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ABSTRACT 

Antimicrobial peptides (AMPs) are one of the most promising solutions to drug-resistant 

bacteria. Melittin and magainin 2 are two of the most representative and extensively studied 

AMPs. In this research, I investigated the interaction of these two AMPs with three models 

of cell membranes: 80% POPC 20% POPG, 40%POPC 40% POPE and 20% POPG, and 

80%POPC 20%POPG plus 30% mole fraction of cholesterol. Time-resolved fluorescence 

emission and fluorescence anisotropy decays of the fluorescent probe 1,6-diphenyl-1,3,5-

hexatriene (DPH) were analyzed to determine the effects of AMPs on the bilayer 

headgroup packing and changes in the interior of the phospholipid bilayer during the 

process of pore formation. Time-resolved fluorescence anisotropy of DPH was employed 

to investigate the dynamics and acyl chain ensemble order in the core of the membrane 

bilayers. DPH anisotropy decay was interpreted in terms of the Brownian Rotational 

Diffusion model (BRD). A wide range of molar ratio of peptides to lipids (P/L) 0.33% to 

30% was studied and I found that at high P/L> 1/50   DPH fluorescence lifetime decreases 

with increasing melittin concentration but there was no effect of the magainin 2 on the 

fluorescence lifetime. The motion of DPH is slowed by adding more melittin as shown by 

the increasing the rotational correlation lifetime 〈∅〉 of DPH. The anisotropy decay analysis 

leads to characterization of the order of the phospholipid acyl chains ensemble throughout 

the depth of the bilayer by calculating the orientational probability distribution function, 

𝑓(𝜃) sin(𝜃) of DPH. I found the effect of peptide concentration on the interior of the 

membrane bilayers by calculating the orientational distribution function, 𝑓(𝜃) sin(𝜃), and 

the rotational correlation time of DPH.  
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Steady-state fluorescence measurements were also used to study the charge density effect 

on the peptide bound lipid to vesicles, and it was confirmed that melittin binds to the 

membrane bilayer from the blue shift of the maximal emission wavelength 𝜆!"# of the 

emission of the intrinsic tryptophan residue in melittin. from the blue shift of the maximal 

emission wavelength 𝜆!"# of the intrinsic tryptophan residue in melittin. 

These results, which were based on three model bilayers, could have significant 

ramifications for our knowledge of peptides’ mechanism of action on more sophisticated 

model cell membranes with higher physiological significance. 
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1 

 Introduction 

Various antibiotics have commonly been utilized to treat human diseases since the first 

antibiotic, Penicillin, was discovered by Alexander Fleming in 1928 [1]. Normally, 

antibiotics are highly effective as remedies for bacterial infections [2]. However, drug-

resistant bacteria appeared, and the antibacterial ability of antibiotics gradually decreased 

with the use of large amounts of antibiotics and due to long-term use [1]. Recently, the 

World Health Organization (WHO) noted that the world is increasingly dangerous due to 

antibiotic-resistant bacteria [3]. In April 2019, WHO reported that about 700,000 people 

are killed each year around the world due to drug-resistant bacteria [4]. Thus, effective 

action has to be taken or this number will rise in the coming years [4]. Peptides were first 

discovered in the year 1939 and are one of the most promising solutions to drug-resistant 

bacteria [1][4][5]. They have been receiving more attention from scientists all over the 

world in the last decades as a solution to the serious threat of drug-resistant bacteria on 

global health [4]. Peptides typically consist of anywhere from six to around one hundred 

amino acids residues with most of them cationic (positively charged) and amphiphilic 

(hydrophilic and hydrophobic), and generally contain stretches of α-helical 

structure[1][6][7]. Initially, peptides were first identified by their ability to strongly interact 

with the lipid bilayer and disrupt their integrity [8]. They are unique molecules whose 

mechanism of action (MOA) with bilayers has been extensively researched since their 

discovery. Peptide-lipid bilayer interactions are involved in several important biological 

processes. Antimicrobial peptides (AMPs), for instance, can recognize and kill a wide 

range of pathogens, and several of these peptides have been recognized as important 
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components of the natural immune system [9]. AMPs, also known as host defense peptides,  

have been discovered in a variety of species [10]. During the last decades, a huge number 

of AMPs have been discovered in animals, plants, and fungi, such as melittin, ainin, 

cecropins, defensins,  and indolicidin [11][12][13]. 

 

Figure 1. 1 Antimicrobial peptides (total 2818) from the antimicrobial peptide database as of 
September 2017 [13]. 

 In the last decades, an increasing number of studies have been reported on lipid bilayer 

active peptides [14]. The number of articles containing the keywords “membrane active 

peptide”, “antimicrobial peptide”, or “cell-penetrating peptide” has increased at an 

exponential rate in the past ~40 years[14]. Lipid bilayer active peptides are attractive 

alternatives to currently utilized pharmaceuticals, and the number of peptides and 

antimicrobial peptides (AMPs) designed for drug and gene delivery is rising [14]. More 

than 600 articles just in the field of AMPs were published in 2017, see Fig. 1.2 [14].  
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Figure 1. 2 The number of articles containing the terms antimicrobial peptide, cell-penetrating 
peptide, or membrane active peptide in the last 40 years [14]. 

These peptides interact with a phospholipid bilayer to disrupt it and cause bilayer lysis or 

passing through it to deliver the cargos to their target [14][15]. There are two main types 

of lipid active 

peptides; bilayer-penetrating peptides (BPPs), which deliver cargos across the lipid bilayer, 

and antimicrobial peptides (AMPs), which kill cells [15] . It's not always obvious to tell 

the difference between AMPs and CPPs. Many AMPs have cell penetrating properties, and 

many CPPs can also function as AMPs [16]. Despite the fact that AMPs come in a wide 

variety of sequences, structures, and sources, they have several characteristics in common 

[13]. Generally, they have a positive net charge (from +2 to +13) and may have a distinct 

cationic domain [13]. The activity of AMPs depends on several molecular determinants, 

such as charge, length, hydrophobicity, and amphiphilicity[17] [10].  

The basic mechanism of peptide-membrane interaction must involve at least two 

fundamental steps. First, cationic peptides bind to the outer surface of negatively charged 

bilayers due to the electrostatic interaction [18]. Second, peptides disrupt membrane 

bilayers when the concentration of peptides bound to the surface becomes sufficiently 
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large. To investigate the molecular details of the peptide–lipid bilayer interactions, 

researchers have used various experimental techniques or molecular dynamic (MD) 

simulation methods to study the steps of peptide actions with a phospholipid bilayer. 

Furthermore, studies of peptide-lipid interaction have led to several models of the complete 

process from membrane binding to pore formation, including the barrel-stave model, the 

carpet model, and the toroidal-pore model as shown in Fig. 1.5  [19].  In general, the 

mechanism of peptide-lipid bilayer actions can be categorized under pore-forming and non-

pore-forming models [13]. The barrel-stave and toroidal models are the most widely 

accepted pore-forming models [20].  

 Both toroidal and barrel stave models are similar in the assumption of a spatially 

characterized pore [19]. However, whereas the barrel stave pore is assumed to be 

completely designed by peptides, the toroidal pore could also be stable additionally to 

peptide-peptide contacts by phospholipids head group interactions [19].  The carpet model, 

on the other hand, deviates from previous models by assuming that in the presence of high 

peptide concentrations, part of the lipids undergoes a phase transition from a bilayer to a 

micellar phase stabilized by peptides. Individual complexes can diffuse away from the 

membrane after the formation of these peptide-stabilized micelles, leaving holes in their 

backs, see Fig. 1.5 [19]. Various experimental techniques have also been used to 

characterize the membrane active peptides. Fig. 1.3 is a schematic representation of the 

main biophysical characterization approaches that have been used to examine the structural 

and dynamical features of peptide-lipid interaction [20].  
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Figure 1. 3. Main approaches used in biophysical characterization of peptide-membrane 
interaction. 

