
DOPE/DOPC mixture at 23«C 

97 

DOPE mol % 

0 

20 

40 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

DL (lO'cm's') 
i 

5.32 ± 0.38 

5.50 ± 0.39 

5.53 ± 0.47 

5.44 ± 0.54 

5.29 ± 0.41 

5.65 ± 0.39 

5.61 ± 0.42 

5.51 ± 0.36 

5.35 ± 0.40 

5.40 ± 0.28 

5.01 ± 0.37 

4.91 ± 0.46 

4.97 ± 0.32 

5.09 ± 0.48 
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Figu re 5 .5 

O r i e n t a t i o n a l d i s t r i b u t i o n f u n c t i o n f(^) v e r s u s p o l a r a n g l e 
/3 f o r DPH-PC i n DOPE/DOPC m i x t u r e s w i t h DOPE c o n t e n t of 0% 
( 1 ) , 20% ( 2 ) , 40% ( 3 ) , 60% ( 4 ) , 80% ( 5 ) , and 100% (6) a t 
5°C. 
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F i g u r e 5 . 6 

o r i e n t a t i o n a l d i s t r i b u t i o n f u n c t i o n /(i3) v e r s u s p o l a r a n g l e 
|S f o r DPH-PC i n DOPE/DOPC m i x t u r e s w i t h DOPE c o n t e n t of 0% 
( 1 ) , 20% ( 2 ) , 40% ( 3 ) , 60% ( 4 ) , 80% ( 5 ) , and 100% (6) a t 
2 3 ° C . 
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Fig. 5.7). The P2P4HOP model was also employed to fit the 

frequency-domain fluorescence anisotropy data of the 

DLPE/POPC mixtures. The fitted <P2> and <P4> values of DPH-

PC in the DLPE/POPC mixtures as a function of DLPE content 

at 23*0 are shown in Figure 5.8. For DLPE content lower 

than 65%, the values of both order parameters were 

essentially constant. A progressive increase in the values 

of <P2> and <P4> were observed as the DLPE content was 

increased from 60 to 85% DLPE. Thereafter the order 

parameters remained high as the DLPE content was further 

increased. 

The values of the two fitted rotational diffusion 

constants, Dw and DH, of DPH-PC in DLPE/POPC mixtures as a 

function of DLPE content are shown in Figure 5.9. The 

values of Dy, were found to remain constant at -4.0x10^ 

rad̂ s-̂  for DLPE contents less than 60%, increased to 7.5x10' 

radV^ at 80% DLPE, and then decreased abruptly to 5.6x10' 

rad̂ s-' at 90% DLPE. As the DLPE content increased further 

from 90 to 100%, Dw remained essentially constant at 

-6.0x10^ radV. The values of DH remained essentially zero 

for DLPE contents less than 60%, and increased steadily to 

-l.Oxlo'' rad̂ s"̂  as the DLPE content was increased from 60 to 

85%. Thereafter DH reached a plateau as the DLPE content 

changed from 90 to 100% DLPE. 

The lateral diffusion constants (DL) of the lipids in 

the DLPE/POPC mixtures with different DLPE contents at 23°C 
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Figure 5.7 

Fluorescence lifetime versus DLPE content for DPH-PC in 
DLPE/POPC mixtures at 23"C. 
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Second rank (D)and fourth rank (O)order parameters versus 
DLPE content for DPH-PC in DLPE/POPC mixtures at 23»C. 
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Figure 5.9 

Wobbling d i f fu s ion cons t an t (O) and hopping d i f fus ion 
cons t an t (D) ve r sus DLPE content for DPH-PC in DLPE/POPC 
mixtures a t 23«C. 
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were also determined by using excimer formation technique. 

The results are shown in Table 5.3. The radii of curvature 

of the lipid/water interface (R) in the Hy phase (> 90% 

DLPE) as well as the intermediate phases (75 - 90% DLPE) 

were subsequently determined from the values of DL and D̂  

as mentioned previously. The values of R for the DLPE/POPC 

mixtures at 23°C with high DLPE content (>65% DLPE) are 

shown in Figure 5.10. They were found to be about 30 A for 

the intermediate phase and 19 A for the HQ phase. 

