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ABSTRACT 

 

The regulation of several activities of the cell membranes has been associated 

with the formation of membrane domains. Self assembling lipid bilayers that serve as 

model cell membranes have been used to study their lateral organization and the 

formation of such lateral membrane domains. A recently proposed Superlattice (SL) 

model and several experimental studies have shown that Cholesterol and several lipids 

molecules tend to form an ordered domain at certain critical compositions as predicted by 

the SL model.  

Cholesterol/POPE/POPC lipid bilayers were used in this work and their lateral 

organization and the formation of membrane domains was studied using steady state and 

time-resolved fluorescence spectroscopy. The peaks and dips obtained in the values of 

the steady state anisotropy and the parameters obtained from the time-resolved studies 

serve as evidence indicating the formation of ordered domains at the head group and acyl 

chain level. 

An attempt was made to study the effect of formation of such membrane domains 

on the binding of proteins to the membrane. A glass microfluidic chip was fabricated for 

this purpose. The binding of the proteins to the supported bilayers in the microchannels 

of the biochip was studied using total internal refraction fluorescence microscopy.  
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1 Introduction 

The fluid mosaic model of the biological membranes proposed by Singer and 

Nicholson in 1971 is one of the best known models till date. According to this model, the 

membranes are made up of lipid bilayers with occasional occurrence of proteins in the 

lipid matrix. The lipids forming the bilayer and the proteins in the matrix are assumed to 

be randomly distributed without any order in the membrane. In other words, the model 

describes the membrane as an isotropic medium lacking in organization, with the 

membrane components (i.e. proteins and lipids) free to move laterally. However several 

later studies show the existence of ordered domains in the bilayer (Presti, 1982; 

Somerharju, 1985; Virtanen, 1995). Ordered domains in the lipid bilayers may be present 

in the form of detergent resistant membranes, lipid rafts and caveolae (London and 

Brown 1997; Simons and Ikonen, 1997; Mukherjee and Maxfield, 2000; Simons and 

Toomre, 2000 and London, 2002). These domains are not just membrane irregularities 

but are believed to have certain specific functions such as lipid composition regulation 

(Virtanen, 1998), protein binding and lipid protein interaction (Simons and Ikonen 1997), 

enzyme regulation (Somerharju, 1999), proteolysis (Brown and London, 1998), signal 

transduction (Simons and Toomre, 2000; Brown and London, 1998), intracellular 

trafficking (Mukherjee and Maxfield, 2000). The factors that influence the formation, 
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stability of the membrane domains and their functions have been of great interest in the 

ongoing research in this field.  

 

1.2 Constituents of the biological membranes  

The major constituents of the bio-membranes are lipids and proteins. Lipids can 

be classified into five different categories. Fatty acids, triacyl glycerol, 

glycerophospholipids, spingolipids and steroids. Fatty acids are carboxylic acids with a 

long hydrocarbon chain. The hydrocarbon chain may have one or more double bonds in it 

or may be saturated i.e. absence of any double bonds along the hydrocarbon chain. Fatty 

acids containing 14-20 carbons are widely found in plants and animals. Of these the C16 

(palmitic), C18 (stearic, oleic, linoleic) are the predominant ones. The tri-acyl glycerols or 

triglycerides are fatty acid esters of glycerol. They serve as energy reservoirs in plants 

and animals. They are therefore the most abundant form of lipids. However they are not 

components of cellular membrane. The major classes of lipids that constitute the cellular 

membranes are the glycerophospholipids, spingolipids and cholesterol (a class of 

steroids). The glycerophospholipids consist of a glycerol-3-phosphate esterified with fatty 

acids at the C1 and C2 positions. The phosphoryl group at the C3 position in addition is 

attached to another group 'x' as shown in the figure in Table1.1. The third class of lipids, 

spingolipids is usually a derivative of spingosine (figure 1.1) a C18 amino acid. The N-

acyl fatty acid derivatives of spingosine known as ceramides (figure 1.1) are the parent 

compounds of most spingolipids. The spingolipids can be further classified as 

spingomyelins (figure 1.2) (ceramides containing a phosphocholine or 
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phosphoethanolamine head group), cerebrocides (containing a head group with a single 

sugar unit) and gangliocides (ceramides attached with oligosaccharides that contain at 

least one sialic acid residue). Both glycerophospholipids and spingolipids thus have a 

polar head group and non polar tails made up of acyl chains. Other important constituents 

of the membranes are sterols like cholesterol. Table 1.1 shows different lipids that have 

been found to exist in the lipid bilayers.  

 

Table1.1: Chemical structure of different phospholipids present in a lipid bilayer.  The 
figure above the table shows the general chemical structure of a phospholipid. The 
various phospholipids obtained by replacing the -X with specific groups is shown in the 
table. (Lakowicz, 1999). 
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                                       Figure 1.1. Sphingosine (left) ,  A ceramide (right) 

 

                                                                                                                 

Figure 1.2: Spingomyelin (Lakowicz, 1999) 
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The constituent lipids forming the bilayer can be in different phases depending on 

the temperature and the composition. The phospholipids and the spingolipids both have a 

melting temperature (TM) below which they exist in a solid (gel) state and above which 

they exist in a liquid like state (Mukherjee and Ikonen, 2000). The lipids in the gel state 

are packed more tightly and have an ordered array and are termed to be in a liquid 

crystalline phase (lc) while the lipids in the liquid state are loosely packed and are free to 

move around. The liquid phase is called the liquid disordered phase (ld). Different lipids 

forming the membrane have a different Tm. This suggests that the heterogeneity in the 

membrane composition can lead to segregation of the constituent lipids into different 

phases in the membrane. The presence of cholesterol and lipids having high Tm (such as 

spingolipids)  in the membrane favors the formation of an intermediate liquid ordered (lo) 

phase in which the acyl chains of the lipids are ordered as in the gel state but also have a 

greater lateral mobility (Lentz et al., 1980; London & Brown, 1998, Simons and Ikonen, 

2000).  

 

1.3 Factors governing membrane heterogeneity 

The lipid membrane is made up of several components and each of it can 

influence the properties of the membrane and the membrane organization. Some of them 

are discussed below.  
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1.3.1 Lipid acyl groups chain length and head groups 

The hydrophobic portion of the lipid molecules consists of a long hydrocarbon 

acyl group that can be 16-20 carbons long (McMullen et al., 2004). The acyl group 

present in different lipid molecules can be of different length. Thus when two different 

lipids one containing a longer hydrophobic part than the other come together it might 

result in a local disorder in the membrane (Killian, 1998). The presence of unsaturated 

acyl chains in the lipids tends to increase the fluidity of the membrane while saturated 

hydrocarbon chains tend to be more closely packed leading to an ordered structure. The 

unsaturations lead to a decreased intermolecular van der Waals interaction among the 

acyl chains. The lipid domains i.e. DRMs’ and rafts which have been found to be in the lo 

state are enriched with spingolipids and lipids that contain saturated hydrocarbon tails 

(Edidin and London, 2002). Further the proteins linked to these domains have also been 

found to be anchored by saturated fatty acid chains (Mukherjee and Maxfield, 2000; 

Simons and Vaz, 2004).  

Different lipids constituting the lipid membrane can have head groups of different 

sizes. In addition the cross sectional area occupied by the head groups can be greater than 

that occupied by the acyl chains. For example the limiting surface area of egg PC 

molecules are about 58Å (29Å for each acyl chain), while that for cholesterol is about 

37Å (Virtanen, 1995) and for PE headgroup it is about 41.3Å, while the PC head group 

area is about 71Å (Israelachvili and Mithchell, 1975). The presence of a larger head 

group than the acyl chain causes the tails to be more loosely packed if the heads are 

placed close to each other. However if a molecule like cholesterol which has a relatively 
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smaller head group as compared to its hydrophobic tail, or a saturated long chain fatty 

acid/alcohol is present, it can then act as a spacer molecule between the lipids and help in 

achieving a closer packing i.e. increase the acyl chain order (Somerharju,  1985). It has 

been proved by experiments with model membranes that the addition of cholesterol or 

lipids with saturated acyl chains such as spingolipids favor the lo phase (Brown & 

London, 1998). The head groups in addition can have different charges. Phosphocholines 

for example are zwitterionic. Phosphatidic acid, phosphatidyl serine, phosphatidylinositol 

have a negative charge (Virtenen, 1998). Attractive and repulsive forces between the 

head groups can lead to the ordered arrangement of head groups in the membrane 

(Mukherjee and Maxfield, 2000; Virtanen, 1998). 

 

 
1.3.2 Effect of cholesterol  
 

 
Figure 1.3: Structure of Cholesterol 

Cholesterol is an important component of lipid membranes. It has been found that 

cholesterol acts as a plasticizer i.e. increasing the composition of cholesterol increases the 
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rigidity of the fluid phase and addition of cholesterol to the gel phase increases its 

fluidity. The addition of cholesterol to gel or ld phase can lead to the formation of lo 

phase. The interaction of cholesterol with neighboring lipid molecules has been of great 

interest. Radhakrishnan et al. (2000) have reported that cholesterol can form condensed 

complexes with phospholipids that can coexist with a phospholipid rich and cholesterol 

rich phase. The formation of such complexes might be of relevance in the formation of 

membrane rafts. Cholesterol interacts preferentially with the neighboring lipids. It 

interacts more strongly with lipids that have a saturated acyl chain than those that have 

unsaturations. The straight saturated acyl chains can provide greater order conformation 

to the flat sterol rings than the unsaturated chains. The position of the double bond is also 

important. If the unsaturations occur much lower in the acyl chains i.e after the 14th 

carbon then it does not have any effect on the interaction with cholesterol. The 

spingolipids usually have a long saturated acyl chain and hence interact more favorably 

with cholesterol. The interaction of cholesterol with polyunsaturated fatty acids (Wassall, 

2004) containing unsaturations at C4-C6 also show similar results. The interaction of 

cholesterol with the unsaturated acyl chains therefore depends on location of the double 

bonds. The double bonds when present at the sterol ring level of the cholesterol do not 

allow the cholesterol to approach the acyl chains at a closer proximity and therefore does 

not favor a good interaction, however when located deeper in the acyl chain below the 

level of the sterol ring, the cholesterol molecule can get much closer to the acyl chain and 

exhibit a greater van der Waals interaction. 
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Cholesterol cannot form a lipid bilayer by itself and hence the solubility of 

cholesterol in the bilayer is limited. It has been reported by several authors (Bear & 

Palmer, 1941; Fischer et al., 1984) that cholesterol deposits sometimes as crystals in 

solution during sample preparation. Thus preparation of samples containing cholesterol is 

difficult and if not done carefully the prepared sample might actually reflect a different 

composition than intended. Huang et al. (1999) studied the solubility of cholesterol in 

POPC and POPE bilayers and also have developed several new methods for the 

preparation of stable samples with high cholesterol composition. They put forth the 

Umbrella model to explain the solubility of cholesterol in lipid bilayers and cholesterol 

phospholipid interaction. According to this model, cholesterol acts as a spacer between 

the phospholipid molecules that have a larger head group (area) as compared to the acyl 

chain. The smaller area of the cholesterol head group (a hydroxyl group) favors the 

ordering of the acyl chains of the phospholipids which are otherwise loosely packed 

below the phopholipid head. The larger phospholipid head groups in turn cover the 

smaller cholesterol head group to protect the hydrophobic portion from getting exposed 

to water there by acting like an umbrella. However at higher concentrations of 

cholesterol, when there are not enough phospholipids to cover the cholesterol head 

groups, cholesterol solubility in the membrane decreases and it deposits as crystals.   