NMR: Nuclear netic Resonance spectroscopy; ITC: Isothermal Titration Calorimetry; CD: Circular 
Dichroism Spectroscopy; X-ray S/D scattering/diffraction; MDS: Molecular Dynamics 
Simulations; MC: Monte Carlo calculations; Cryo-EM: Cryoelectron Microscopy; FC: Flow 
Cytometry; DLS: Dynamic Light Scattering; DSC: Differential Scanning Calorimetry; AFM: 
Atomic Force Microscopy; FS: Fluorescence Spectroscopy; FM: Fluorescence Microscopy; SPR: 
Surface Plasmon Resonance. FTIR: Fourier Transform Infrared Spectroscopy; CG: Coarse Grained 
models; Neutron S/D: Neutron Scattering/Diffraction; ESS: Enhanced Sampling Simulations; 
SMD-US: Steered Molecular Dynamics Simulations-Umbrella Sampling [20].  
 
 
Magainin 2 and melittin are often used as models for the peptide-lipid bilayer interaction. 

However, the mechanism and the conditions of peptides-lipid bilayer interactions, 

especially pore formation behavior, are still unclear [21]. The lipid compositions of the 

lipid bilayer play a significant role in the ability of peptides to induce pores and leakage of 

membrane bilayers. In this research, I investigated the interaction of two pore-forming 

peptides, magainin 2 and melittin, with bilayers composed of three different phospholipid 

mixtures: large unilamellar vesicles (LUVs), phosphatidylcholine (POPC), 

phosphatidylglycerol (POPG) and phosphatidylethanolamine (POPE). These mixtures 

were prepared with 80% POPC 20% POPG, 40%POPC 40% POPE and 20% POPG, and 
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80%POPC 20%POPG plus 30% mole fraction of cholesterol. All these compositions have 

the same charge surface density, due to the presence of 20% PG, but different headgroup 

composition (due to POPE) and different acyl chain packing, due to cholesterol (CHO). 

The goal of this research is to study the effect of headgroup and the interior bilayer 

composition on peptides-lipid bilayer interactions, see Fig. 1.5. Fluorescence spectroscopy 

is one of the most powerful techniques, and the one I used in this research to gain more 

details of the interactions between peptides and lipid bilayers. Fluorescent probes have 

been widely used to study phospholipid bilayers and have been used to examine the effects 

of peptides on the interior membrane. The linear probe 1,6-diphenyl-1,3,5-hexatriene 

(DPH) is one of the most popular fluorescent probes for bilayers and membranes since it 

partitions strongly into the hydrophobic core of bilayers [129][11]. Therefore, it is broadly 

used in this research to examine structural and dynamical properties of phospholipid 

bilayers via measuring both time-resolved fluorescence anisotropy decay and fluorescence 

intensity decay [23]. The effects of peptides on the acyl chains packing in the interior of 

the bilayer were studied by time-resolved fluorescence spectrscopy using the frequency 

domain (FD) technique. In this research, the fluorescence intensity average lifetime 〈𝜏〉, 

and the dynamic anisotropy decay of  the DPH probe molecule were calculated at 30°C as 

function of molar ratios of peptide/lipid. DPH anisotropy decay was interpreted in terms of 

an orientational distribution model that goes beyond the usual <P2> order parameter, 

derived from the 2nd Legendre polynomial, to include <P4>. DPH anisotropy decay was 

interpreted in terms of the Brownian Rotational Diffusion model (BRD). The results of 

anisotropy decay provide information about the orientational order and motion of DPH. 
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These physical parameters information of DPH provide an accurate picture of the ensemble 

of acyl chains throughout the depth of the phospholipid bilayer interior which is not well 

known from previous studies [24]. 

 

Figure 1. 4 The schematic structures of the eukaryotic membrane and bacterial membrane [25]. 

 
 

Figure 1. 5  Schematic models and processes of antimicrobial peptides interacting with 
membrane, A) Barrel Stave model, B) Toroidal model and C) Carpet model [19]. 
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  Antimicrobial Peptides 

 Melittin 

Melittin  (MEL) (C131H229 N39O31,  M.W = 2846.46 g/mole)  is the principal toxic 

component of European honey bee venom, and was discovered around 1970 [26]. It 

represents approximately 50% of the dry weight of bee venom [26][27]. It is a linear 

cationic and amphipathic peptide  composed of 26 amino acids (NH2-Gly-Ile-Gly-Ala-

Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-

Gln-Gln-CONH2) in which the residues 1–20 are predominantly hydrophobic, whereas 

residues 21–26 are hydrophilic, see Fig. 1.6 [26]. This peptide has six positive charges and 

no negative charges; four of these six positive charges are in the latter region. The terminal 

residue Gly region (N-terminal) is predominantly hydrophobic whereas the terminal 

residue Gln region (C-terminal) is hydrophilic due to the presence of the positive charges. 

Thus, melittin forms an amphipathic helix with the polar groups protruding outwards into 

the solvent, while the non-polar groups come into contact with each other on the interior 

of the structure [28]. Because of its amphiphilic properties, this peptide has been used as a 

suitable model for studying peptide–membrane bilayer interaction. In addition, its 

amphiphilic properties makes melittin highly soluble in water [29] [4]. The interaction of 

melittin with phospholipids bilayer has been investigated extensively, both theoretically 

and experimentally [30]. The studies show that the interaction depends on many factors 

such as: aqueous solution, melittin concentration, phospholipids  composition, and the 

membrane potential [31]. Melittin has a higher affinity for phospholipid bilayers that 

contain negative charges than for bilayers composed of only zwitterionic phospholipids 
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[30]. The partition constant of melittin into the phospholipids bilayer composed of 

POPC/POPG (80mol/20mol) is Kp = 4.5 x 104 M-1, whereas into POPC it is Kp = 2.1 x 

103 M-1[32].This indicates that both hydrophobic and hydrophilic interactions are 

involved in the binding of melittin to the bilayer [33][34]. In general, melittin-membrane 

bilayer interaction can be divided into two stages: melittin binding to the bilayer driven by 

hydrophobic and electrostatic interactions, then accumulation on the surface of the bilayer, 

followed by insertion of melittin into the bilayer leading to the formation of transmembrane 

pores [4]. Melittin can orient either parallel or perpendicular to the bilayer, depending on 

composition of the bilayer and the environment conditions [35]. It was reported that it was 

necessary to insert at least three molecules of melittin into the bilayer [36]. The properties 

of the pores produced by melittin could be described with the toroidal or barrel-stave model 

[35]. By using oriented circular dichroism (OCD) and neutron scattering, it was found that 

the properties of melittin-induced pores are similar to the transmembrane pores predicted 

by the toroidal model and are similar to those of pores detected by using oriented circular 

dichroism (OCD) and neutron scattering [35][37]. Bogaart, Jeanette Guzman, et. al.  (2017) 

reported that about 1 melittin per 90 lipid molecules was needed for leakage of the 623 Da 

calcein [38]. This value is consistent with the literature, however it is highly dependent on 

the specific experimental conditions, such as lipid composition, ionic strength of the buffer 

[39][40][41]. 
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Figure 1. 6  Structure of melittin.  