The orientational distribution functions (f(^)) of 

DPH-PC in the DLPE/POPC mixtures were obtained from the 

experimentally recovered order parameters, <P2> and <P4>. 

The reconstructed orientational distribution functions of 

DPH-PC in the DLPE/POPC mixtures with different DLPE 

contents are plotted in Figure 5.11. The peak of the 

orientational distributions of DPH-PC was found at 0" for 

all lipid compositions. However the width of the 

distribution became broader as the lipids changed from the 

L« phase (50% DLPE) to the intermediate phase (80% DLPE). 

Interestingly, the distribution became sharper again as the 

lipids changed from the intermediate phase toward the HQ 

phase (100% DLPE). 
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Lateral diffusion constants of py-PC 
DLPE/POPC mixture at 23"C 

in 

DLPE mol % 

0 

20 

40 

60 

65 

68 

75 

80 

85 

87.5 

90 

95 

97 

100 

DL (lO-'̂ cm's-') 

5.32 ± 0.48 

5.76 ± 0.44 

5.46 ± 0.47 

5.64 ± 0.84 

5.72 ± 0.47 

5.95 ± 0.39 

6.86 ± 0.42 

7.51 ± 0.96 

5.55 ± 0.40 

4.40 ± 0.47 

5.02 ± 0.37 

4.68 ± 0.38 

4.88 ± 0.46 

5.11 ± 0.45 
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Figure 5.10 

Radius of curvature (D) of lipid layers in DLPE/POPC 
mixtures as a function of DLPE content at 23"C. 
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Figure 5.11 

Orientational distribution function f (jS) versus polar angle 
B for DPH-PC in DLPE/POPC mixtures with DLPE content of 50% 
(L„ phase), 80% (intermediate phase), 100% (HQ phase) at 
23*C. 



CHAPTER 6 

DISCUSSION AND CONCLUSION 

A detailed molecular dynamics study has been performed on 

various lyotropic liquid crystals which display ordered phases 

of different packing geometries. Similar to other molecular 

dynamics technique, e.g., ^̂c NMR (Pastor et al., 1988), 

physical models are required to extract meaningful parameters 

from the time-resolved fluorescence anisotropy data. By 

applying the newly developed rotational diffusion model 

(P2P4HOP model), four molecular parameters (<P2>, <P4>, D^ and 

DH) of DPH-PC in single lipid systems (DOPE and DOPC) and 

binary lipid mixtures (DOPE/DOPC and DLPE/POPC), which exhibit 

well-defined L„ and HQ phases, have been measured and compared. 

The fluorescent probe, DPH-PC, used in our fluorescence 

anisotropy decay measurements is a fluorescent lipid. The sn-2 

chain of this phospholipid consists of a DPH moiety attached 

to the lipid glycerol backbone via a short propanoyl chain. 

With this configuration, the orientational dynamics of the 

covalently attached DPH should be sensitive to the 

intermolecular constraint imposed by the host lipids on the 

whole DPH-PC's sn-2 chain including the region near the 

glycerol backbone. This means that the probe order parameter 

should reflect the overall molecular order experienced by the 

lipids in our model lyotropic liquid crystals. No significant 

changes were found in the fluorescence lifetimes of DPH-PC in 
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all lipid systems studied as a function of temperature and 

lipid composition. These results suggested that DPH-PC was 

well-mixed with the host lipids and that no aggregations of 

DPH-PC in all model lipid systems were evident at the low 

probe/lipid ratio of 1/1000. 