Their studies also indicated that the solubility of cholesterol was not affected by the 

length of the hydrocarbon chains. 
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1.3.3 Membrane associated proteins-Protein lipid interactions 
 

Proteins are an important constituent of membranes. Many of the membrane 

proteins interact preferentially with certain lipids present in the membrane. This 

preferential interaction can favor the formation of lipid domains. The interaction of 

proteins with the lipids can be based on its charge or due to its hydrophobicity. The 

hydrophobic portion of the proteins that is exposed to the lipid can often be larger than 

the membrane thickness. In such case the membrane lipid or proteins have to change their 

conformation in order to minimize the hydrophobic mismatch. The proteins can stretch 

when the membrane thickness is smaller or they can fit themselves within the membrane 

by tilting their trans-membrane helices or by taking a different conformation. The lipids 

similarly can either stretch their acyl chains (Killan et al., 1998). In the presence of 

several lipids in the membrane the proteins may preferentially interact with a particular 

lipid which has a similar hydrophobic length or an opposite charge. The protein-lipid 

interaction can act as a mechanism to maintain the proteins' stability. Ryba and Marsh 

(1992) have studied the stability of rhodopsin in PC bilayers. Ca+2 -ATPase and Na+, K+ - 

ATPase for example showed an optimum activity when they were reconstituted in PC 

bilayers of length about 18 carbons. The enzyme activity was found to increase by the 

addition of decane which decreases the membrane thickness, while the activity decreased 

with the addition of lipids with longer chains. This shows that the hydrophobic matching 

regulates the activity of proteins (Johannsson et al., 1981a, b). Mouritsin and Bloom 

(1984) have proposed the “Mattress Model” that describes the adaptation of proteins and 

their segregation due to hydrophobic mismatch. Proteins that interact preferentially with 
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saturated acyl chains have a tendency to move to the ordered phase of the DRMs. Several 

GPI anchored proteins (which contain a saturated acyl chain) were found to be enriched 

in the cholesterol-spingolipid domains which are detergent resistant (Brown & London, 

1997). The Src-family kinases, endothelial NO synthase, caveolin, influenza 

hemagglutinin are some DRM proteins linked to saturated acyl chains (Killian, 1998).  

 

1.4 Techniques used to study membrane properties  

A wide range of techniques have been employed for studying different properties 

of the lipid membrane. Some of the most commonly used techniques are based on 

fluorescence such as fluorescence microscopy, fluorescence resonance energy transfer 

(FRET), fluorescence recovery after photo bleaching (FRAP), fluorescent lifetime and 

anisotropy studies.  

FRET refers to Foster Resonance Energy Transfer. It involves the transfer of 

energy from a molecule in an excited state to its neighboring molecule through a non 

radiative dipole-dipole interaction. The process is called fluorescence resonance energy 

transfer if the acceptor molecule is a fluorescent dye. FRET can be applied to study 

interaction of single molecules, receptor ligand interaction (Kubitscheck et al., 1991; 

Gagne et al., 2002), domain formation in membranes (Parket et al., 2004) and spatial 

distribution and assembly of protein complex (Kenworthy and Edidin, 1998). 

FRAP: In this technique a defined region of a sample is photo-bleached and the 

recovery of fluorescence in this region is studied. This has been used to study the 
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dynamic properties of the membranes like diffusion and transport across the membrane 

(Yechiel and Edidin, 1987; Edidin and Stroynowski, 1991) 

Steady state and time resolved anisotropy studies of different fluorescent probes 

incorporated in the membrane have been employed to study the fluidity of the membrane 

and phase separations. The fluorescent life time of the probes can be correlated to the 

environment in which they are located and this can give us an idea about the membrane 

organization. (Cannon et al., 2003; Cheng et al., 1999; Somerharju et al., 1985, Lentz et 

al., 1980). 

Electron paramagnetic resonance (EPR) spectroscopy has been used to study 

lipid-protein interactions, stoichiometry and selectivity and also the configuration and 

rotational dynamics of protein associated lipid chains (Marsh & Horvath, 1998). EPR has 

also been used to study alterations in membrane characteristics like fluidity (Tsuda et al., 

1995). Solid state Nuclear magnetic resonance (NMR) has also been used to study lipid 

protein interaction (Simons and Vaz, 2004). 

Atomic force microscopy (AFM) has been used to study membrane fluidity and 

domain formation in membranes by studying the changes in membrane thickness using 

supported bilayers (Simons and Vaz  2004).   

Highly advanced techniques like Single particle tracking (SPT) can be used to 

obtain higher resolutions than some of the previous methods. SPT can be used to study 

membrane properties like diffusion & motion of membrane particles, membrane reaction 

kinetics and equilibrium, membrane organization (Saxton and Jacobson, 1997).  
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1.5 Previous models and experimental evidence suggesting 
      existence of membrane domains 
 

It is now evident that the lipid membranes cannot be described by a simple fluid 

mosaic model. In that the model does not account for the existence of micro domains in 

the lipid bilayer, which is believed to be involved in several important functions stated 

earlier. Most of the work done in the past deal with the effect of cholesterol in the 

organization of lipid membranes and the role it plays in the formation of membrane micro 

domains. The reason for this is that cholesterol is major membrane constituent and 

present in all mammalian cells (Yeagle, 1993; Bloch, 1988) and the specific functions of 

cholesterol in the body are not yet well understood. Previous studies by Lentz et al. 

(1980) show that the addition of cholesterol to phospholipid bilayers can lead to phase 

separation and formation of lipid micro domains with distinct cholesterol composition. 

Several models have been proposed to explain the formation of such micro domains.   

It had been suggested that the hydrogen bonding between the b-OH of cholesterol 

and carbonyl groups of the phospholipids were responsible for the membrane segregation 

into ordered domains (Brockerhoff, 1974). However the permeability studies on diester, 

dialkyl and diether lipids (Cleajan et al. 1979), P31 NMR (Yeagle et al., 1935), infrared 

and Raman spectroscopic studies have eliminated the possibility of hydrogen bonding 

between the sterol-OH and the phospholipid molecule. The interaction of the alpha sterol 

face with the lipid hydrocarbon chain (Yeagle et al., 1977) has been suggested as a reason 

for the formation of the membrane domains. Presti and Chan (1982) have indicated the 

interaction of b-OH head group of the cholesterol with that of the lipid and also that 
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proper alignment in the hydrocarbon region as a necessity for this head group interaction 

of cholesterol. 

Presti et al. (1982) have proposed a model according to which addition of 

cholesterol to phospholipids forms cholesterol rich domains containing 1:2 ratio of 

cholesterol to phospholipids. The Cholesterol rich domains coexist with free 

phospholipid domains with interfacial boundary phospholipids. One of the phospholipid 

is hydrogen bonded to the b-OH of the cholesterol through its glycerol ester oxygen while 

the other phospholipid is associated to the complex through van der Waals' forces. At 

about 20 mol % cholesterol the phospholipids domains were found to disappear and only 

the interfacial phospholipids associated with the 1:2 complex remained. The 

disappearance of the gel-liquid-crystal transition temperature at 20 mol % cholesterol as 

observed by calorimetry (Mabrey, 1978 and Estep, 1978) and ESR studies (Presti and 

Chan, 1982) are in agreement with this. With the addition of cholesterol the interfacial 

phospholipids decreased and the cholesterol rich domains increased. At about 33.5% mol 

cholesterol the interfacial phospholipids disappeared completely.  With the increase in the 

concentration of cholesterol above 33mol% it was suggested that a 1:1 complex was 

formed until up to 50% after which cholesterol was precipitated as hydrated crystal. This 

model suggested the interfacial phospholipids to assist in membrane permeation and 

transportation across the membrane. The cessation in the fast molecular transport at 

33.33mol% cholesterol (Tsong, 1975) supports this. The results of the study of lateral 

diffusion in membranes by Rubenstein et al. (1979) also support this model. In that a 

sharp change in the diffusion coefficient was observed at 20% cholesterol indicating a 
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phase change in the membrane. They also found the diffusion coefficient to be 

independent of temperature at 33% cholesterol. This is because diffusion is limited by the 

presence of gel state phospholipid phase. At 33mol% cholesterol the interfacial 

phospholipids disappear and hence the diffusion must be independent of the temperature 

at this composition.  

Paramagnetic spin resonance studies in Cholesterol/dimeristoyl phosphocholine 

(Rubenstien et al., 1980) have also indicated the occurrence of certain critical cholesterol 

compositions between 0-50%. Somerharju et al. (1985) had studied the monomer to 

eximer fluorescence intensity ratio of several pyrene phospholipids (Pyr-PC, PE, PG, PI 

etc). The plots of the intensity ratio vs the mole fractions of the pyrene-phopspholipid 

showed kinks at certain critical mole fractions for all the pyrene phospholipids. The non 

monotonous appearance of these kinks at Xpyr pl = 0.05, 0.09, 0.154, 0.02, 0.5 indicated 

the ordered arrangement of the phospholipid acyl chains. The regular arrangement was 

explained in terms of the superlattice model (Virtanen et al., 1988). They suggested the 

existence of more than a single phase at intermediate points between the critical mole 

fractions while only a single phase prevailed at the critical mole fractions. 

Virtanen et al. (1995) studied the formation of domains in cholesterol DMPC lipid 

bilayers. They used Di-Pyr PCs as probes and studied the eximer to monomer 

fluorescence intensity ratio to characterize the organization of the lipid bilayer. They 

observed that in the range of 0.05-0.60mol% of cholesterol CMFs occurred at Xchol = 

0.12, 0.15, 0.20, 0.25, 0.33, 0.40, 0.50, 0.67. The deviations at the CMFs were again 

explained by the super-lattice model. The superlattice model for cholesterol-phospholipid 
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interaction, states that: 1) the phospholipid acyl chains exist in a hexagonal symmetric 

lattice, 2) the cholesterol molecule replace a single acyl chain of the phospholipid in the 

lattice, 3) the bulkiness of the cholesterol causes membrane perturbations and the 

perturbations are minimized when the cholesterol molecules are separated maximally, 

which results only when we have hexagonal or centered rectangular lattice arrangement.  

Time resolved fluorescence using DPH-PC a fluorescent probe and Fourier 

transformed infrared spectroscopic studies by Cannon et al. (2003), of POPC/Chol 

bilayers showed critical compositions of Xchol = 0.20, 0.30-0.33, 0.40, 0.50 and 0.55. 

These CMFs are in accordance with the predictions of the superlattice model except the 

one at 0.55 which was detected only by the time resolved studies. However ever recent 

computer simulations (Huang and Feigenson, 1999) and fluorescent studies suggest the 

existence of CMF at Xchol = 0.57. As discussed earlier the cholesterol molecules with 

smaller head groups act as a spacer between the PC molecules which have a larger head 

group as compared to their acyl chains. The PC head groups in turn protect the 

cholesterol from being exposed to the water and shield the hydrophobic part, which is in 

accordance with the umbrella model (Huang and Feigenson, 1999).  

Fluorescence anisotropy and FRET studies were made (Parker et al., 2004) on 

DOPC/Cholesterol bilayers at high cholesterol limit (up to 0.67 Cholesterol) using DPH-

PC probes and dehydroergosterol (DHE). (The DHE is a fluorescent analog of cholesterol 

that acts as the donor while the DPH-PC acts as a acceptor. The transfer of energy 

between the donor and the acceptor depends on the relative distance between the two and 

also on the relative orientations of the transition dipole moments of the donor and the 
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acceptor). The FRET efficiency showed jumps, dips or at high Xchol = 0.50, 0.57 and 

0.67. This indicated a sudden change in the distance or relative dipole orientation 

between donor and acceptor there by indicating regular membrane distribution. The 

DPH-PC has a lower affinity for cholesterol as compared to DOPC. The DHE being 

similar to cholesterol can replace space occupied by cholesterol in the super-lattice. At 

high cholesterol concentration due to the formation of the superlattice each cholesterol 

molecule must have contact with atleast 3 acyl chains and DPH-PC must be therefore 

associated closely with the cholesterol leading to an increase in the FRET effecieny. At 

lower concentrations of cholesterol i.e  <50 mol %, the DPH-PC can occupy the sites that 

have no contact with cholesterol and hence we have a low FRET efficiency. These are in 

agreement with the predictions made by the Monte-carlo simulations based on the 

umbrella model (Huang and Feigenson, 1999). 