(a) The amino acid sequence of melittin. (b) the secondary structure of melittin showing the 
amphipathic α-helical configuration (when binding on a membrane) [4]. 

Below are some cartoons illustrating the prediction of melittin-lipid bilayer interaction. 
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Figure 1. 7 Pore formation mechanism  by association of melittin on a lipid bilayer[42] [43]. 

 
 
 

  Magainin 2 

Magainin 2 (Mag2) (C₁₁₄H₁₈₀N₃₀O₂₉S, M.W=2466.90 g/mole), from the skin granular 

gland of the African clawed frog, is a cationic and amphipathic peptide. It is composed of  

23 amino acids (H-Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Lys-Lys-Phe-Gly-Lys-Ala-

Phe-Val-Gly-Glu-Ile-Met-Asn-Ser-OH) and has a four positive net charge and no 

negative charges [44]. Magainin 2 is very sensitive to anionic phospholipids composition.  

As a result, magainin 2, like melittin, has a high affinity for negatively charged bilayers 

and this affinity decreases with the decrease of negatively charged phospholipids [30] 

[45]. As a result, the binding of magainin 2  to the mixture phosphatidylcholine bilayer of 
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PC/PG (50/50) is  20 times stronger than PC/PG (70/30) [45] due to the increase in 

negative charges. On the other hand, fluorophore-release studies revealed that magainin 2 

exhibits transmembrane pores and lytic activities when added to phospholipid bilayers 

[46] [47]. Furthermore, structural studies reveal that as magainin 2 partitions into the 

membrane, it undergoes a spontaneous coil to helix transition  [46]. Tamba and Masahito 

Yamazaki, (2019) found that at least the magainin 2 to lipids needed t for leakage is 1/30 

[48].   

 

 

Figure 1. 8 The schematic helical structures of magainin 2 with hydrophobic side (green) and 
hydrophilic side (positive charged groups) (blue) [49]. 

  Cell plasma Membranes 

The cell plasma membrane (or cell membrane) is primarily composed of a lipid bilayer 

with embedded proteins. According to the fluid mosaic model (first proposed in 1972) the 

cell membrane is a disorganized mosaic of components of phospholipids, cholesterol, and 

proteins as shown in Fig.1.8 [50]. This model has evolved into a more organized model 
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that includes two distinct, coexisting fluid phases; liquid disorder and liquid-order. The 

latter phase is based on the strong attractive interaction between saturated phospholipid 

acyl chains and cholesterol, which is found in essentially all mammalian cell membranes.  

The majority of the lipids in membranes are phospholipids. All of the phospholipid 

molecules are amphipathic which means that they have a hydrophilic phosphate headgroup 

which is attracted to water and polar, hydrophobic acyl chains consisting of two fatty acid 

chains repelled by water or nonpolar ends as shown in Fig. 1.9. The overall nanostructure 

of the cell membrane is known, the average radius of the headgroup is~0.2-0.3 nm, and the 

length of the polar headgroup is~0.5-1 nm. The thickness of the bilayer (the distance 

between the hydrophobic headgroups of the membrane bilayer) is ~5 nm, and the average 

surface area per lipid molecule is~ 0.5 nm2. The lipid bilayer has been established as the 

general basis for cell membrane structure. It is easily seen by electron microscopy. 

However, many techniques such as x-ray diffraction, scanning electron microscopy (SEM), 

nuclear magnetic microscopy (NMR), and fluorescence spectroscopy are needed to reveal 

the details of its organization and phase diagram.  

 

 
 
Figure 1. 9 Diagram showing the fluid mosaic model of the cell membrane structure [50]. 
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Figure 1. 10 Diagram showing the phospholipid molecules in cell membrane bilayers, red color 
is a hydrophilic “head groups”, and the black region is hydrophobic “acyl tails.”. This bilayer is 
the basis of the membranes of living cell. 

The unsaturated lipids with a blue tail (double bond) disrupt the packing of the saturated tails one (black). 
The resulting membrane bilayer has more free space which allows more water and other small molecules 
move in and out of bilayer. 
 

 

Figure 1. 11 The schematic diagram illustrating the phospholipids molecules with two acyl saturated 
chain (straight structure 1) and unsaturated acyl chain (bent structure 2). Also, showing the polar head 
group.  

 Phospholipids 

Phospholipids (PLs) are the major component of biological cell membranes; Phospholipids 

account for nearly 50% of all lipids of the plasma membrane, with phosphatidylcholine 

(POPC) and phosphatidylethanolamine (POPE) being the two most common [52]. At the 
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simplest level they are built around a central glycerol group which links the polar 

headgroup, and usually two neutral fatty acid tails (nonpolar hydrocarbon chains). The net 

charge of the polar head group can be neutral (zwitterion) due a negative phosphate group 

and positive glycerol electrical charges as shown in Fig. 1.4. These PLs are an example of 

a zwitterion where functional groups have at least one negative and another positive charge. 

Therefore, the zwitterionic surface property of these PLs is one of the most important 

attributes which enable it to interact with external molecules such as peptides. The 

headgroup charges play a significant role in peptide-membrane interactions.                                                                       

The fatty acid tails can contain between 10 and 36 carbon atoms, and these two fatty acid 

chains can be different in length. For instance, the acyl chains of the phospholipids used in 

this study consist of one saturated chain which has 16 carbon atoms and no double bonds, 

while the other chain has 18 carbon atoms and one cis double bond. The length and 

saturation differences in the fatty acid tails influence the ability of phospholipid molecules 

to compress against each other, thereby affecting the fluidity of the membrane. The relative 

phase of the lipids molecules is one of the most important properties of a lipid bilayer and 

the physical phase of the bilayer can be changed by many factors [53]. The main bilayer 

phases are liquid, gel, and crystalline (solid) phases which depend on temperature, water 

content, and the main phospholipids head group and acyl chain composition [54], [55].The 

phase behavior of lipid bilayers is largely dependent on the Van der Waals interactions 

between the acyl chains. The extent of this interaction is in turn governed by how well the 

acyl chains can pack together, how unsaturated they are, and how long they are. As a result, 

the mobility of lipids decreases in the gel (ordered phase) for long chains of lipids which 
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have more area, consequently increasing the Van der Waals interactions. However, short 

lipid chains will be more fluid (liquid or disordered) than those with long tails [1]. 

Furthermore, the saturated chains with only single bonds  are straight and easy to pack 

tightly together, while the unsaturated chains bend and are harder to pack tightly [50].  

Another important property of cell membrane bilayer is the surface charge density. The 

surface charge density of the membrane bilayers has been studied via many techniques.  It 

is a key for many interactions of cell membranes with proteins and small molecules such 

as membrane-peptide interactions. The range of the surface charge density ( 𝜎) of cell 

membranes from many studies is 𝜎 = 0.3 − 0.002	𝐶/𝑚( . The change of dielectric 

constant from 80 in water to ~ 2 in the interior of the bilayer is very important to study the 

peptide- membrane bilayer interaction by using a spectroscopy technique. This information 

about the lipid bilayer is very significant to study the interaction between the bilayer and 

the peptides. Three types of phospholipids have been used in this research to study peptides 

-bilayers interactions, (POPC), (POPG), and (POPE). These PLs are chosen based on the 

majority of lipids present in the plasma membrane [52].More details about the chosen PLs 

and the cholesterol are described in the following sections. 