In the analysis of fluorescence anisotropy decays of 

fluorophores in solutions or crystals, it is commonly assumed 

that the value of TQ, the initial anisotropy at zero time, to 

be a fixed number (Ameloot et al., 1984). From the 

fluorescence anisotropy decay theory (see Chapter 3), ro is 

related to the angles of the absorption and emission dipole 

moments of the fluorophore with respect to the molecular long 

axis (6^ and 6,) . From angle-resolved fluorescence depolari

zation measurements (Deinum et al., 1988) on DPH and its 

analogue trimethyammonium DPH (TMA-DPH) in macroscopically 

oriented samples, 6, was found to be close to 0, whereas 6^ 

varies form lO** to 40°. The exact value of 6^ was known to 

depend on the chemical structure of the fluorophore and also 

the composition of the lipids. In this study, r,, was not fixed 

in the fitting process and 6^ of DPH-PC was found to be at the 

range of 25° to 30° based on the recovered values of TQ. 

By comparing the fittings of the First order 

Approximation and that of the WOBHOP model to the DPH-PC 

fluorescence anisotropy decay data for the pure DOPE and DOPC 

systems, the latter has proven to be a better physical model 

in describing the anisotropy decay behavior of probes in 
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hexagonally packed lyotropic liquid crystals. A hopping 

diffusion constant (DH) can be obtained from the WOBHOP fit. 

This observation provides strong evidence that the curvature 

related hopping diffusion plays a important role in the 

fluorescence anisotropy decay behavior of fluorophores in the 

HQ phase. Similar values of DH were also obtained by using a 

more elaborate P2P4HOP model in the fitting. 

As described in Chapter 3, DH is related to both the 

lateral diffusion constant of the lipids and the radius of 

curvature of the lipid layers. Our excimer formation 

measurements revealed that the orders of magnitude of the 

lipid lateral diffusion constants in DOPE and DOPC are similar 

and within the range of 1 to 5x10"̂  cm̂ s"' for all temperatures 

(0-40°C). Hence, the findings of the negligibly small values 

of DH (< O.lxlO'' s-̂) for DOPC at all temperatures and DOPE at 

0-12°C should be interpreted as the lack of a signifi ant 

interfacial curvature of these lipids at the mentioned 

temperatures. Wh-le the apparent increase in the values of DH 

(>1.0xlO'' s') for DOPE at temperatures higher than 12 °C 

£ Ignifies a temperature-induced increase in the interfacial 

curvature of the lipids, these curvature predictions agree 

with the known thermotropic phase behavior of the two lipids. 

DOPE has a known L„-HQ transition at 8-12°C (Cheng, 1989 and 

references therein) while DOPC has no L^-HQ transition at all 

temperatures. 
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The values of DH were also investigated in the DOPE/DOPC 

binary mixtures at different lipid compositions. In the 

composition study, the values of DH were essentially zero for 

all lipid compositions (0-100% DOPE) at 3°C and for low DOPE 

content (< 85% DOPE) at 23°C. These again indicate the absence 

of a pronounced interfacial curvature in those lipids under 

these mentioned conditions. On the other hand, the abrupt 

increase in D„ as the DOPE content was higher than 85% at 23 °C 

denotes a composition-driven increase in the interfacial 

curvature of the lipid mixtures. This lyotropic L^-HQ phase 

transition has been confirmed for DOPE/DOPC mixtures at 85-90% 

DOPE at 23°C based on X-ray diffraction (Gruner 1989, and 

references therein) and Fourier transform infrared (FTIR) 

measurements (Cheng, 1992) . 

From the relationship of DH = DL/R^, the radius of 

curvature (R) of the lipid/water interface in the HQ phase 

(eg., DOPE at temperatures higher than 14°C) was found to be 

approximately 20 A. Note that this structural dimension is 

derived purely from the time-resolved fluorescence 

measurements. Here R is defined from the center of the 

hexagonally packed lipid tube to the emission dipole moment of 

DPH-PC. Based on the known structure of DPH-PC (Parente & 

Lentz, 1985), the radius of the water core (Rw) inside the 

lipid tube is roughly 5 A less than the value of R and 

therefore lies in the magnitude of 15 A. Considering the 

experimental uncertainties of the fluorescence technique, our 
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estimated value of Rw compares favorably with the results 

obtained from a recent X-ray diffraction experiment on fully 

hydrated DOPE (Tate & Gruner, 1989). The former predicted a 

slightly larger value of Rw (-20 A). 