According to the superlattice model each cholesterol molecule replaces a single 

acyl chain of phospholipid molecule (Virtanen et al., 1995). When present at high 

concentrations i.e greater than 0.25 the cholesterol interacts strongly with the neighboring 

acyl chains. It has also been found that even at lower concentrations the presence of 

cholesterol causes the acyl chain to be packed closely of the order of van der Waals 

forces (de Bernard, 1969; Lundberg, 1982). Even at low concentrations of about 0.118 

the acyl chains are not farther than two lattice spaces from a cholesterol molecule. This 

has also been supported by results of the computer simulations by Edholm and Nyberg 

(1992). As a result the addition of cholesterol to the membrane should cause a 

condensation or decreases the effective area occupied by a lipid molecule. This should 
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result in the formation of ordered domains. The cross section of a cholesterol molecule is 

smaller than that of a phospholipid molecule. Thus if it were to replace both the acyl 

chains of the phospholipid it would rather result in the fluidity of the membrane rather 

than condensing it to an ordered domain. The interaction of cholesterol with the acyl 

chains of the lipids has been attributed to the lipid membrane ordering.  

Virtanen et al. (1998) have proposed that phospholipid head groups tend to adopt 

a regular super lattice like distribution.  The head group superlattice model predicts the 

CMFs assuming that 1).each of the head group occupies a lattice site. 2). based on the 

similarity (size/charge) the head groups were classified into three major groups. The 

choline phospholipids (CP), spingomyelins (SM), phosphatdylcholines (PC) were 

classified into one group, the acidic phospholipids (Aps), phosphatdylserine(PS), 

phoshatdylinositol (PI) and phosphatidic acid (PA) were put together in another group as 

they all have a negatively charged head group. The phosphatidyl ethanolamine (PE) 

forms the third group. The critical compositions were calculated using the formula given 

in Table 1.2 (see below). The predicted values were found to agree with the observed 

values with slight deviations. They observed the CP head group content of the outer 

leaflets to be almost constant in different species though the relative amounts of PC and 

SM head groups varied. Based on this they concluded that there was a tendency to 

maintain a constant head group composition rather than a constant spingolipid/ 

glycerolipid composition in the outer leaflet of the bilayer. Fluorescence studies of DHE 

in POPE/POPC bilayers by Cheng et al. (1999) showed CMFs at XPE = 0.10, 0.25, 0.33, 

0.65, 0.75, 0.88. These are in agreement with the acyl chain/sterol CMFs predicted by 
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superlattices model (Virtanen et al., 1995 & 1998; Chong, 1994). The changes in the 

DHE fluorescence intensity and lifetime were attributed to the change in the polarity of 

the medium in which it was located, suggesting the formation of head group super-

lattices. 

 

1.6 The super lattice theory in brief  

The super lattice or the regular distribution model predicts certain critical 

concentration of each membrane constituent at which they tend to have a regular (rather 

than a random) lateral distributions in the lipid bilayer. The critical compositions depends 

on the number of lattice sites occupied by the guests (g) and the host (h) molecules and 

the size of the unit cell (P) formed and given by a simple formula like the one below.                                           

                                                      Xg = h / (P+h-g)                                   (1) 

The super lattices having symmetric unit cells that can be hexagonal or centered 

rectangular (Chong 1994, Virtanen et al., 1995; Somerharju et al., 1985) have been 

proposed. Suppose we consider an acyl chain superlattice with hexagonal superlattice 

then the number of lattice sites occupied by each host molecule is 2 and the number of 

sites occupied by the guest (cholesterol) would be 1. Then                                                

                                                     Xchol,HX = 2 / (a2+ab+b2+1) .                     (2) 

The formula for calculating the critical mole fraction for different superlattice 

configurations is given in Table 1.2. The number of lattice sites occupied by host  in case 

of acyl chain superlattice would be 2 (as each lipid molecule has 2 acyl chains) where as 
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it would be 1 in case of head group superlattice (each lipid head-group  occupies 1  lattice 

site).   

 

Table 1.2:  Formulas for predicting the superlattice critical compositions                                    
h = 1 (head group superlattice), 2 (acyl chain superlattice), g = 1 (cholesterol) 

Super lattice shape P Xg 

   Hexagonal (HX)              PHX= a2+b2+ ab      h / (a2+b2+ ab + h – g)  

Centered Rectangular  (CR)           PCR= 2 ab + b2                       h / (2 ab + b2 + h – g) 
 

The formation of the superlattices can be explained on the basis of attractive/ 

repulsive forces, hydrophobic mismatch, membrane curvature, hydration, effect of 

cholesterol and multibody interactions as explained before.  

The finer points of the super lattice theory have been stated as below. a) The super 

lattices represent the minimum energy configuration that the lipid bilayer can achieve (at 

that particular composition). b) the supper lattices do not prevail over the entire 

membrane but rather exist in equilibrium with other super lattices and with randomly 

distributed domains. c) the super lattices are formed only at certain critical mole-fractions 

of the guest lipids. d) the changes in the membrane order are not gradual but occur 

abruptly at  these CMFs. e) lateral packing defects surrounding the supper lattice domains  

occur at or near the critical mole fractions (Cannon et al. 2003). f) At intermediate points 

between these CMFs two different supper lattices may coexist along with domains of 

random cholesterol distribution. The super lattice model also predicts the formation of 

head group super lattices in membranes containing dissimilar head groups like PC and PE 

(Virtanen et al. 1999). 



 21 

1.7 Objective of research 

The formation of ordered domains with distinct composition in lipid membranes 

has been of great interest in the recent years. Membrane lateral organization, structure 

and specifically the formation of membrane domains have been associated with several 

important cellular functions and activities. Several cellular activities like membrane 

permeation, intracellular trafficking, signal transduction, exo and endocytocis, regulation 

of enzyme activity, membrane lipid composition and cholesterol efflux, protein sorting 

(Mukherjee et al., 2000; Simons and Toomre 2000, Virtanen et al., 1998; Simons & 

Ikonen, 2000). Previous studies by (Cheng et al., 1997&1999; Somerharju et al., 1999 

and Virtanen et al., 1998) have suggested the formation of head group superlattice in 

POPE/POPC bilayers. Their experiments employing fluorescent spectroscopy and 

Fourier transferred infrared spectroscopy revealed the formation of ordered membrane 

superlattices at XPE
 = 0.10, 0.16, 0.25, 0.33, 0.50, 0.66, 0.75, 0.82 and 0.88. Similar 

experiments by Cannon et al. (2003) in POPC/Cholesterol bilayers revealed the formation 

of domains at Xchol= 0.20, 0.30, 0.40 & 0.50. These studies suggest both cholesterol and 

head group size play an important role in domain formation. However the co-existence of 

both head group and cholesterol superlattice in lipid membrane has not yet been explored. 

The main focus of this thesis work was to find out if head group and cholesterol 

superlattices would co-exist in a lipid membrane.  

A POPE/POPC/Cholesterol model membrane was prepared for this purpose and 

the domain formation was investigated using a fluorescent diphenylhexatriene–

phosphocholine (DPH-PC). The rotational dynamics and fluorescence decay lifetime of 
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the probe are sensitive to the heterogeneity and rotational order of the environments in 

which the probe is located (Parente & Lentz, 1985; Cheng, 1989; Chen & Cheng, 1996). 

The results of this study were then compared with those obtained from FTIR analysis of 

POPE/POPC/Cholesterol membranes of the same composition but in the absence of any 

probe.  

The PE is enriched in the inner leaflets while the PC is enriched in the outer 

leaflets of erythorcyte membranes of many mammalian species (Virtanen et al., 1998). 

The selection of a POPE/POPC/Cholesterol ternary system is therefore much closer to a 

natural cell membrane. 
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CHAPTER 2 
 

THEORY OF FLUORESCENCE SPECTROSCOPY AND  
 

FLUORESCENCE DATA ANALYSIS 

 

2.1 Introduction to Fluorescence spectroscopy  

Fluorescence spectroscopy/microscopy is being widely used in the field of 

biochemistry and biophysics. It is being extensively used in a wide variety of fields such 

as clinical chemistry, DNA sequencing, genetic analysis, interfacial chemistry, flow 

cytometry etc. The emission of light from any substance is called luminescence and is 

associated with transfer of electron between the ground and excited state. Depending on 

the nature of the excited state luminescence can be classified into two categories, 

fluorescence and phosphorescence. Fluorescence is relatively faster as compared to 

phosphorescence. The emission rates due to fluorescence are of the order of 108 s-1 while 

phosphorescence occurs over a 103-100s. The typical fluorescence life times of 

fluorophores are about 10ns, while several fluorophores show very short lifetimes of the 

order of 0.5ns. Erythrosin can produce phosphorescence and delayed fluorescence with a 

long lifetime of 10-3 sec. (Kinosita et al., 1984). Figure 2.1 shows the phenomenon of 

fluorescence and phosphorescence.     
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Figure 2.1: Jablonski diagram showing the phenomenon of fluorescence and 
phosphorescence. S0, S1 and S2 represent the ground, first and second electronic singlet 
states, while T1 represents the triplet state. 
 

A wide variety of fluorescent probes have been used to study different membrane 

properties. The basic approach with most of the probes has been to detect the anisotropy 

of the probe fluorescence i.e. by monitoring the extent or rate of chain orientational 

excursions. These probes usually differ in a number of properties such as the length of the 

acyl chain of the tail, the bulkiness/shape of the probe molecule. The fluorescent probes 

used to study the membrane fluidity can be broadly classified into two categories. The 

linear and non-linear probes. Some of the probes that fall into this category are DPH (1, 

6-diphenyl-1, 3, 5- hexatriene, phosphatic acid derivatives and molecules containing a 

DPH moiety, such as the ones shown below. The excitation and the emission dipoles of 

these probes are almost collinear to the long molecular axis. 

The second category, the non-linear fluorescent probes includes molecules like 

pyrene, pyrelyne and anthracene. The anthroyloxy fatty acids and the fluorenly fatty acids 

have the flourophore attached at a discrete position along the fatty acid chains. These 

probes can therefore be used to obtain information about bilayer at different levels along 
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the acyl chain. This chapter briefly discusses the location of these membrane probes in 

the lipid bilayer and their effects on the membrane structure i.e. perturbation of the 

membrane by the probes. The time resolved and steady state fluorescence measurements 

and analysis of the data to characterize the membrane properties are also discussed in 

brief. 

 

2.2 Location and distribution of probes in the bilayer 

The location and the distribution of the probe in the lipid bilayer is important and 

needs to be known for studying the membrane properties by incorporating these probes in 

the membrane. The probe can be located deep in the hydrophobic part, on the surface of 

the membrane or at some intermediate position. Further it can be oriented in different 

ways i.e. either parallel or perpendicular to the plane of the membrane. The probe can 

also preferentially distribute itself into specific lipid domain phases or located near a 

specific lipid molecule in membranes containing more than one type of lipid molecule. 

Figure 2.2 and figure 2.3 show the chemical structure of some of the commonly used 

membrane probes. 
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Diphenylhexatriene phosphocholine (DPH-PC) 

  

Figure 2.2: Fluorescent membrane probes (Lakowicz, 1999) 
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Figure.2.3: Fluorescent membrane probes (contd.) (Lakowicz, 1999) 
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The diphenyl hexatriene (DPH) and its derivatives have been the most widely 

used membrane probes. There is a lot of uncertainty in the location of DPH in the lipid 

bilayer. The DPH being a non polar molecule can be expected to be located in the 

hydrophobic interior regions of the lipid bilayer (Shinitsky and Barenholz, 1978). The 

temperature dependence of fluorescence polarization of DPH in distearoyllecthin,  

dimyristoyllecthin vesicles and vesicles containing both (Andrich and Vanderkooi, 1976) 

indicate that DPH fluorescence life time decreases with increasing temperature due to 

decrease in fluorescence intensity. They studied the fluorescence polarization intensities 

of oriented lipid bilayers prepared on microscopic glass slides both below and above the 

phase transition temperatures. The fluorescence polarization intensities were then 

measured by placing the slides vertically and horizontally. The results indicated that the 

orientation of the probe was perpendicular to the plane of the membrane i.e parallel to the 

acyl chains below the phase transition temperature while a random distribution was 

observed above the phase transition temperature. Fluorescence depolarization studies of 

phase transitions in single component DPPC lipid bilayers (Lentz et al., 1976) indicate 

differences in anisotropy changes in small single lamellar vesicles and large multi-

lamellar vesicles. The anisotropy of the probe increased in small single lamellar vesicles 

with decrease in temperature below the phase transition temperature where as it remained 

constant in multi-lamellar vesicles. Based on their results they suggested two different 

models to explain the anisotropy based on changes in molecular packing and hence the 

distribution of DPH. According to the first model below the phase transition temperature 

the molecular packing in the hydrocarbon core of small vesicles is a less ordered glass 
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like structure which undergoes further reorientation with decrease in temperature there by 

restricting the rotation of the probe. According to the their second model the probe can be 

located in four different locations (A, B, C, D) as shown in figure 2.4 which are in 

equilibrium at temperatures just below the phase transition. In case of small single 

lamellar vesicles this equilibrium is disturbed with further decrease in temperature with 

more DPH getting distributed in position B as it is more favorable in terms of entropy and 

this explains the increase in the anisotropy. Thus one model predicts temperature 

dependent structural changes in the lipid while the second one predicts a relative change 

in the distribution of the probe binding site. The probe also does not affect the packing of 

the lipid molecules both below and above the phase transition temperature (Shinitsky and 

Barenholz, 1978). 