 1-Palmitoyl-2-oleoyl-sn-gylcero-3-phosphocholine (POPC, or 16:0, 18:1 PC) 

 POPC (C42H82NO8P, M. W = 760.091 g/mole) is the major lipid and one of the most 

common zwitterionic PLs components of animal cell membranes, and it is rarely present 

in the bacterial membrane [57][58]. It is more commonly found in the outer leaflet of most 

animal cell membrane bilayers, and it is very widely used for bilayer studies [59]. Fig. 1.11 

shows the two hydrophobic acyl chains (1-palmitoyl-2-oleoyl) that provide the first two 
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letters ‘P’ and ‘O’, while the headgroup (phosphocholine) provides the last two ‘P’ and ‘C’ 

to the name POPC. Note that the upper saturated chain (palmitoyl chain) has only single 

bonds, while the lower unsaturated chain (oleoyl chain) has one double bond in the middle. 

POPC has been used in the preparation of the liposomes (vesicles) to study the properties 

of lipid bilayers such as the fluidity of the lipid bilayer. POPC is also used as the main 

model in biophysical experiments to study peptides-lipid bilayer interaction, and it has no 

change in phase above about 3 °C. The net charge of POPC is neutral but has separate 

negative and positive charges on the headgroup surface.  

 

 

 

Figure 1. 12 The schematic diagram of the POPC (16:0, 18:1)  [60]. 

 

 1-Palmitoyl-2-oleoyl-sn-gylcero-3-phosphoglycerol (POPG, or 16:0, 18:1 PG) 

POPG (C40H76O10PNa, M.W = 770.989 g/mole) is very similar to POPC. It has the same 

two hydrophobic acyl chains as POPC, and a headgroup composed of phosphate and oxide 

which has the same cross-sectional area as PC, see Fig. 1.12. However, the net charge of 

POPG is a negative single charge.  In this research POPC with POPG were mixed with 

molar ratios (80/20). Many previous studies used this ratio to study the effect of the charge 

surface density on the peptide-lipid interaction.  
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Figure 1. 13 The schematic diagram of the POPG (16:0, 18:1) [61] 

 

 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE, or 16:0, 18:1 

PE)  

POPE (C39H76NO8P, M.W = 717.996 g/mole) has the same two hydrophobic acyl chains 

as POPC and POPG, but a different headgroup. In eukaryotic plasma membranes, PE and 

PC lipids are the most common zwitterionic lipids. The POPE phospholipid bilayer 

emphasizes the importance of the head group in acyl chain positioning against the peptides 

[52]. Since the PE molecule has a smaller cross-sectional area than the PC molecule, 

studies on PE and PC bilayers showed that the hydrocarbon chain order in PC is lower than 

in PE bilayers [62][63][64]. In this research I mixed the POPE with POPC and POPG at 

molar ratios (4/4/2), respectively. We used this ratio to study the effect of headgroups on 

the peptides-lipid interaction. 

 

 

Figure 1. 14 The schematic diagram of the POPE (16:0, 18:1) [65] 
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 Cholesterol 

Cholesterol (C27H46O, M.W = 386.654g/mole) is a ubiquitous component of all animal 

tissues, where it is found in cell plasma membranes. It is a hydrocarbon compound 

containing 46 hydrogen 27 carbon atoms, and 1 oxygen atom [66]. Between the hydroxyl 

group and the hydrocarbon chain there are four hydrocarbon steroid rings, see Fig. 1.14 

[66]. Due to its location in the lipid bilayer and interaction with other lipids, the cholesterol, 

along with the other lipid components, have an important role in bilayer fluidity [67][68]. 

It plays a crucial role in lipid bilayer organization, function, and dynamics [69][70]. The 

cholesterol has an amphiphilic property because most of its structure is hydrophobic 

(hydrocarbon composition), while the hydroxyl (OH) group is hydrophilic, see Fig. 1.14 

[66]. Due to its amphipathic nature, the cholesterol is surface-active, enabling the polar 

hydroxyl group of cholesterol to interact with the polar head of the phospholipid, whereas 

the hydrophobic steroid ring is positioned parallel to and submerged in the phospholipid 

bilayer hydrocarbon chains [71] [72][73]. As a result, this causes the packaging of lipids 

in the bilayer to condense [74]. Furthermore, due to the rigidity of the cholesterol fused 

ring structure, it appears to segregate fatty acids with saturated acyl chains, resulting in the 

formation of less fluid phases and the more compact liquid-ordered phase [75][76]. In this 

research, a 30% mole fraction of cholesterol was mixed with POPC and POPG at molar 

ratios (80/20) to study the effect of the bilayer interior on the peptide-lipid interaction. The 

unique physical properties of cholesterol have a complex impact on lipid bilayer properties. 

Cholesterol has been found to reduce the permeability of a fluid phase bilayer to water 

[56]. Because cholesterol intercalates between lipid acyl chains, it fills up empty space and 
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reduces the flexibility of the lipid chains around it. Cholesterol plays a role in membrane 

phases and regulates membrane fluidity. Previous studies have revealed that cholesterol 

has a high condensing effect, meaning that the area per molecule of a phospholipid-

cholesterol mixture is smaller than in optimal mixing, and this is caused by cholesterol 

attraction for saturated acyl chains. A decrease in the area per molecule is due to the fact 

that a membrane behaves like an incompressible fluid. In the cartoon below (Fig. 1.14) 

each grey head group corresponds to the choline and phosphate. And, it shows that how 

the cholesterol disrupts the interactions between phospholipids in the fluid phase.  

 

 
 

 

Figure 1. 15 The schematic diagram of the cholesterol chemical structure [66] [77]. 



       

 
 

21 

 Liposomes 

A liposome is a tiny artificial vesicle of spherical shape consisting of one or more lipid 

bilayers. The name liposome is derived from two Greek words: 'Lipos' and 'Soma' meaning 

fat and body, respectively. Liposomes were described in the mid-60s by British 

hematologist Alec Douglas Bangham. Since then, liposomes have been useful in 

biophysics and biochemistry scientific research on bilayers and cell membranes. They have 

been used as tool to study drug delivery for cancers and other diseases, and for studying a 

wide range of membrane properties. In my research I used 100 nm diameter unilamellar 

liposomes as a model to study the AMP-bilayer interaction. Liposomes are sphere-shaped 

vesicles composed either of one layer of bilayer, known as unilamellar vesicles (ULVs) or 

multiple layers of bilayer, known as multilamellar vesicles (MLVs). Depending on the 

preparation methods, liposomes can vary in size from tens to thousands of nanometers. For 

instance, small unilamellar vesicles (SUVs) range in size from 20–100 nm, and large 

unilamellar vesicles (LUVs) range in size from 100–300 nm, while giant unilamellar 

vesicles (GUVs) are defined as greater than 300 nm, see Fig1.15. 

 

 

Figure 1. 16 This an overview of liposome types. From left to right, multi-lamellar vesicles (MLV) 
that range in size from 300–5,000 nm. Large unilamellar vesicles (LUV) range in size from 100–300 nm, 
and small unilamellar vesicles (SUV) range in size from 20–100 nm.  
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After we introduced the phospholipids and peptides, and the factors that affect the peptides-

lipid bilayer interaction, now we should explain the properties of the fluorophores that are 

used in this research by using spectroscopy techniques, and the fluorescence measurements.  

 Jablonski Energy Diagram 

A chromophore or fluorophore is a chemical group that absorbs light at a specific 

wavelength and then emits light. The wavelength of emitted light is longer, and therefore 

has a lower frequency (lower energy). Typically, the excited electrons relax due to 

vibrational and rotational energy transitions before reaching the ground state as shown in 

the Jablonski diagram in Fig. 1.16.  