The agreements of the transitions of DH with the known 

thermotropic and lyotropic L„ to HQ phase transitions as well 

as the estimated Rw with X-ray results confirmed that the new 

rotational diffusion model is valid in describing the 

orientational dynamics of the lipids in the L„ and HQ phases. 

The hopping diffusion constant D„ is therefore sensitive to 

the phase state of the lipids and does not merely reflect the 

non-specific temperature nor composition dependent motion of 

the fluorescent probes in the host lipids. 

It is understood that a complete description of the 

orientational distribution of molecules in a lyotropic liquid 

crystal requires higher order expansion terms of the 

distribution function. The P2P4HOP model which includes one 

extra higher order parameter in its formalism serves this 

purpose. The fitted order parameters (<P2> and <P4>) from the 

P2P4HOP model provide useful information about the local 

orientational packing of the lipids with respect to the normal 

of the lipid/water interface in the L„ and HQ phases. Here DOPE 

and DOPC are respectively the HQ-phase preferring and the L„-

phase preferring lipids. The orientational distribution 

functions of pure DOPE, DOPC and DOPE/DOPC mixtures, which 

were derived from the values of <P2> and <P4>, suggested that 
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the lipid orientational distribution has a peak at non-zero 

polar angle in the L„ phase and zero polar angle in the HQ 

phase. Apparently, in the L„ phase the lipid acyl chains 

wobble around an orientation that is tilted away from the 

normal of the lipid/water interface, whereas in the HQ phase 

these chains wobble around the interface normal itself. 

Binary DLPE/POPC lipid mixtures were also investigated to 

study the unknown intermediate phase behavior. As mentioned in 

the introduction of Chapter 5, previous '̂p NMR, X-ray 

diffraction, electron microscopy on the phase properties of 

these lipid mixtures revealed the existence of three zones. L 

(0-75% PE) , intermediate (75-90% PE) and HQ (90-100% PE) 

phases. The values of DH increase significantly as the lipids 

enter the intermediate phase from the L„ phase. The increase 

in the order parameters and Dw were also evident. These 

observations suggested that some regions of the lipid layers 

in the intermediate phase exhibit non-zero curvatures. These 

regions most likely are associated with the HQ rod precursors 

or other defects within the lipid layers as previously found 

by other structural techniques (Boni & Hui, 1983). The local 

orientation and wobbling motion of the lipid in these regions 

are different from that in its bulk lamellar phase. In this 

study, the curvatures of these regions were assumed to be 

cylindrical. 

As the lipids enter the HQ phase from the intermediate 

phase, the order parameters and DH increased further while D^ 
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declined abruptly. These results agreed with those observed 

for the DOPE/DOPC mixtures at the L^-HQ phase transition. 

The orientational distribution function of DPH-PC in the 

intermediate phase is quite similar to that in the L„ phase. 

Only a slighter increase in the width of the distribution was 

found in the intermediate phase than the L„ phase. Still the 

distribution function in the HQ phase is the sharpest when 

compared with that in the L„ and intermediate phases. 

Recently a stress model has been proposed (Seddon,1990; 

Gruner, 1989). Within the context of this model, lipid 

monolayers consisting of HQ-phase preferring lipids have a 

characteristic non-zero spontaneous curvature. Confining these 

monolayers into a planar form results in a high elastic free 

energy stored in the lipids and gives rise to the lateral 

stress in the lipid layers. This is analogous to bending an 

intrinsically curved rubber into a planar sheet. The energy 

used for bending is stored in a form of elastic potential 

energy within the rubber. Owing to the presence of other 

competing free energy terms, such as electrostatic, hydration 

and hydrocarbon packing, the monolayers may retain in the 

planar L„ phase at the expense of a high elastic energy. Thus 

the lipid layers containing HQ-phase preferring lipids may 

experience a larger lateral pressure or stress in the bilayer 

than those containing L„-phase preferring lipids. 