Figure 2.4: Schematic representation of location of DPH in the hydrocarbon core of small 
single lamellar vesicles and large multilamellar vesicles. (Lentz et al., 1976)  
 

A study of phase transition temperatures by fluorescence polarization of DPH was 

made by Andrich and Venderkooi (1976). They found that the DPH polarization showed 
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two discontinuities in the polarization, when the sample contained two different lipids, 

there by indicating the onset of phase transitions for both the lipids. This shows that the 

probe partitions equally between both the ordered and disordered phase, for if the probe 

preferentially separates into the disordered phase then only the onset of phase transition 

of the lower melting lipid would have been detected. However FRET studies by 

Davenport et al. (1985) indicated that the DPH was distributed near the center of the 

bilayer in egg  phosphocholine while in dipalmitoyl-phosphatylcholine a broad spectrum 

about the center was observed. The location of the probe was studied by estimating the 

separations of the donor probe (located deep in the hydrophobic region of the bilayer) and 

the acceptor fluoresceinthiocarbamyl adduct of phosphatdylethanolamine. They 

concluded that the transverse distribution of the probe was due to the preferential 

partitioning of the probe into the disordered regions of the bilayer.    

The location of the lipid linked probes such as DPH-PC, TMA-DPH and other 

derivatives of DPH (where the DPH moiety is linked to a lipid like molecule) is however 

clear and the fluorescent moiety is located parallel to the acyl chains. Probes such as DPH 

and TMA-DPH are easy to be incorporated in the membrane (Loew, 1988). They enter 

and leave the membrane easily while probes such as DPH-PC are difficult to be 

incorporated into the membrane. DPH distributes itself equally between different lateral 

membrane domains i.e. membranes with different cholesterol content and membranes 

with different phases (Lentz, 1989), DPH-PC and TMA-DPH partition preferentially into 

the fluid phase of a mixed phase membrane. The location of DPH and its derivatives in 

DOPC membranes was studied by measuring fluorescence quenching of DPH with a 
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nitroxide labeled lipids (Kaiser and London, 1998). The nitroxide labels were attached to 

different levels of the acyl chains and there by located at different levels in the lipid 

bilayer. The nitroxide labels act as quenchers of fluorescence intensity. The effect of the 

nitroxide labels located at different depths in the bilayer on the extent fluorescence 

quenching was studied to determine the depth at which the fluorescence probes were 

located. Their results indicate that the DPH and its derivatives are located deep in the 

bilayer with an average distance of 6-11Ǻ from the center of the bilayer. The TMA-DPH 

was located 3Ǻ shallower than free DPH. The trimethyl amino propyl derivative (TMAP-

DPH) was located deeper than the TMA-DPH due to the presence of the propyl spacer 

between the charged TMA group and DPH. The location of the DPH derivatives was 

found to be dependent on the structure of the group to which the DPH was attached. They 

studied the location of DPH fatty acids and fatty acyl derivatives. By changing the pH 

they found out that the ionized carboxyl groups anchored the DPH at a significantly 

shallower depth than the protonated form of the fatty acid. The DPH-PC with the DPH 

attached to the 2nd carbon of the propionic acid was found to be located at an intermediate 

level in depth than the free DPH. They also found out that the presence of cholesterol did 

not affect the location of the probe in the bilayer. Figure 2.5 shows a schematic 

representation of the location of various linear and nonlinear probes in the lipid bilayer. 

The anthroyloxy fatty acid derivatives are a class of non linear probes that 

facilitate the attachment of the anthroyloxy moiety to acyl chains of different lengths. 

Anthroyloxy derivatives with the anthroyloxy moieties attached to the 2nd, 6th, 9th and 12th 

carbon have been synthesized and used (Ashcroft et al., 1980; Cadenhead et al., 1974). 
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Pyrene another nonlinear probe is located in the hydrocarbon region of the bilayer. The 

quenching studies with nitroxide spins indicate the probe to be located near the 6th carbon 

below the phase transition temperature and much deeper in the hydrophobic region above 

the phase transition temperature.  

 

Figure 2.5: Location of different fluorescent probes in the lipid bilayer. A) DPH , B) 
NBD-C6-HPC , C) bis-pyrene-PC , D) DiI , E) cis-parinaric acid , F) BODIPY 500/510 
C4, C9, G)N-Rh-PE, H)DiA and I)C12-fluorescein (Molecular probes, 
http://probes.invitrogen.com/handbook/figures/0912.html) 
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2.3 Perturbation of bilayer by membrane probes 

The selection of a particular probe for the study of membrane properties is 

important. The probe incorporated into the membrane should not in any way disrupt the 

membrane properties. The more the probe molecule is similar to the lipids constituting 

the bilayer the less likely it is to perturb the bilayer. The incorporation of a probe 

molecule therefore might cause the perturbation of the membrane that is being probed. 

The perturbation might be local i.e. in the vicinity of the probe or might affect the entire 

membrane structure. The anthroyloxy fatty acid can be used to incorporate the probes at 

different levels of the bilayer. The anthroyloxy moiety is a bulky group and much 

different from the phospholipids constituting the membrane.  Studies by Cadenhead et al. 

(1977) showed that the anthroyloxy moiety caused greater perturbation of the membrane 

when located near the polar interface than when located nearer to the membrane mid-

plane. While many studies follow the changes in phase transition temperature to detect 

the membrane perturbation, Ashcroft et al. (1980) studied the changes in the conductance 

and capacitance of the membrane as an indication of membrane perturbation. They 

studied the effects of anthroyloxy fatty acid derivatives incorporated into 

lethicin/cholesterol lipid bilayers. Their study indicated that the incorporation of the 

anthroyloxy moiety at the 2 position showed greater membrane perturbation than when 

incorporated at 9 and 12 positions. They also studied the effect of the concentration of the 

probe. The results indicated that the increase in the concentration of the probe caused 

more perturbation of the membrane. They were able to detect perturbation of the 
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membrane even at very low probe to lipid ratios of 1:10000 while the fluorescent studies 

usually use probes at a concentration of 1%. This shows the sensitivity of their method.  

Figure 2.6: Schematic representation of the perturbing effect of a fluorescent probe in a 
lipid membrane (Cadenhead et al., 1977) 
 

The calorimetrically detected phase transition temperatures of DPPC vesicles 

containing DPH did not show any change in the phase transition temperature (Parente 

and Lentz, 1985). Thus DPH does not perturb the bilayer at concentrations used in 

fluorescent studies. However the fluorescence anisotropy of DPH-PC showed slight 

changes in the phase transition temperature. The high sensitivity differential scanning 

calorimetry did not show much difference in the presence of DPH-PC. The fluorescence 

anisotropy indicates local structural changes as compared to high sensitivity scanning 

calorimetry which reports highly co-operative and extensive events. This indicated that 

the DPH-PC disrupts the bilayer order in its local vicinity. TMA-DPH can also be 

expected to behave in a similar manner to DPH-PC. 
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The studies on perturbing effect of unsaturated Anthracene-containing probes 

showed similar results (Stoffel and Michaelis, 1976). Pyrene has been used for a wide 

variety of membrane applications. The Pyrene molecules can form excimers in the 

membranes. Further the bulkiness of the pyrene molecule and hydrophobicity of moiety 

makes it much different from the parent hydrocarbon. Thus the presence of pyrene can 

introduce some membrane perturbation (Somerharju, 2002). However there is no 

conclusive literature in this regard 

 
 
2.4 Fluorescence anisotropy - Steady state and time- 
       resolved studies 
 

Fluorescence anisotropy measurements have been widely used to study membrane 

fluidity. Fluorophores preferentially absorb photons whose electric field are parallel to 

their transition moment and get excited to higher energy levels.  This results in an excited 

stated populated with preferentially oriented fluorophores. This is called photo selection. 

The emission process is much slower as compared to the absorption process and if the 

rotational correlation time of the fluorophore is less than the exited state lifetime, then the 

fluorophore in the excited state can reorient itself before the emission process. If such a 

reorientation occurs then the emitted photon will not be parallel to the excitation photon. 

The resulting polarization of fluorescence is then described as steady state fluorescence 

anisotropy. The fluorescent lifetimes being of the order of few nanoseconds steady state 

is attained immediately. This is schematically shown in figure 2.7 and is mathematically 

given by (3). 
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                                          r = (IV – G.IH) / (I V + 2 G.IH)                                       (3) 

   

 

Figure 2.7: Fluorescence anisotropy of a cylindrically symmetric fluorophore whose 
excitation and emission dipoles are parallel to the symmetry axis. Vertically polarized 
light (IE) from the Y-axis selectively excites a population of fluorophores whose 
excitation dipoles are assumed to be symmetrically distributed about the Z -axis. After a 
long time , Photons (IF) are emitted after a excited state life time τ. Rotation of the probe 
during the time  τ diminishes the vertical component (IV) and enhances the horizontal 
component (IH) of the analyzed light in a way described by  the  time dependence of the 
fluorescence anisotropy  r(t).(Lentz, 1989) 
 

Thus the anisotropy r=0 when there is complete depolarization ie IH = IV .For a 

rigid fixed fluorophore the anisotropy r can be written as (Lentz, 1989), 

                                                     r = r0 =
1

5
 (3 cos2

 θC - 1)                      (4)

 Where θC is the angle between the excitation and the emission dipoles and ro is the 

intrinsic anisotropy determined by the electronic distribution of the excited and the 

ground states. Thus the maximum value of fluorescence anisotropy is ro= 0.4 at θC = 0. 

The shape of the anisotropy curve provides information about the molecular shape and its 
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flexibility.  However the steady state analysis gives a single average value of anisotropy 

over the decay time and therefore this shape information is lost in steady state. Also 

molecules may exist in different conformational states each having a different lifetime. A 

steady state analysis however does not provide us with this information as it will give us 

an average intensity that is dependent on the weighted average of the two lifetimes. Time 

resolved measurements on the other hand can provide us with this information. The 

intensity decay can be used to study the distribution of acceptors around donors using 

resonance energy transfer (Davenport et al., 1985). Similarly time resolved studies can 

reveal whether quenching is due to diffusion or formation of complexes with 

fluorophores in the ground state. Time resolved studies can thus provide us more 

molecular information than a steady state analysis. The steady state anisotropy 'r' can be 

related to the r (t) weighted by I (t) as below.  

                                                               0

0

( ) ( )

( )

r t I t dt

r

I t dt

∞

∞
=
∫

∫
                                  (5) 

 

2.5 Measurement of fluorescent anisotropy 

The time resolved data can be obtained in two ways. It can be obtained either in 

the time-domain or in frequency-domain. Both of these methods have been briefly 

described below. 
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2.5.1 Time- domain lifetime measurements 
 

In the time domain or pulse fluorometry a pulse of light with a very narrow width 

is used to excite the sample. The width of the pulse is much smaller as compared to the 

life time of the sample in the excited state. Following the excitation the time dependent 

intensity of the emission is measured and the decay time is calculated. Some fluorophores 

show simple single exponential intensity I (t) decay while fluorophores like DPH-PC may 

show a multi-exponential or single exponential decay. A single or a multi-exponential 

intensity decay function can be described using the equation below.                                                

                                                              
1

( ) i

tn

I t e
−

τ

ι = α∑             (6) 

 

In the double exponential model the lifetime components are defined by τ1 and τ2 

while the αi’s are the pre-exponentials. The intensity weighted average life time <τ> 

given by  

                                                                                                 
1

n

i if< τ >=  τ∑            (7) 

where the fi represent the intensity fraction of the ith component.  
 