Fluorescence is the emission of a photon as an excited state decays back to its ground state. 

Fluorophores come in a variety of electronic states. The ground electronic state is 

represented by the symbol S0, and the excited electronic states are denoted as S1, S2, etc. 

There are multiple vibrational energy levels in each electronic state., demoted as 0, 1, 2, 

etc. as shown in Figure 1.17.  

Using light instead of heat to induce fluorescence because the energy gap between the S0 

and S1 excited states is often too big for thermal population of S1. A fluorophore is 

typically stimulated from the ground state S0 to a vibrational sub state of the S1 or S2. 

Non-radioactive decay causes the majority of the molecules to rapidly relax to the lowest 

vibrational level of S1. Internal conversion is the term for this procedure, which usually 

occurs within ~10-12 s. Internal conversion is normally complete prior to photon output 

because fluorescence lifetimes are typically ~10-9 s. As a result, fluorophores are usually 

emitted at S1's lowest vibrational level. The emission spectrum is the consequence of 
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fluorophores reverting to various vibrational levels of the S0 state. Because the electron 

decays to the lowest vibrational energy level of the excited state before emitting the photon 

and returning to the ground state, the emission wavelength is independent of the absorption 

wavelength. Interestingly, the emission spectrum is typically a mirror image of the 

absorption spectrum because all electronic transitions are vertical and occur without 

changing the location of the nuclei, according to the Franck-Condon principle. As a result, 

if a certain transition between the 0th and 1st vibrational levels has the highest absorption 

probability, the reciprocal transition has the highest emission probability. Intersystem 

crossing allows molecules in the S1 state to decay to the first triplet state T1. Because a 

transition from T1 to the singlet state S0 is banned, such a change takes longer, ranging 

from 0.1 milliseconds to minutes or even hours. Phosphorescence is the emission of light 

from T1 to S0, and it produces light with longer wavelengths than fluorescence. The 

phenomenon of absorption and emission of light is called fluorescence. The average time 

that it takes the excited electrons to return to the ground state is called the fluorescence 

emission lifetime. Fluorescence is an experimental method which enables studying of the 

detailed interactions of molecular mechanisms [71]. Fluorescence lifetime and anisotropy 

are the most important. There is nothing ‘global’ about f(t) or r(t) parameters of 

fluorescence phenomenon (more details about these parameters in the next chapter). 

Furthermore, the fluorescence parameters are very sensitive to the environment 

surrounding fluorophores such as the polarity, fluidity, and temperature. Normally, 

fluorophores are divided into extrinsic and intrinsic types. Intrinsic fluorophores are the 

natural components of a system such as tryptophan and phenylalanine residues in proteins. 
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Extrinsic fluorophores are molecules that are added to the composition, such as 1,6-

diphenyl-1,3,5-hexatriene (DPH), which is injected into vesicles to study cell membrane 

properties such as cell membranes dynamics and cell peptides-lipid bilayer interactions. 

 

 

 

Figure 1. 17 Jablonski diagram illustrates the transition between the electronic states of the 
molecule [78].   
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Figure 1. 18 Electronic spectra of the molecules [78].   

 
  Diphenyl-1,3,5-hexatriene (DPH) 

DPH is one of the most popular fluorescent probes used to study membrane properties. The 

DPH probe has a high affinity for the lipid bilayer because of its hydrophobic interaction, 

and as a result it is always distributed into the membrane bilayer [79]. The 

spectrophotometric properties of DPH are extremely sensitive and extensively used to 

study membrane-peptide interactions [80][81]. From Fig. 1.19, the excitation and 

fluorescence spectra of DPH in methanol at room temperature peak at approximately 350 

nm and 452 nm respectively and they are environment dependent. DPH fluorescence 

changes as the phase of membrane bilayer changes, but it is almost non-fluorescent in 

water. The fluorescence parameters, lifetime, and fluorescence anisotropy of DPH are 

sensitive to the surrounding environment, so DPH can be used to study the properties of 
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cell membranes such as polarity, fluidity, and lipids order. The fluorescence lifetime 〈𝜏〉 of 

DPH in lipids membrane bilayer is ~8 ns at 23°C. The quantum yield 𝑄) of DPH (𝑄) =

#	,-	./,0,1	2!30024
#	,-	./,0,1	"56,75424

) decreases as the concentration of water increases.  

 

 

 

 

 

 

Figure 1. 19 DPH absorption (a) and emission (b) spectra in ethanol. 

 

This effect of water on the DPH fluorescence is due to reducing the gap between the 

electronic excited state S2 and vibration relaxation excited state S1 (S2-S1 coupling) as 

shown in the Jablonski diagram in Figure 1.17 [81]. As a result, water does not shift the 

wavelength of the bands, which is reflected as a weak fluorescence emission or low 

quantum yield	[16]. 

 

 Tryptophan (Trp)  

Melittin has a single tryptophan (Trp) residue, which is a sensitive probe for studying the 

interaction of melittin with the PLs bilayer [69]. Trp or W19 is one of the 26 amino acid 

sequence of melittin, as shown in Fig. 1.6. This is particularly useful since melittin 

contains no other aromatic amino acids, making fluorescence data analysis of Trp easier 
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due to the lack of heterogeneity and interference [69] [82]. As a result, Tryp fluorescence 

became an important method that had applied in this research to study the mechanism of 

melittin binding with membrane bilayers. The excitation and fluorescence spectra of 

tryptophan peaks are at ~280 nm and ~350 nm respectively, see Fig 1.20 [83]. 

Fluorescence lifetime of the tryptophan has long been known to be sensitive to the 

polarity of the environment surrounding it [82]. 

 

Figure 1. 20 A. Tryptophan absorption and fluorescence spectra [84]. B. Tryptophan electronic 
absorption transitions in [85] 

 
The summary of this study is: Studying the effect of lipid compositions of the bilayer on 

the ability of peptides to disrupt it. Three different phospholipid mixtures were investigated 

in this research to study peptides-bilayer interaction. All these compositions have the same 

charge surface density, due to the presence of 20% PG, but have different headgroup 

compositions by adding POPE, and different acyl chain packing because of the cholesterol 

(CHO). These compositions were prepared with 80% POPC 20% POPG, 40% POPC 40% 

POPE and 20% POPG, and 80%POPC 20% POPG plus 30% mole fraction of cholesterol. 

Magainin 2 and melittin are used in the present study as peptides models for studying the 
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peptide-lipid bilayer interaction. However, the mechanism and the conditions of the 

interaction between these mixtures with the peptides have not been studied yet.    

Based on these interconnected topics, the goals of the present study are:  

(i) To investigate the impact of headgroup because of POPE in the peptides-

bilayers interaction.  

(ii)  To elucidate the interior bilayer composition due to the cholesterol on the 

peptides-bilayers interaction.  

(iii) To compare the impact of two peptides (magainin 2 and melittin) on the 

peptides-bilayers interaction.  