The lateral pressure in the bilayer may be quantitated by 

comparing the molecular dynamics parameters of DPH-PC in DOPE 
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and DOPC at low temperatures (<12°C) where both lipids are in 

the L„ phase. Evidently the order parameters of DPH-PC in DOPE 

are significantly higher than that in DOPC at those 

temperatures. A correlation between the lateral pressure and 

the order parameters is proposed. An increase in lateral 

pressure corresponds to an increase in the orientational order 

parameters <P2> and <P4>. Our fluorescence data suggested that 

the lipids in DOPE are more stressed and oriented closer to 

the lipid/water interface normal than those in DOPC at the 

same temperatures. In addition, the observed progressive 

increase in the order parameters of DPH-PC in DOPE/DOPC 

mixtures (0-100% DOPE at 3°C and 0-80% DOPE at 23 ̂ C) in 

response to the increasing content of DOPE further supports 

this stress hypothesis. 

A significant shift in the orientational distribution 

function of DPH-PC towards the normal of the lipid/water 

interface as the lipids approach either the thermotropic or 

lyotropic L„ to HQ transition from the L„ phase was observed. 

This shift in distribution function further provides a 

quantitative picture of the orientational behavior of the 

lipids in the stressed lipid layers. Our results therefore 

suggested that the lateral pressure in the planar lipid layers 

containing HQ-preferring lipids is indeed higher than that 

containing L„-preferring lipids. 

A recent FTIR study (Cheng, 1992) on the CHj stretching 

frequency of both DOPE and DOPC confirmed that the amount of 
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gauche rotamers in the DOPE is less than that of DOPC. On the 

other hand, the C=0 stretching frequency of DOPE is higher 

than that of DOPC. These infrared measurements were performed 

at low temperatures at which both lipids are in the L„ phase. 

Thus both the tighter interfacial conformation at the lipid 

glycerol backbone and the more ordered acyl chains in DOPE 

explained the greater lateral pressure in the planar lipid 

layers which contain the HQ-phase preferring lipids. 

Both binary lipid mixtures results indicated that DPH-PC 

in the HQ phase is slightly ordered and oriented towards the 

lipid/water interface normal than that in the L„ phase. In 

addition an apparent decrease in the wobbling diffusion motion 

of DPH-PC was found in the L„ to HQ phase transition. These 

results led us to conclude that a higher intermolecular 

constraint is imposed on the lipids in the curved lipid layers 

than in the planar layers. It is known that the amount of 

gauche rotamers of the chains increases rather than decreases 

at the lyotropic L^-HQ transition when going from the L̂  to the 

HQ phase (Chen & Cheng, 1990; Cheng, 1992). Therefore the 

higher local orientational order and the more restricted 

wobbling motion of DPH-PC in the HQ phase must be attributed 

to the higher packing constraint imposed on the lipids near 

the glycerol backbone region. Note that the above proposed 

tighter packing in the glycerol backbone region of the lipids 

in the HQ phase is supported by the observed increase in the 

infrared C=0 stretching frequency of the lipids at the 
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lyotropic L^-HQ phase transition of the same DOPE/DOPC mixtures 

(Cheng, 1992). 

It is important to mention that our data indicated that 

the radius of curvature decreases with increasing temperature 

for DOPE. This implies a decrease in Rw (radius of water core) 

with temperature assuming that the thickness of the lipid 

layers in the HQ phase is insensitive to temperature. The 

above finding is in accord with the theoretical prediction 

that both the elastic and hydrocarbon packing energy terms are 

reduced by decreasing Rw to compensate for the increased 

thermal energy (Gruner, 1989). 

In summary, time-resolved fluorescence technique as 

described in this study provides a useful means to explore the 

rotational dynamics and orientational distribution of the 

lipids in lyotropic liquid crystals. The new parameter DH 

allows one to detect the change in the local curvature of the 

lyotropic liquid crystals. The local orientational 

distribution function of DPH-PC is useful to quantitate the 

lateral pressure experienced by the lipids in both the planar 

L, phase and the highly curved HQ phase. The application of 

this molecular dynamics technique to more complicated 

lyotropic liquid crystals (e.g., ternary lipid mixtures) with 

some peculiar packing symmetry can further be pursued in the 

future. 
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