                                                                  

1
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α τ
=
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2.5.2 Frequency – domain lifetime measurements 

In the frequency domain or the phase modulation method the sample is excited 

with an intensity modulated light. The frequency of the excitation is varied at a high 
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frequency comparable to the reciprocal of the excited state life time of the fluorophore. 

The emission from the excited sample would then be a signal of the same modulation 

frequency as the excitation signal. However the emission would be delayed in time due 

the lifetime of the fluorophore in the excited state resulting in a phase shift between the 

excitation and the emission. This phase shift can then be used to get the fluorescence 

lifetime. For a fluorophore showing a single exponential decay the lifetime can be 

calculated using the formula (9) below. 

                                                             tan mω = ω τ                        (9) 

Here ω is the modulation frequency. The finite time response of the sample also results in 

a demodulation of the emission by a modulation factor mω.  

                                                             mω = (1 +  ω2  τ2)-0.5            (10)  

However for fluorophores that do not exhibit a single exponential decay the 

lifetime parameters can be obtained using a multi-exponential model as in the time-

domain analysis using equation(6). 

 

2.6 Steady state and time-resolved data collection 

The steady state and time resolved fluorescence anisotropy can be measured using 

two methods, the L -format and the T-format. The L-format employs a single emission 

channel while the T-format uses two separate detectors to simultaneously measure the 

parallel and perpendicular components. Measurement procedures using these two are 

described in detail below. 
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2.6.1 L-format (Single Channel method) 

In this method the sample is excited with a vertically polarized light and the 

emission is observed using a monochromator / polarizer. This is shown in figure 2.8. The 

polarizer/monochromator may have different transmission efficiency for the vertical and 

horizontal components of the emission. Thus the measured intensities of the vertical and 

the horizontal components are not the actual value but need to be corrected for error due 

to the different sensitivity of the monochromator / polarizer for the horizontal and the 

vertical components. Now let us denote the exact values of the horizontal and vertical 

components as I┴and Ill. Let IVH and IVV correspond to the horizontal and the vertical 

components of the emission. In IVH the subscript V corresponds to vertically polarized 

excitation and H corresponds to the horizontal emission. Then we can write, 

                                                               VV

VH

II
G

I I

||

⊥

=                        (11) 

where G = Sv / SH is the ratio of the sensitivity of the polarizer / monochromator for the 

vertical and the horizontal components of the emission. Now we can calculate G by using 

an excitation that is polarized horizontally along the x axis as shown in the figure. In this 

case both the IHH and the IHV are perpendicular to the excitation. Thus any difference in 

these two values would arise only due to the sensitivity of the detection system. We can 

then write G as:                                                

                                                           HV V

HH H

I S
G

I S
= = .                             (12) 

 
The anisotropy of the system is given by, 
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Figure 2.8: Schematic diagram showing L-format measurements. The figures on the right 
show the excite state distribution (MC- monochromator).  
 

 
 
2.6.2 T-Format method 
 

In the T- format method a single excitation is used and both the vertical and 

horizontal emissions are measured simultaneously using two different detectors. In this 

case one needs to measure the relative sensitivity of the two detection system. This is 

MC 

Vertical Excitation 

MC 

Horizontal Excitation 

IVV 

IVH 

IHV 

IHH 
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done by first using a vertical excitation. Then the ratio of the vertical and horizontal 

components is given by  

                                                               V

G I
R

G I

|| ||

⊥ ⊥

=                       (15) 

The ratio of the vertical and horizontal emission is then obtained with a horizontal 

excitation. In this case again since both the emissions will be perpendicular to the 

excitation their intensity must be the same and their ratio gets cancelled. 

 
 Figure 2.9: Schematic diagram showing measurements in T-format. (Lakowicz, 1989)                                  
                                                         

                                                                H

G
R

G

||

⊥

=                       (16)    

Then we get RH/ RV = Ill/I┴ which can be use to get the anisotropy 'r' using the 

equation above. The time resolved anisotropy can be obtained using these methods in a 

similar manner. Both the L and T format methods can be used to get the anisotropy. The 
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L format method takes more time as it makes four separate measurements (IVV, IVH, IHH, 

IHV).The T -format method makes two simultaneous measurements and is faster.  

 

2.7 Survey of anisotropy models 

Several models have been proposed to describe the probe motion and the 

anisotropy decay. A model considering a simple isotropic, freely rotating fluorophore 

with a single rotational correlation time (φ) gives an exponentially decaying r (t) as given 

below, 

                                                              ( )
t

or t r e
−

ϕ=
                               (17) 

The rotational correlation time (φ) can be related to the rotational diffusion 

coefficient (Drot) as given below. Integrating the above equation we get the Perrin 

equation as given below. 

                                                             
(1 )

orr =
τ

+
ϕ

                                 (18) 

 

The measurement of fluorescence anisotropy and excited state life time can give 

us the rotational correlational time which in turn reflects the re-orientational correlation 

time of the acyl chain i.e. the membrane fluidity. 

However for fluorophores experiencing anisotropy, hindered rotation, more than 

one fluorescence life time or rotational correlational time, the rotational motion and 

fluorescence anisotropy of the fluorophores cannot be expressed by a steady state 

anisotropy or real time decay of fluorescence anisotropy r(t). The anisotropy does not 
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return to zero but to a constant value even after long times of excitation (Chen et al., 

1977; Dale, 1977). They demonstrated that the real time fluorescence decay of DPH 

cannot be expressed by a single exponential but needed two exponentials and a constant 

term to reflect that the equilibrium anisotropy does not go to zero.  

Kinosita el al. (1977) suggested a wobbling motion of the probes in a membrane 

rather than free isotropic rotation. They characterized the probe motion in membranes 

with two parameters 1).a wobbling diffusion constant (Dw) and 2).a degree of 

orientational constraint (r∞/r0). In doing so they assumed a hard cone potential i.e. the 

wobbling of the flurophore took place inside a cone whose axis was perpendicular to the 

membrane plane as shown in the figure 2.10.                    

 
Figure 2.10: The rotational motion of a linear fluorescent probe in terms of the 'free 
rotation in a hard cone ' model of Kinosita. The maximal angle of rotation away from the 
director (Z) axis is given as θmax.(Lentz, 1989) 
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The wobbling diffusion of the DPH was confined to a cone with cone angle of θc 

(0< θc <90). The ratio r∞/r0 gives us the degree of confinement of the orientation of the 

probe imposed by the structure of the membrane. They obtained Dw from the initial slope 

of the anisotropy r(t) as given below  

                                              w
0

r(t 0)
   = 1- < 6 D  > t 

r

→
                       (19) 

where <Dw> is the average over all orientations of the probe in the membrane. They 

expanded the r(t) into an infinite set of exponentials rather than a single exponential 

decay. For a fluorophore molecule wobbling in a hard conical potential r(t) can be 

approximated as  

                                                
t

-

o o

r rr(t)
  =  + ( 1 - ) e

r  r or

ϕ∞ ∞              (20) 

Kawato et al. (1977) studied the fluorescence lifetimes of DPH in DPPC 

liposomes. They observed that r(t) did not follow a single exponential but can be 

separated into two components : an initial fast decreasing phase and second phase that 

was almost constant. They analyzed the curves of r(t) using the  above equation. Here r∞ 

gives the constant equilibrium value of anisotropy and φ represents the relaxation time 

taken to reach the equilibrium distribution of DPH. They observed that the wobbling 

diffusion constant was uniform through out the cone. The value of θc varied from 20o 

below the transition temperature to about 70o above the transition temperature. Such large 

cone angles indicate that the space around the DPH cannot be empty but must by 

occupied by the hydrocarbon chains to reduce the void volume. Thus large values of θc 

above the transition temperature indicate a highly disordered hydrocarbon region. The 
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diffusion constant Dw depends on the frequency of the collisions between the DPH and 

the hydrocarbon chain and the mean rotational angle between the successive collisions. 

Kawato et al. (1977) observed that the Dw increased exponentially with temperature (from 

0.05 ns-1 at 30oC to about 0.25ns-1 at 50oC). They suggested that Dw therefore indicates 

the change in frequency of the collisions of the acyl chains with the DPH as the density 

of the hydrocarbon region does not change much with temperature. The orientational 

order parameter  is related to the degree of orientational constraint (r∞ / ro) as  

                                                  2 2
o

r
 = S = < P (

 r
Cos 2∞ θ) >

            (21) 

where S is the second order rank parameter. The value of S depends on the value on the 

weighted average the second order Legendre polynomial in the cosine of the angle of 

probe rotation away from the normal to the bilayer. S therefore is indicative of the acyl 

chain order. This model suggests that the fluorescence depolarization studies in 

membrane can provide model independent information about the distribution of the 

probe. Zannani et al. (1981, 1983) expanded the orientational distribution of the probe 

into an infinite set of spherical harmonic functions the Wigner functions. For a 

cylindrically symmetrical probe Zannoni et al. (1983) showed that the Wigner functions 

reduced to a set of Legendre polynomials. The second term of the polynomial gave the 

second order rank parameter. The additional terms yielded higher order parameters which 

provide more information about the probe orientational order in the membrane. However 

for linear probes such as DPH and its derivatives which have an almost parallel excitation 
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and emission dipoles the expression for anisotropy decay is usually a single exponential 

describing the rotation of the long axis (Lentz, 1989). 

Vander Meer et al. (1984) gave an expression for the time dependence of r(t) 

based on the Smoluchowski's equation.  For a fluorophore with a cylindrical axis of 

symmetry the anisotropy decay r(t) can approximated by one exponential plus a constant. 

                                                
w
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t

Sr t −           (22) 

van der Meer et al. (1984, 1990) also came up with expressions with more than a 

single exponential to describe the fluorescence anisotropy. A single exponential model 

does not describe very well a molecule like DPH or its derivatives. Vander Meer et al. 

(1984) gave another expression that gave not only P2 but also P4 which would provide 

additional information about the probe orientation. For example when the second order 

parameter is positive a majority of the probes are oriented in the membrane at an angle of 

less than 54.70 relative to the normal to the membrane. However knowing just P2 will not 

provide us information about the angular distribution of the probe i.e if the angular 

distribution of the probe is large varying from 0o to 54.7o or narrow and sharply 

distributed at some angle near 54.7o. If on the other hand information about the fourth 

order parameter is available we can say something about the distribution. A negative 

value of P4 would indicate that the angular distribution is narrower and sharper between 

30.5o and 54.7o rather than a broad distribution. The dependence of P2 and P4 on the value 

of is indicated in the figure 2.11.   
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Figure 2.11. Dependence of P2 and P4 on the angle θ, where P2 and P4 are given by P2 Cos 
θ = (3 Cos2 θ -1) / 2  and P4 Cos θ = (35 Cos4 θ -3 θ Cos2 θ -+ 3 ) / 8.(Lentz B.R, 1989).  
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CHAPTER 3 
 

EXPERIMENTAL 

 

3.1 Introduction 

As mentioned earlier (Chapter 1) membrane lateral organization, structure and 

specifically the formation of membrane domains have been associated with several 

important cellular functions and activities. Previous fluorescent spectroscopy and Fourier 

transferred infrared spectroscopy studies by (Cheng et al., 1997&1999; Somerharju et al., 

1999 and Virtanen et al., 1998) have suggested the formation of head group superlattice 

in POPE/POPC bilayers. Their experiments revealed the formation of ordered membrane 

superlattices at XPE
 = 0.1, 0.16, 0.25, 0.33, 0.5, 0.66, 0.75, 0.82 and 0.88. Similar 

experiments by Cannon et al. (2003) in PC/Cholesterol bilayers revealed the formation of 

domains at Xchol= 0.2, 0.3, 0.4 and 0.5.  These studies suggest both cholesterol and head 

group size play an important role in domain formation. Based on these results we 

hypothesized that both head group and cholesterol superlattices may co-exist together. 