In fact, it is widely acknowledged that no single experimental technique can provide a 

comprehensive structural picture of the interaction; rather, a combination of techniques is 

required [86]. 
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 Materials and Methods 

 Sample Preparation 

 Preparation of Liposomes 

All phospholipids and cholesterol were acquired from Avanti Polar Lipids (Alabaster, AL), 

stored at -40°C and used without further purification. Molar ratios of POPC/POPG (8/2), 

POPC/POPE/POPG (4/4/2) and POPC/POPG (8/2) with molar fraction 0.3 of cholesterol 

in chloroform were added to glass vials. The vials were rotated under a stream of nitrogen 

gas to evaporate the chloroform, resulting in a thin lipid film on the inner surface of the 

vials. 1.0 mL of cyclohexane was added to dissolve the thin lipid film in the vial. The 

samples were vortexed for around three minutes and frozen for at least half an hour using 

an n-propyl alcohol and dry ice bath. The frozen samples were lyophilized for more than 

four hours to remove the cyclohexane completely, and to yield phospholipids in the form 

of a dispersed white powder.  Final concentrations of all samples were fixed by adding 

buffer (HEPES 10 mM, KCl  60 mM, 30 NaCl 60 mM), pH 7.25) to the vials, which were 

then vortexed thoroughly and subjected to nine freeze/thaw cycles to produce large, 

multilamellar vesicles. Large unilamellar vesicles (LUVs) were formed by extruding the 

multilamellar vesicles 11 times through a pair of 0.1 µm membranes using an Avanti Mini 

Extruder at room temperature. DPH was acquired from Molecular Probes (Eugene, OR), 

dissolved in tetrahydrofuran (THF), to a concentration of 183 µM and stored under argon 

at -20°C in a light-proof container. Samples for all fluorescence measurements were 

prepared at a concentration of 150 µM phospholipid. This was a low concentration, so 

samples appeared almost clear, which ensured that inner filter effects (re-absorption of 
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emitted photons) were kept to a minimum. Samples were prepared in 1.5 ml quartz 

spectrophotometer cuvettes with magnetic stir bars. For samples containing DPH a0.5 µL 

of DPH stock solution was added to each cuvette to yield a final DPH to phospholipid 

molar ratio of 1:300.  

 Preparation of peptides 

Melittin ≥85% (HPLC) and Magainin 2 ≥97% (HPLC) were purchased from Sigma-

Aldrich and stored at -20°C. Stock solutions were prepared at 250 µM and 150 µM, 

respectively, by adding 1.4 mL of the buffer to 1.0 mg and 0.5 mg of melittin and magainin 

2, then stored at -20°C. Melittin at a concentration of 5 µM in solution were put into 1.5 

ml quartz spectrophotometer cuvettes with magnetic stir bars.  

 

 

 

 

 

 

 

 

 

 

 



       

 
 

31 

 Methods 

 Instrumentation 

  ISS PC1 Photon Counting Spectrofluorometer 

For steady-state fluorescence measurements a photon counting spectrofluorometer PC1 

(ISS, Urbana, IL) was used in this research. A xenon direct-current (DC) arc lamp is used 

as the light source, see Fig. 2.5. These lamps, which emit wavelengths ranging from UV to 

near-infrared, are the brightest manufactured light sources with a wide wavelength range 

available. Because most of the light emitted by xenon arc lamps is in the UV-Visible 

region, they are ideal for steady-state measurements. An excitation monochromator is 

required to pick a narrow range of excitation wavelengths since the lamp emits a broad 

range of wavelengths. A quantum counter is used to adjust for variations in lamp intensity 

in steady state measurements.  

 
 
 
 
 
 
 

 
Figure 2. 1 Schematic of the ISS PC1 Photon Counting Spectrofluorometer [87]. 
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PC1 was used in this research to measure the steady-state emission spectra of the 

tryptophan residue in melittin. Excitation light at 280 nm was shined on the sample, and 

sample temperature was kept constant at 20°C via a circulating water bath. Emission light 

from the sample is gathered at a 90° angle to the excitation optics axis. The incoming light 

is then scattered and scanned across the excitation photomultiplier tube (PMT) using a 

holographic grating element. Resulting spectra were plotted via Vinci software supported 

by ISS.  

 ISS Chronos Spectrometer 

Fluorescence excited state and anisotropy decay measurements were performed with a 

Chronos fluorescence lifetime spectrometer (ISS, Urbana, IL). This Chronos fluorometer 

(frequency domain) contains the following components: laser source, reference and sample 

compartments, detectors, wavelength selection, computer, and software (Vinci), and 

polarizers as shown in Fig. 2.2.   

 

       

 

 

 

 

 

 

Figure 2. 2 Schematic of Chronos, the Frequency-Domain Fluorometer from ISS [87]. 
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An external function generator modulates the polarized excitation source at high frequency, 

producing a sinusoidal wave with a typical frequency range of 5-350 MHz. A reference 

quantum counter and PMT must be employed to adjust for any variations in laser intensity 

and output wavelength because lasers can vary in intensity with age. A beam splitter is 

used to send photons from the laser diode to the reference arm. Fluorophore quantum 

counters, on the other hand, have been replaced due to the need for routine maintenance 

and the possibility of fluorophore quality variations. The photodiode's comparison spectral 

range is even wider, with low self-absorption compensation. At each measurement point, 

excitation photons incident shined on the reference cuvette and then the sample cuvette as 

sample compartment stage is automatically rotated. The emission photons are gathered and 

passed through the emission polarizer at an optical path that is aligned at 90° to the laser 

diode excitation light path. This polarizer is necessary for separating fluorescence lifetimes 

from rotational data.  If we do not place a polarizer in the detection pathway, we are 

measuring (𝐼∥(𝑡) + 𝐼"(𝑡)) which is not the total intensity. As a result, we must change 

the emission polarizer to the so-called "magic angle," for which 𝐼"(𝑡)	contributes twice 

as much intensity as the component polarized parallel to the polarized excitation, see 

equation (2.27) for details about how the magic angle (54.70) was calculated. Figs. 2.7-2.9 

show some examples of raw data for both lifetime and anisotropy measurements.  

Fig. 2.3 and 2.4 show the lifetime measurements raw data or Trp and DPH, respectively.  

The green symbols, right axis show the change in modulation ratio, while blue symbols on 

the left axis show the change in phase delay with increasing modulation frequency due to 

the excited state lifetime of the fluorophore. Excitation was at (290 nm for Trp, and at 37nm 
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for DPH). Similarly, in Fig. 2.5 the anisotropy decay measurement of the DPH shows the 

change in modulation ratio and phase delay due to the difference between the horizontally 

and vertically polarized excitation for vertically polarized emission [88].  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 3  The modulation ratio and phase delay of the lifetime intensity decay of Trp from 
Chronos instrument (Examples of Raw Lifetime Data).  
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Figure 2. 4 The modulation ratio and phase delay of the lifetime intensity decay of DPH from 
Chronos instrument (Examples of Raw Lifetime Data). 
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Figure 2. 5  The modulation ratio and phase delay of the anisotropy decay of DPH Chronos 
instrument (Examples of Raw Anisotropy Data). 
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 Fluorescence measurements  

Fluorescence spectroscopic analysis can provide structural and dynamical information of 

cellular membranes and lipid bilayers on the nanosecond timescale [89][90][91]. This 

information is contained in the steady-state florescence measurements or time-resolved 

fluorescence intensity decay and anisotropy decay of either extrinsic or intrinsic 

fluorophores such as DPH and tryptophan residue in melittin, respectively [92]. In 

principle, the parameters that characterize the time-resolved decays could be obtained by 

measurements in either the frequency-domain or in the time-domain [89] [92]. Frequency-

domain measurements (FD) have been applied in this research for both fluorescence 

intensity and anisotropy decays [93][94]. Fluorescence lifetime and differential 

polarization measurements were performed with a frequency domain, or phase-mod, 

Chronos Lifetime Spectrometer (ISS, Urbana, IL). FD in which the intensity of the 

excitation source is modulated at a high frequency that related to the reciprocal of the 

lifetime. The theory of FD has been described extensively in the reference [95]. The laser 

source that was used to excite DPH has a wavelength  𝜆8#9. = 374	𝑛𝑚 (supported by 