We then set out to verify our hypothesis. A POPE/POPC/Cholesterol model membrane 

was prepared for this purpose and the domain formation was investigated using a 

fluorescent diphenyl-hexatriene phosphocholine (DPH-PC) using fluorescent steady state 

and time domain analysis. The results of this study were then compared with those 

obtained from FTIR analysis of POPE/POPC/Cholesterol membranes of the same 

composition but in the absence of any probe.  
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3.2 Materials and methods 

Materials  

POPE and POPC used for preparation of the liposomes were purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL ) and the cholesterol was purchased from Nu 

Chek, Inc (Elysian, MN). The purity of the lipids (> 99%) were tested by thin layer 

chromatography (TLC) on washed , activated silica gel plates (Alltech Associates, Inc, 

Deerfield, IL) and developed with Chloroform/methanol/water (65:25:4) for analysis of 

phospholipids and with petroleum ether/ethyl ether/water (7:3:3) for analysis of 

cholesterol. The fluorescent lipid, 1-palmitoyl-2-((2-(4-(6-phenyl-trans-1, 3, 5-

hexatrienyl) phenyl) ethyl) carbonyl)-3-sn-PC (DPH-PC) was obtained from molecular 

probes (Eugene, OR). The concentrations of the phospholipid solutions were calculated 

using a phosphate assay (Kingsley and Feigneson, 1979). The aqueous buffer (containing 

200mM KCl, 1mM NaN3, 5mM PIPES, ph=7.0) was prepared from de-ionised water (~18 

Mohm) and filtered through a 0.1um filter before use. 

Preparation of POPE/POPC/CHOL liposomes using LTT 

Compositionally uniform liposomes containing POPE, POPC and CHOL with 

0.2% DPH-PC using a low temperature trap method (Huang, 1999). Briefly POPE, POPC 

and cholesterol were mixed and dissolved in chloroform. The total amount of lipid in 

each sample was fixed to 200 µmol. The chloroform was then removed under vacuum for 

12hr at 30mTorr. The dry film was then dissolved in dry chloroform again and DPH-PC 

was added under dim red light in a dark room. The mixture was vortexed and frozen in 

liquid nitrogen and subsequently lyophilized at a controlled temperature (-20C0) for 
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another 12hr or more to remove trace solvent. The samples were warmed to room 

temperature just before hydration in a water bath for 2 mins. 2 ml of aqueous buffer 

(containing 200mM KCl ,1mM NaN3 , 5mM PIPES , ph=7.0) was warmed to room 

temperature and added to each sample and gently vortexed under dim light. The samples 

were then purged with argon and sealed (under dim light). 

All the samples were incubated in a water bath for 12hrs at 45C0 and then cooled 

down slowly to room temperature. To ensure the phase equilibrium of the samples they 

were incubated in a mechanical shaker at room temperature for 10 days in dark. During 

the incubation period the samples were vortexed once a day for 2 minutes to prevent the 

formation of aggregates. Previous X-ray diffraction studies on DPPC/DOPC samples 

prepared using this method did not show any precipitation of cholesterol within the range 

of Xchol used in these experiments. TCL measurements revealed no degradation of the 

bulk lipids during the equilibration. 

 

3.3 Steady State and TRF measurements  

Steady state fluorescence anisotropy was measured using with a T-mode Photon 

Technology International (Lawrenceville, NJ) C61/2000 spectrofluorimeter. The 

excitation was set at 338 nm and the emission was set at 425 nm. The steady state 

anisotropy 'r' was measured as (Ill – g I┴) / (Ill + 2 g I┴). Here g is the g-factor related to the 

sensitivity of the two emission channels and is obtained by setting the excitation 

perpendicular (Gratton et al., 1984). An average value of the intensities was obtained by 

setting the detectors in photon counting mode over a 30s time scan.  
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The TRF measurements were made both in the time and the frequency domain. 

The time-domain measurements were made using a T-mode Photon technology 

international (Lawrenceville, NJ) C61/2000 spectrofluorimeter equipped with a Nitrogen 

laser for excitation. The frequency domain TRF measurements were made using a ISS 

GREG 200 (ISS Champaign, IL) fluorometer equipped with a digital multi-frequency 

cross-correlation phase and modulation acquisition electronics using an L-format. A He-

Cd laser for excitation. Both the anisotropy decay r(t) and the intensity decay I(t) were 

obtained from the measurements. The r(t) is defined by ((Ill (t)– g I┴ (t)) / (Ill (t)+ 2 g I┴(t)) 

where Ill(t) and I┴ (t) are fluorescence decay of the parallel and perpendicular components 

of the emission. The fluorescence intensity decay phase delay, demodulation were 

measured at modulation frequencies ranging between 2-60 MHz (1,4-bis[2-

phenyloxyazolyl)benzene (POPOP) in ethanol was used as a standard with an assumed 

fluorescence lifetime of  1.35 ns. 

TRF data analysis 

The data obtained from time/frequency domain intensity decay was fitted to a 

single or double exponential function using the equation below. 

                                                              
1
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I t e
−

τ

ι = α∑                      (23) 

In the double exponential fit , the τi''s represent the long and the short time 

fluorescence lifetimes. The intensity-weighted average lifetime <τ> is given by  

                                                             
1

n

i if< τ >=  τ∑             (24)  

where the fi's represent the intensity fraction of the ith component(Gratton et al, 1984).                            
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The fluorescence lifetime parameters f2 , τ1 , τi ,  <τ> provide information about the 

lifetime heterogeneity and  polarity of the DPH micro-environment in the lipid bilayer. 

The fluorescence anisotropy decay data r(t) obtained from the time/frequency domain 

analysis was fitted to a wobbling diffusion model (van der Meer et al., 1984,1990) and 

the order parameter S, initial anisotropy r0 , the wobbling diffusion constant D were 

obtained using the equation below.                                     

                                                  
w
2

6D
-

2 2 (1 )
o( ) = r (S +(1-S )e )

t

Sr t −          (26)  

The order parameter S quantifies the anisotropic motion of the acyl chains in the 

lipid bilayer. The value of S varies form 0 to 1 and is a measure of the degree of motional 

alignment of the acyl chain with respect to the plane of the membrane. The diffusion 

constant D describes the rate of wobbling diffusion of the probe among the acyl chain. A 

slow moving molecule with a random motion in the membrane describes a region of 

disorder while a molecule rotating rapidly about its long axis and diffusing rapidly in the 

membrane describes a region of high order in the membrane. A decrease in the value of S 

indicates a region of disorder in the local vicinity of the DPH-PC due to membrane 

defects. The wobbling diffusion constant D basically tells us the rate of wobbling of the 

DPH-PC along a cone as the acyl chains surrounding it move away i.e the rate of 

tumbling of the  DPH-PC  about its long axis. Thus an increase in the value of the 

wobbling diffusion constant D indicates an increase of disorder in the lipid bilayer. 
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3.4 Results 

 

Figure 3.1: Steady state Anisotropy of DHP-PC in POPE/POPC/CHOL bilayers versus 

XPE. Steady state fluorescence anisotropy of DPH-PC at 23oC as raw data (∙), smoothed 

data, one-pass (∘) and two-pass (line) 3-point running averages  for XCHOL = 0.40 are 
shown. Each sample set was equilibrated at 23°C for at least 10 days after the 
preparation. 
 
 
 
3.4.1 Steady state fluorescence measurements 

Figure 3.1 shows the steady state fluorescence anisotropy (r) of DPH-PC as a 

function of XPE  ( from 0 to 1 ),where XPE is defined as molar ratio  PE /(PE+PC)  and 

XCHOL is defined as Cholesterol/(Cholesterol + PE+ PC). The figure represents an 

average value obtained from two independent measurements of the anisotropy values. 
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The figure shows dips in the anisotropy at XPE = 0.13, 0.19, 0.24, 0.33, 035, 0.45, 0.53, 

0.65, 0.77, 0.85 and 0.88. Following this steady state and time resolved spectroscopy 

were used to characterize the physical state of lipid bi-layer at the critical compassion 

corresponding to XPE =0.67 and XChol = 0.4. A set of 49 samples were considered in a 2 

dimensional array with the concentration of the cholesterol varying from 0.34-0.46 and 

that of PE varying from 0.60-0.72. A surface plot of the anisotropy values (r) obtained 

from 3 individual runs is shown in the figure 3.2. We can see that there is a clear dip in 

the plot between XChol  = 0.40-0.43 and XPE = 0.64-0.68.  

 

Figure 3.2: Surface plot of steady state anisotropy averaged over values obtained from 3 
different runs. 
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3.4.2 TRF measurements 

Based on the above steady state results the sample window was reduced further to 

XPE = 0.64-0.7 and XChol = 0.38-0.44 and a time resolved analysis was made to obtain the  

Figure 3.3: A) Fluorescent lifetime, B) Inverse rotational correlation time, C) Diffusion 
constant and D) Order parameter obtained from time resolved studies. 
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fluorescence lifetime, inverse rotational correlation time , the wobbling diffusion constant 

and the order parameter. A surface plot of each of the parameter is shown in figure 3.3.   

We can see from figure 3.3.A, that the fluorescence life time does not show much 

change. The inverse rotational correlation time shows a peak at XChol = 0.38-0.40 and 

XPE= 0.68-0.69 as seen in B. The wobbling diffusion constant shows a peak at Xchol 

=0.40-0.41 and XPE =0.67-0.69. This is shown in C. The order parameter shows a dip at 

XChol = 0.40-0.41 and XPE = 0.67-0.69 as shown in D. Table 3.1 shows the numerical 

value obtained for some of the parameters. 

 
Table 3.1: Representative values of fluorescence parameters obtained from steady state 
and time-resolved analysis of DPH-PC in ternary mixtures of POPE/POPC/CHOL with 
different values of XPE and XCHOL. 
 

 
 

3.5 Discussion 

The results obtained from the steady state and the time resolved studies indicate 

the occurrence of super-lattice domains at both head group and acyl chain levels. The 
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critical mole fraction values for the formation of superlattice domains obtained from the 

experimental results agree with the values predicted by the superlattice model. A 

comparison between the values predicted by the superlattice model and the experimental 

results obtained from steady state analysis for 40% cholesterol is shown below in Table 

3.2. 

Table 3.2: Comparison of experimentally obtained critical superlattice compositions with 
theoretical values. The super scripts H,R indicate the XHX,PE and XR,PE  respectively as 
predicted by the HGSL model.  
* Critical value of XPE obtained from experiments that does not agree (±0.03) with XHX,PE  

or XR,PE   values predicated by the HGSL. 
 

                                  XHX,PE   or XR,PE                            XChol = 0.40 

                                     0.11- 0.13H,R                                  0.13 

                                     0.14H, 0.17R 

                                     0.20R                            0.19 

                                     0.25H,R                                0.24 

                                     0.33H,R                                          0.30, 0.35 

                                                    0.45* 

                                     0.50R                                             0.53 

                                     0.67H,R           0.65 

                                     0.75H,R                                          0.77 

                                     0.80R 

                                     0.83R, 0.86H          0.85 

                             0.87-0.89H,R         0.88 
 



 67 

               We can clearly see that the experimentally observed values of the critical mole 

fractions agree with those predicted by the Head group and cholesterol super lattice 

model (Chong and Sugar, 2002; Somerharju et al., 1999; Virtanen et al., 1998). The 

occurrence of such super lattice at both the head group and acyl chain level must be able 

to explain the regulation of lipid composition in membranes and other membrane 

activities based on membrane domain formation (London and Brown, 1997; Simons and 

Ikonen, 1997; Mukherjee and Maxfield, 2000; Simons and Toomre, 2000 and London, 

2002). 

              The time resolved analysis indicates a peak in the values of the inverse rotational 

correlation time at XChol = 0.38-0.40 and XPE= 0.68-0.69. The wobbling diffusion 

constant shows a peak at Xchol =0.40-0.41 and XPE =0.67-0.69. The order parameter 

shows a dip at XChol = 0.40-0.41 and XPE = 0.67-0.69. The dip in the inverse rotational 

correlation time and the peak in the order parameter and wobbling diffusion constant 

indicate a disorder in the membrane in the local vicinity of the DPH-PC. This indicates 

the probe to be segregated in a region of membrane disorder. This may be due to the 

existence of the membrane in the fluid liquid ordered phase at these compositions which 

pushes the DPH-PC out of the membrane superlattices to the regions with packing defect 

i.e regions of disorder( see below for detailed explanation). This is also in agreement with 

previous studies (Pare and Leufer, 1998; Wang and Quinn, 2002 and Cannon et al., 2003) 

which suggest that POPC/POPE/Cholesterol bilayers to be in liquid ordered phase at Xchol 

≥ 0.35. 
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              Several factors can contribute to the formation of these membrane superlattices. 

The POPC has a comparatively large head group cross sectional area as compared to its 

acyl chain. Thus when such head groups are present in a bilayer it leads to the 

overcrowding of the head groups while the acyl chains are loosely packed. However 

when a molecule like cholesterol or POPE that has a relatively smaller head group as 

compared to their hydrophobic tail is added to the membrane, it can then act as a spacer 

and fit into the gaps in the acyl chain. In the case of cholesterol the sterol ring of the 

molecule in addition, also interacts with the acyl chains. The effect of cholesterol can be 

explained on the basis of the Umbrella model described earlier (see chapter1). The 

umbrella model would be more effective with a regular distribution of the lipids rather 

than a random distribution (Somerharju et al., 1999). The formation of the acyl chain 

super lattices is due to the van der Waals interaction of cholesterol with the acyl chains of 

the POPE/POPC molecules. The presence of an unsaturated double bound in the sn-2 

acyl chain decreases the intermolecular chain-chain van der Waals interaction between 

the POPE or POPC molecules. Cholesterol can then preferably fit into these gaps 

between the chains. However the interaction of the cholesterol with the acyl chains also 

depends on the location of the double bonds in acyl chains. A previous study by 

Radhakrishnan et al. (2000) has confirmed that the van der Waals interaction of the sterol 

rings of the cholesterol is greater with saturated acyl chains as compared with the 

unsaturated ones. This is because the sterol ring can approach the saturated acyl chains to 

a much greater proximity. Their studies also indicated that the unsaturation had little 

effect if the unsaturation was below the 14th carbon. Recent studies by Wang et al. (2002) 
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suggest that the cholesterol superlattice cannot be detected if the acyl chain double bonds 

were present at the same level as the sterol rings of the cholesterol molecule i.e. at the C2-

C8 level of the acyl chain. In our study of POPE/POPC/Cholesterol membranes the 

double bonds are located at C9 again agreeing with the results of Radhakrishnan et al. 

(2000) and Wang et al. (2002). Thus when the composition of membrane approaches the 

critical compositions (corresponding to the peaks and dips in figure 3.3) superlattice 

domains are formed in the membrane. The PC would be associated more preferably with 

the Cholesterol and the PE molecules at this composition. The DPH-PC which has a 

bulky DPH group in its acyl chain would not fit properly into the superlattice and hence 

has to move out of the superlattice for the membrane to have a minimum energy 

configuration. The DPH-PC therefore gets pushed out of the ordered superlattice domains 

formed at the critical compositions to the regions of packing defect surrounding the 

superlattice domains. Thus the DPH-PC is located in the disordered region of the 

membrane at the critical compostions giving rise to the peak and dips in time-resolved 

parameters shown in figure 3.3. Complementary probe free FTIR studies of The 

POPE/POPC/Cholesterol membranes also showed critical mole fractions very close to 

those obtained from the fluorescence based analysis. 
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CHAPTER 4 

STUDY OF PROTEIN-LIPID INTERACTION 

 

4.1 Introduction 

 Interaction of the lipid membranes with proteins and other extracellular 

components plays an important role in most of the functions of the cell membrane. The 

membrane proteins may be directly anchored in the membrane or can be linked to several 

lipid like molecules and there by anchored to the membrane indirectly. The glycosyl-

phosphatidylinositol (GPI) anchored proteins are examples of proteins linked to the 

membrane indirectly.  We also have the integral membrane proteins such as the ion 

channels and other proteins involved in transportation and transduction across the 

membranes. Many proteins are directly anchored in the membrane and have several 

transmembrane helices spanning across both sides of the membrane. In this case, many 

times the attachment of a molecule to the protein on one side of the membrane activates 

function on the other side. The interactions of the membrane or receptors in the 

membranes with ligands are involved in a number of important processes such as cell 

signaling, trafficking across the membrane, inflammatory process to name a few (Yang et 

al., 2002). 

 Over the last few years the use of micro-fluidic devices has gained importance for 

such studies. The micro-fluidic devices enable the use of relatively very small volumes (of 

the order of pico-nano liters) of different substances required for the experiment. In 

addition to this using a micro-fluidic device enables us to carry out several sets of 
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experiments while simultaneously varying different parameters, in one go. Micro-fluidic 

devices have been employed in several studies to understand cell membrane functionality. 

Interaction of cells with membrane and membrane proteins was studied by Kam and 

Boxer, 2001. They studied the adhesion of cow pulmonary endothelial cells to supported 

lipid bilayers micro patterned with proteins. The studies indicated that the incubation of 

the supported bilayers with bovine serine albumin (BSA) decreased endothelial cell 

binding while the addition of firbonectin to the bilayer favored the adhesion of the 

endothelial cells to the bilayer. A thin layer of (10A) water is formed between the 

substrate surface and the bilayer acting as a lubricant there by facilitating the 

rearrangement of the bilayer and form multivalent contact with the ligands (Yang et al, 

2002). Thus supported lipid bilayers of regulated composition can serve to act as mimics 

for actual cell membranes and can be used for the development of biosensors, protein-

protein interactions etc. Microfluidic devices containing micro channels or micro reactors 

have also been used for a variety of DNA and protein analysis. Integrated microfluidic 

reactors with glass capillary electrophoresis chips for DNA amplification using PCR 

techniques have been developed (Lagally, 2001; Wolleyet al., 1996). Microfluidic devices 

have also been employed to study protein-protein interactions (Edwards et al., 1993), 

antibody binding to supported lipid bilayers (Yang et al., 2003). Most of the functions of 

cell membranes are regulated by the interaction of the membrane components with ligands 

(receptors, proteins). This is essential for understanding membrane functions and 

regulation of membrane functions by interaction of the membrane with ligands. This may 

also help us in developing bio-sensors for specific applications.  
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 As stated earlier Cholesterol plays an important role in regulating the properties of 

lipid membranes. The effect of Cholesterol the binding of ligands to membrane is not well 

understood. In order to understand more clearly the effect of cholesterol on the binding of 

ligands to lipid bilayers a series of experiments were carried out using a glass micro-

fluidic chip. Two sets of supported lipid bilayers one containing di-nitrophenol (DNP) 

conjugated lipids and the other without DNP were used. A fluorescently tagged IgG that 

binds specifically to DNP was used in the experiments. The extent of binding of the IgG 

to the bilayer containing DNP and the one without DNP was studied using total internal 

reflectance microscopy. The glass chip used consisted of about 20 parallel micro-channels 

that helped monitor simultaneously the binding to the bilayer containing DNP and the 

ones without DNP i.e specific and non-specific binding. 

  

4.2 Materials and methods 

 1-palmitoyl-2-oleyl-phosphatidylcholine (POPC) and ditnitrophenyl (DNP) 

conjugated dipalmitoyl-phosphatidylethanolamine (DNP-DPPE) were purchased from 

Aventi polar lipids (Alabaster, AL), cholesterol was purchased from Nu Chek Prep 

(Elysian, MN). The purity of the lipids (>90%) was checked by TLC on washed, activated 

silica gel plates (Alltech Associtates, Deer Field, IL). A phosphate assay was used to 

determine the concentration of the phospholipid stock solutions. 
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Preparation of POPC /Cholesterol liposomes using RSE  
 
 Compositionally uniform POPC/CHOL liposomes containing 5 mol % of DNP-

PE were prepared by the reverse solvent extraction (RSE) technique (Buboltz and 

Feigenson, 1999). In brief POPC, CHOL and DNP-PE were mixed and dissolved in 

chloroform in glass test tubes. The concentration of each sample was maintained at 4 

mg/ml. The bulk solvent was then removed by placing the test tubes in a vacuum oven at 

room temperature. The films were then redissolved in 100ul chloroform. 2ml of buffer (ph 

7.0, 5mM PIPES, 200mM KCL, 1mM NaN3) was then added and the tubes were heated at 

60C for a minute. The chloroform was then immediately removed by applying vacuum 

(630 mm Hg) with simultaneous vortexing for a minute. The tubes were then purged with 

argon and sealed. Compositionally uniform POPC/CHOL liposomes without any DNP-PE 

were also prepared in the same manner and used as control.  

Preparation of POPC/CHOL liposomes by LTT 

 

 Compositionally uniform liposomes with and without 0.5 mol% of DNP-PE were 

prepared using a low temperature trap (LTT) technique (Huang et al., 1999). Briefly 

POPC, CHOL and DNP-PE were dissolved and mixed in chloroform. For control, 

liposomes containing only POPC and CHOL were made without any DNP-PE. The 

chloroform was first removed under vacuum of 30 mTorr for 12 h. The dry lipid film was 

then redissolved in dry chloroform containing 2 mol% methanol. These mixtures were 

then frozen in liquid nitrogen and subsequently lyophilised at a controlled temperature (-

20 to -70 C) in such a way that the chloroform remained solid. After the removal of the 

bulk solvent the lipid powder obtained was maintained at a temperature of -20C under a 



 77 

vacuum of 30 mTorr for another 12 h or more to remove the trace solvent. The samples 

were  then warmed to room temperature in a water bath for a min and immediately 

hydrated. Aqueous buffer (pH 7.0, 5mM PIPES, 200mM KCl, 1 mM NaN3) was added to 

the dry lipid film followed by vortexing for 1 min. The samples were then purged with 

argon and sealed under dim red light. 

Freeze-Thawing  

 The liposomes were then subjected to a temperature shock by heating them from 

room temperature to 60 C and then allowing them to cool down to room temperature over 

a period of 10 hours. The suspensions were subsequently subjected to 15 cycles of freeze-

thawing between a bath of liquid nitrogen and a water bath at 60C to break liposomes to 

smaller sizes. 

Sonication  

 Following the freeze-thawing the suspensions were sonicated until they became 

clear. The clear suspensions obtained after sonication were used for coating the channels 

of the microfluidic chip.  

 

4.3 Experimental 

 All the experiments were performed using the microfluidic chips fabricated at 

MicroChem solutions (Lubbock, Tx).  The dimensions of the channels on the chip are  as 

indicated in the figure 4.1 below.  

 The micro channels were cleaned using first using deionised water followed by 

cleaning with ethanol. This was followed by washing the channels with parinaric acid 



 78 

solution (containing 1:3:1 solution of hydrogen peroxide, sulphuric acid and water at 60C) 

followed by deionised water. The cleaned microchannels were then coated with the lipids 

by filling the inlet ports with the liposomes and applying suction at the outlet port. 

Supported bilayers were formed spontaneously on the channels by the vesicle fusion 

method (Brian  and MCConnell, 1984). The channels 1 through 6 as labeled in the figure 

4.1 were coated with liposomes containing only POPC /CHOL and used as control. 

Channels 15 through 20 were coated with liposomes containing POPC/ CHOL and the 

antigen DNP-PE. The microfluidic chip was then incubated for about an hour to ensure 

that the channels were properly coated. Both the inlet and the outlet ports were then filled 

with the lipid suspension to prevent the channels from drying out during the incubation. 

The excess unbound free lipids were then flushed out of the channels by flowing filtered 

phosphate buffer through the channels.  

 An Alexa Fluoro 594 protein labeling kit purchased from molecular probes 

(Eugene, OR) was used to study the antibody-antigen binding behavior in the solid 

supported lipid bilayers. Labeling the antibody yielded 2 fluorophores/protein as measured  

by UV absorption spectroscopy. Argon was then blown in the dilute solution of dye 

labeled protein to evaporate excess water and increase its concentration to 20 uM. This 

concentrated dye labeled protein was then serial diluted to get solutions with 

concentrations of 10,5,2.5,1.25 and 0.625 uM . The excess buffer from the inlet was 

removed by applying suction and the inlet ports of channels 1-6  and 15–16 were filled 

with  the labeled antibody solutions of  concentrations 0.625, 1.25, 2.5, 5, 10 and 20 uM 

respectively and suction applied for about 15seconds. The inlet and outlet ports were then 
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sealed with tapes to prevent the channels from drying up and the chip was incubated in 

dark for about 10 minutes. The channels were then replenished with the labeled antibody 

by applying suction to the outlet ports for 15 sec. This was repeated for about 5-6 times. 