Chronos). Fifteen modulation frequencies were used (using a Chronos (ISS) frequency 

domain), logarithmically spaced from 5 to 250 MHZ. All the fluorescence intensity decay 

measurements of DPH were at 30°C maintained using a water-circulating thermostat, and 

a buffer with a PH=7.25. A cut-off filter was used in the emission light path to eliminate 

scattered light. Similarly, a wavelength 𝜆8#9. = 290	𝑛𝑚  from an LED light source 

(supported by Chronos) was used in this experiment to excite the tryptophan residue in 

melittin, and appropriate filters in the emission light path were used to remove any scattered 
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excitation light. Fifteen modulation frequencies were used, similarly to DPH, but 

logarithmically spaced from 20 to 300 MHz for melittin in solution at temperature 10, 23, 

30, 35 and 40°C, and from 50 to 350 MHz for other lifetime measurements with melittin 

added to lipids. For both fluorophores, the best fit to the fluorescence decay data was 

obtained using a two-exponential decay model as described in Eq. 2.11. Two fluorescence 

lifetimes for both Trp and DPH are consistent with the extensive literature for these two 

fluorophores. All lifetime measurements were made with the emission polarizer at the 

magic angle of 54.7° from the vertical polarized excitation beam, and with 1, 4-bis(5-

phenyloxazole-2-yl) benzene (POPOP) (〈𝝉〉=1.35 ns) in absolute ethanol as a lifetime 

reference [17].  
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 Analysis of Steady-State Fluorescence Measurements 

Steady state fluorescence spectra when fluorescent molecules are excited by a constant 

wavelength  of light, and the emission photons are detected as a function of specific range 

of wavelengths [96]. The emission spectrum of the fluorophore provides information about 

the excited wavelengths that molecules will absorb in order to emit a single emission 

spectrum. The excitation and emission spectra for a fluorophore are mirror images of each 

other as shown in Fig. 2.6.  The wavelength of the emission spectrum of a fluorophore is 

higher (lower energy) than the wavelength of the absorbance or excitation spectrum. The 

difference between the maximum fluorescence emission wavelength and the maximum 

absorption wavelength is called Stokes shift. 

The changes of the peak wavelength or the intensity of the emission spectrum of a 

fluorophore are sensitive to the local environment such as pH, temperature, interaction with 

another molecule around it.   

 

Figure 2. 6 The black  is excitation spectrum , and the red is the emission spectrum [97]. 

 



       

 
 

40 

 Analysis of Time-Resolved fluorescence intensity decay measurements  

In the frequency domain FD, the excitation light E(t) is intensity modulated at excessive 

frequency [95]. As a result, the emitted fluorescence F(t) is modulated on the identical 

excessive frequency, however the emitted fluorescence will display a phase-shift (∅) and 

demodulation because of  non-instant fluorescence decay (lifetime) according to [18][95]:  

𝐸( 𝑡) = 𝐸;[1 + 𝑀8 𝑠𝑖𝑛( 𝜔𝑡)]                                                                                        (2.1) 

𝐹( 𝑡) = 𝐹;[1 + 𝑀) 𝑠𝑖𝑛( 𝜔𝑡 − ∅)]                                                                                 (2.2) 

Where, 𝐸; is the average excitation intensity, 𝐹;is the average fluorescence intensity, and 

𝜔 is the angular frequency of modulation, see Fig. 2.7 [98] [99]. The values of the phase-

shift (∅) and demodulation M depend on the fluorescence lifetime (τ) of the fluorophore 

and can be described according to:                                                                                                 

tan( ∅) = 𝜔𝜏∅                                                                                                                                    (2.3) 

Therefore, 

 𝜏∅ =
=>?( ∅)
B

                                                                                                                                                  (2.4) 

Where, 𝜏∅ is the phase lifetime.                                                                                             

The modulations of the excitation (𝑀8) and the emission (𝑀)) are given by: 

 

𝑀8 = W5
"
X
8C.

                                                                                                                   (2.5) 
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𝑀) = WD
E
X
8F.

                                                                       (2.6)    

Where a, b are the amplitude and offset of the excitation wave, and A, B are the 

amplitude and offset of emission wave.                                                                                                           

Therefore, the relative modulation, M, of the emission is then:  

 

𝑀 = F!
F"

= G
HGI(BJ#)$

                                                                                                      (2.7)                                                                                                              

Therefore, 

 𝜏F = G
B
Y G
F$ − 1                                                                                                  (2.8) 

Where, 𝜏F is the modulation lifetime 

 

 Figure 2. 7 Excitation light is modulated at a certain frequency 

(dot line) is the excited light of the fluorophore, while (solid line) is the emitted light (fluorescence). We 
can determine the fluorescence lifetime of a fluorophore from the change in magnitude (M) and phase (∅) 
[100]. 

 
Time-resolved measurement is used to determine the fluorescence intensity decay law of 

the excited state of the fluorophore. The excited state decay law of a fluorophore to the 

ground state can be expressed as: 

𝐼(𝑡) = 𝐼$𝑒
%!"                                                                                                                                      (2.9) 
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Where, 𝐼;  is the intensity at t=0 (upon excitation), 𝜏  is the lifetime (the time for the 

intensity to drop by 1/e of it is initial value). 

In terms of the rate constants 𝑘7  (radiative) and 𝑘17  (non-radiative), the fluorescence 

lifetime can be written as below: 

𝜏 = &
'#('$#

                                                                                                                                                                                                          (2.10) 

Typically, samples display multi-exponential decay in time due to many factors such as 

resonance energy transfer and collisional quenching. For a double exponential the intensity 

excited state can be expressed as [98]:  

𝐼(𝑡) = 𝛼1𝑒
− 𝑡
𝜏1 +𝛼2𝑒

− 𝑡
𝜏2                                                                    (2.11) 

Where,  𝛼G and 𝛼(	are the normalized pre-exponential factors (intensity weighted factors) 

such that ∑ 𝛼33 = 1 , 𝜏G	𝑎𝑛𝑑	𝜏(	 are the fluorescence intensity decay time constants [101]. 

Therefore, the average fluorescence lifetime 〈𝜏〉	can be determined from the equation 

below:  

By taking the integral for the dominator and nominator of equation 10 we get:  

〈𝜏〉 = ∫ -	/(-))
* 	2-

∫ /(-))
* 	2-

=
∫ -	34+5

, !
"+(4-5

, !
"-6)

* 	2-

∫ 34+5
, !
"+(4-5

, !
"-6)

* 	2-
                                                                             (2.12) 

〈𝜏〉 = 4+7+	-(4-7-	-

4+7+(4-7-
                                                                                                            (2.13)   

The fluorescence decay data was analyzed by nonlinear least squares. [102]. For any decay 

law the modulation and phase shift values can be predicted by using cosine and sine 

transforms of the intensity decay I(t):  
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𝐷8 =
∫ /(-)9:;8-	2-)
*

∫ /(-)	2-)
*

                    (2.14) 

𝑁8 =
∫ /(-);<=8-	2-)
*

∫ /(-)	2-)
*

                   (2.15) 

where 𝜔 is the angular modulation frequency (𝜔 = 2𝜋𝑓). In case of a sum of exponentials, 

the modulation and phase shift values can be determined from:   

𝐷8 =
∑ ? /0"0

(+23-"0
-)
@0

∑ 40700
                         (2.16) 

𝑁8 =
∑ ?