Channels 7 and 14 were left empty and channels 8 to 13 were coated with dextran just 

prior to imaging . The epifluoresence and the TIRF images were captured using a 

Olympus IX-70 microscope using a 10x objective (Meliville, NY) and a Cooke Sensi-cam 

digital CCD camera (Auburn Hills, MI). TIRF was used to obtain the concentration of the 

antibodies bound to the surface of the bilayer. A 2mW, 594nm He-Ne laser was directed 

onto the ~450 of a trapezoidal prism. The prism was optically coupled to the glass chip 

using immersion oil. The images were then analyzed using NIH ImageJ software. 

 

Figure 4.1: The schematic of the glass biochip indicating the channel number and routing. 
The glass chip is 100 mm in diameter.  The total width of the central etched region is 1.6 
mm.  The dimensions of the channel are approximately 45 µm wide by 20 µm deep.  
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4.4 Models for antibody/antigen binding 

 Most of the literature pertaining to the study of antigen-antibody binding (Eric et 

al., 2003;Yang et al.,2003;Conboy et al., 2003) use a simple Langmuir isotherm to fit the 

fluorescence intensity against the protein concentration. The simplest of this is the 

monovalent binding model. In this case the antibody (P) binds at a single site (L) on the 

surface forming a complex (PL) that is bound to the membrane. 

                                                           ka [P] [L]S = kd [ P L ]S                              (27) 

                                                                                             [P] [L]S = K [ P L ]S              (28) 

Here K= kd/ka is the apparent dissociation constant. ka and kd  are the association and 

dissociation constants of the antibody and the ligand and the antibody-ligand complex. 

Where the subscripts denotes that the species is bound to the surface. Then the total 

concentration of the binding sites(S) is given by, 

                                                              [S]S = [L]S + [LP]S.         (29) 

The fluorescence intensity obtained by the protein-ligand binding can then be correlated as                                                     

                                                             s[PL ]F([P])

F [S]∞

= .         (30) 

Here the F [P] indicates the fluorescence intensity when the concentration of the antibody 

in the solution is P and F[∞] is the fluorescence intensity when the entire membrane is 

saturated by the attachment of the antibody. Then combining the above equations we get, 

                                                                                      
[ ]

([ ])
[ ]d

F P
F P

K P

∞=
+

.                 (31) 

Another model that has been used to describe the antibody-ligand binding is the bivalent 

model. In this case the antibody binds to two sites on the surface as indicated by figure 
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4.1. We can then correlate the measured fluorescence intensity to the antibody 

concentration as 

                                                        A

A

α K  [B]F[P]
  =   

F[ ] 1+ K [ ]B∞
          (32) 

where, KA= KA1+ 2KA1KA2 [Ls], A1

[ ]
K

[ ][ ]
s

s

PL

P S
= , 2

A2

[ ]
K

[ ] [ ]
s

s s

PL

PL S
=  and 2

2

1 [ ]
α

1 2 [ ]
A s

A s

K L

K L

+
=

+
. 

Here KA can be regarded as an association constant for the overall process and varies with 

the ligand density. The parameter α  also depends on the ligand density and varies from 

0.5 to 1. At α =1 all the proteins bind monovalently and while it is 0.5 we have bivalent 

binding. 
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4.5 Results 

 

 

 

Figure 4.2: A)Epifluorescence image of Dextran coated microchannels B) TIRF image of 
dextran coated channels, C&D) Epifluorescence & TIRF images of microchannels coated 
with lipids containing no DNP-PE, E&F) Epifluorescence and TIRF images of 
microchannels coated with lipids containing DNP-PE. 
 

 The figure 4.2 above shows the epifluorescence and TIRF images of the 

microchannel. In figure C and D, in the top most channel the concentration was the 

highest (20uM) and the bottom most channel had the lowest antibody concentration 

A B 

C D 

E F 
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(0.625uM). These were used as a control and contained only DPPC and cholesterol and no 

DNP-PE. In figure E and F the lowest channel was contained the highest concentration of 

the antibody (20uM) and these channels contained DPPC/Cholesterol and DNP-PE. The 

Dextran coated channels were located in the center of the glass chip and were used to get 

the beam profile of the laser used for TIRF imaging. 

 

4.6 Discussion  

 We can see from figure 4.2 above that a intensity gradient exists in both in the 

control and the channels containing the DNP-PE. This indicates the change a in the extent 

of antibody binding to the lipid with respect to the concentration of the antibody. We can 

then study the effect of the lipids (Cholesterol) on the binding of the antibody by studying 

the fluorescence intensity variations by coating the micro-channels with different-

concentrations of the lipids. A set of experiments was done by coating the micro-channels 

with lipids containing different concentrations of cholesterol (0-50%). However consistent 

and reproducible results could not be obtained from these experiments. In several 

experiments a good resolution of the TIRF images could not be obtained.  This could have 

been due to the following reasons: a) several times the channels could not be coated 

consistently with the lipids and sometimes they even dried out. This problem repeatedly 

occurred with the dextran coated channels. b) another reason for poor resolution of the 

images was that the alignment of the laser was disturbed causing the laser beam to enter 

the prism at a wrong angle. c) in some cases some of the channels were accidentally 

photo-bleached by over exposure to light. 
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4.7 Suggestions to improve results 

1. The drying up of the channels coated with dextran can be avoided by coating the 

channels with dextran just before imaging. The channels must be images immediately 

after coating them with dextran. 

2. The only way to ensure consistent coating of the channels with the lipids is to ensure 

that the channels are cleaned properly each time. The chances of any organic residues 

getting struck in the channels can be avoided by cleaning the glass chip immediately after 

each experiment. 

3. The set-up was found to be very sensitive to even small disturbances. It is necessary 

to make sure that the alignment of the laser beam is accurate before starting each 

experiment. Trying to adjust the alignment of the laser beam while doing the experiment 

(i.e after the channels have been coated with lipids) may cause the channels to dry out 

during this time or cause photo-bleaching due to repeated exposure to light and this must 

be avoided. 
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APPENDIX 
 

 
Raw data obtained from steady state anisotropy: 
 
1. Steady state anisotropy data obtained from XChol=0.4 and XPE =0-1. 
Table:A.1 

S.No X(PE) 
Anisotropy(r) 

Run 1 
Anisotropy(r) 

Run 2 
Anisotropy(r) 
Average 

1 0 0.231516 0.240917 0.236217 

2 0.01 0.234489   

3 0.02 0.235021   

4 0.03 0.206937   

5 0.04 0.312293   

6 0.05 0.231964   

7 0.06 0.219969 0.240701 0.230335 

8 0.07 0.234768 0.241139 0.237953 

9 0.08 0.236763 0.232906 0.234834 

10 0.09 0.236148 0.243727 0.239938 

11 0.1 0.232223 0.243256 0.237739 

12 0.11 0.235688 0.241002 0.238345 

13 0.12 0.230422 0.242849 0.236636 

14 0.13 0.234387 0.246984 0.240686 

15 0.14 0.235656 0.242542 0.239099 

16 0.15 0.236188 0.236039 0.236114 

17 0.16 0.237925 0.24581 0.241867 

18 0.17 0.236718 0.243706 0.240212 

19 0.18 0.241678 0.234428 0.238053 

20 0.19 0.214746 0.247465 0.231106 

21 0.2 0.228793 0.243267 0.23603 

22 0.21 0.240325 0.244007 0.242166 

23 0.22 0.240026 0.24708 0.243553 

24 0.23 0.24015 0.246346 0.243248 

25 0.24 0.236026 0.244611 0.240318 

26 0.25 0.23574 0.244865 0.240302 

27 0.26 0.237085 0.247271 0.242178 

28 0.27 0.240711 0.244727 0.242719 

29 0.28 0.233892 0.246891 0.240392 

30 0.29 0.207467 0.244744 0.226105 

31 0.3 0.236809 0.244816 0.240812 

32 0.31 0.223696 0.245567 0.234631 

33 0.32 0.238464 0.246736 0.2426 

34 0.33 0.240018 0.247564 0.243791 

35 0.34 0.23814 0.246021 0.242081 

36 0.35 0.22037 0.247908 0.234139 

37 0.36 0.227226 0.248342 0.237784 

38 0.37 0.23751 0.244644 0.241077 

39 0.38 0.239602 0.244562 0.242082 

40 0.39 0.238507 0.247865 0.243186 

41 0.4 0.220496 0.239167 0.229832 

42 0.41 0.235174 0.244231 0.239703 

43 0.42 0.245019 0.247394 0.246207 

44 0.43 0.237061 0.246571 0.241816 

45 0.44 0.230696 0.241957 0.236326 

46 0.45 0.282021 0.245131 0.263576 

47 0.46 0.234696 0.247568 0.241132 

48 0.47 0.212154 0.247042 0.229598 

49 0.48 0.346794 0.249124 0.297959 
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Table A.1 (Continued) 

S.No X(PE) 
Anisotropy(r)  

Run 1 
Anisotropy(r) 

Run 2 
Anisotropy(r) 
Average 

50 0.49 0.249774 0.248646 0.24921 

51 0.5 0.233448 0.241027 0.237238 

52 0.51 0.30443 0.247429 0.275929 

53 0.52 0.239762 0.239712 0.239737 

54 0.53 0.237163 0.171068 0.204116 

55 0.54 0.226044 0.247111 0.236578 

56 0.55 0.23137 0.242184 0.236777 

57 0.56 0.239083 0.169665 0.204374 

58 0.57 0.229884 0.245541 0.237713 

59 0.58 0.238375 0.240021 0.239198 

60 0.59 0.243538 0.243338 0.243438 

61 0.6 0.232451 0.241915 0.237183 

62 0.61 0.35071 0.245266 0.297988 

63 0.62 0.240864 0.247694 0.244279 

64 0.63 0.243564 0.243279 0.243421 

65 0.64 0.240815 0.254906 0.247861 

66 0.65 0.225227 0.262635 0.243931 

67 0.66 0.375376 0.246661 0.311019 

68 0.67 0.225756 0.242559 0.234158 

69 0.68 0.300119 0.251036 0.275577 

70 0.69 0.245657 0.230531 0.238094 

71 0.7 0.238915 0.22467 0.231792 

72 0.71 0.219256 0.258946 0.239101 

73 0.72 0.243009 0.23892 0.240964 

74 0.73 0.2325 0.240349 0.236424 

75 0.74 0.239553 0.271373 0.255463 

76 0.75 0.234113 0.24189 0.238001 

77 0.76 0.228063 0.254441 0.241252 

78 0.77 0.210119 0.216541 0.21333 

79 0.78 0.241701 0.260795 0.251248 

80 0.79 0.228158 0.259627 0.243893 

81 0.8 0.232943 0.252915 0.242929 

82 0.81 0.234065 0.245616 0.23984 

83 0.82 0.243391 0.239622 0.241507 

84 0.83 0.260272 0.227912 0.244092 

85 0.84 0.176557 0.230153 0.203355 

86 0.85 0.222225 0.254778 0.238502 

87 0.86 0.232525 0.24753 0.240028 

88 0.87 0.210851 0.263247 0.237049 

89 0.88 0.210076 0.249323 0.2297 

90 0.89 0.174665 0.24846 0.211562 

91 0.9 0.234077 0.185418 0.209748 

92 0.91 0.213867 0.252552 0.233209 

93 0.92 0.28589 0.246058 0.265974 

94 0.93 0.136115   

95 0.94 0.215035   

96 0.95 0.23582   

97 0.96 0.264101   

98 0.97 0.213072   

99 0.98 0.238329   

100 0.99 0.228767   

101 1 0.229039   
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A. 
 

 
Figure A.1: A) Graphs showing data obtained from steady state anisotropy analysis, with 
XChol = 0.34-0.46 and XPE =0.6-0.74. (A, B and C (see below) indicate results obtained 
from 3 different runs).  
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B:

  
Figure A.1: B)Graphs showing data obtained from steady state anisotropy analysis, with 
XChol = 0.34-0.46 and XPE =0.6-0.74. (Run 2)     
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C:

 
 

Figure A.1: C) Graph showing data obtained from steady state anisotropy 
analysis, with XChol = 0.34-0.46 and XPE =0.6-0.74.(Run 2) 
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