/03"0
-

(+23-"0
-)
@0

∑ 40700
                    (2.17) 

Now, we can calculate the values of demodulation (	𝑚9B) and phase shift (𝜙9B) by the 

following equations: 

𝑚98 = (𝑁8A + 𝐷8A )& A⁄                              (2.18) 

𝜙98 = tan%&(𝑁8/𝐷8)                             (2.19) 

In the least-squares analysis method, we vary the parameters 𝛼3 and 𝜏3 to minimize the 

value of the goodness-of-fit parameter 𝜒K(: 

𝜒CA =
&
D
∑ [E3%E53

F6
]A8 + &

D
∑ [G3%G53

F7
]A8                                  (2.20)  

Where 𝜐 equals the number of data points minus the number of parameters (the number 

of degrees of freedom). 𝑚B and 𝜙B are measured data of the modulation and phase shift,  

𝛿! and  	𝛿L are the standard deviation of the modulation and phase shift values and they 

are set equal to 0.004 and 0.2, respectively, by convention [103]. In this research, a 
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Fortran program was designed to minimize the value of  𝜒K(  from the best fit values of 

𝑚9Band 𝜙9B.	𝜒K( is expected to be near one for the appropriate initial parameters that 

were entered in the model, if 𝜒K( is significantly bigger than one, it is reasonable to reject 

the model. 

 Analysis of Time-Resolved Anisotropy decay measurements  

Generally, fluorophores are oriented in time and space randomly even in the case of the 

fluorophore probe labeled in a molecular system such as DPH probe in bilayers membrane.  

Imagine that a stationary fluorophore was excited by a polarized light source followed by 

polarized fluorescence emission in the same plane see Fig. 2.8 A [104]. Anisotropy is a 

measure of the degree of polarization of the fluorescence emission and is a measure of how 

much a fluorophore in a molecular system such as a cell membrane bilayer has rotated. As 

a result, the anisotropy has been used to study the order and disorder (phase diagram) of 

the biological system [105] [21]. For instance, the anisotropy 𝑟(𝑡) of the fluorophores have 

a value of zero if the emission is unpolarized. The fluorophore DPH is a good model to 

study the phase diagram of the phospholipids in lipid bilayers due to both its dipole moment 

arranged parallel to an excited electric field of light and parallel rotation of the acyl chain 

of the lipids [103]. We can define the fluorescence anisotropy 𝑟(𝑡) as how much emission 

of fluorescence is polarized after polarized excitation see Fig. 2.8. B [104][106]. A measure 

of the fluorescence anisotropy 𝑟(𝑡) can be used to determine the rotational correlation time 

of a fluorophore in an environment, and it is defined as 

𝑟(𝑡) = /∥(-)%/9(-)
/(-)

= /∥(-)%/9(-)
/∥(-)(A/9(-)

                                              (2.21) 
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𝐼(𝑡)	is the total intensity 𝐼(𝑡) = 𝐼∥(𝑡) + 2𝐼N(𝑡), and 𝐼N	and  𝐼∥  are the intensities of the 

observed perpendicular and parallel components, respectively.   

In case of  a fluorophore not fully free to rotate, see Fig. 2.9, then rO a non-zero limiting 

anisotropy will	manifest in the a single exponential anisotropy decay as [90] [107].  

𝑟(𝑡) = (𝑟$ − 𝑟H)𝑒
%-

∅I + 𝑟H                                                                                                       (2.22) 

Where, 𝑟(𝑡) is the anisotropy, 𝑟; is the initial anisotropy, 𝑟O is the anisotropy at infinite 

time, and ∅	 is the rotational correlation time. An empirical formula that describes 

anisotropy decay is a simple sum of exponentials: 

𝑟(𝑡) = (𝑟$ − 𝑟H) ;∑ 𝛽<𝑒
%-

∅0IJ
<K& = + 𝑟H                                      (2.23)  

The model that we employed in this research to analyze our data (BRD model) was 

obtained via analysis in terms of just a simple sum of three exponentials for the anisotropy 

decay as: 

𝑟(𝑡) = (𝑟$ − 𝑟H) ;𝛽&𝑒
%-

∅+I + 𝛽A𝑒
%-

∅-I + 𝛽L𝑒
%-

∅:I = + 𝑟H        (2.24) 

Where		∅G and ∅( are the rotational correlation times, and 𝛽G,	𝛽(, 𝛽P are weighing factors 

and: 

∑ 𝛽<L
<K& = 𝛽& + 𝛽A + 𝛽L = 1             (2.25) 

The average rotational relaxation lifetime  〈∅〉 can be obtained: 

〈∅〉 = ∑ (𝛽<	∅<)L
<K&                                                                                                    (2.26) 
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Figure 2. 8 The anisotropy decay of a fluorophore which is not fully free to rotate. 

 
 

 

 

 

                         

  

Figure 2. 9 A. The polarized absorption light and polarized fluorescence emission light, B. The 
direction of the diploe moment between the absorption and the fluorescence emission.                                                                                              

The initial anisotropy 𝑟(0)=𝑟$ can be defined according to: 

𝑟$ =
A
M
ALNOP

-(Q)%&
A

B                                                                                                                      (2.27) 

Where 𝛽 is the angle between the absorption and emission dipoles.  

The maximum 𝑟; corresponds to the angle 𝛽 = 0  

Therefore, the theoretical max value for 𝑟; = 0.4. Since the angle 𝛽 does not equal zero for 

the real molecule, the value 𝑟; is less than 0.4.  

Order parameter 𝑆 and the average of anisotropy 〈𝑟〉	according to [108]:  

A 
B 
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𝑆 = D
R)
R*

                                      (2.28) 

〈𝑟〉 = ∫ R(-)	/(-))
* 	2-

∫ /(-))
* 	2-

           (2.29) 

By substituting the Eq. 2.9 and Eq. 2.22 in Eq. 2.29 and taking the integral: 

〈𝑟〉 = 𝑟H +
R*%R)
&(〈"〉〈∅〉

                 (2.30) 

The first term of the Eq. 2.28 (𝑟H) represents the structural contribution, and the second 

term 
!!"!"
#$〈$〉〈∅〉

  represents the kinetic contribution. 

From the equation (2.27) we can find the angle (magic angle) when 𝑟$ = 0. In order  

𝑟$ = 0 the quantity (3 cosA(𝛽) − 1) must be zero. Therefore, the magic angle 

can be obtained such as: 

(3 cosA(𝛽) − 1)=0, then 	𝛽 = cos%&I1/√3K=54.70 

The magic angle is very important parameter to set up the ISS for fluorescence intensity 

decay measurements.  
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 Brownian Rotational Diffusion Model (BRD)  

The empirical sum-of-exponentials model of anisotropy decay shown in Eq.2.23 can 

provide information about the rotational correlation times 〈∅〉 of DPH, but it does not 

provide any information about the range of the DPH equilibrium angular orientations 

restricted by phospholipid acyl chains around it [109].  Therefore, the anisotropy decay 

data was analyzed using the Brownian Rotational Diffusion model (BRD model). The BRD 

model is based on an approximation of the solution of the Smoluchowski equation and 

establishes a theoretical framework for investigating the orientational distribution of a free-

tumbling fluorescence probe with cylindrical symmetry [110] [111]. The analysis applies 

to the probe having effectively cylindrical symmetry. The symmetry is taken along Z axis. 

Therefore, the orientational distribution function of the probe depends only on 𝜃. The 

predicted orientational distribution function  can be written as a series expansion of the 

Legendre polynomials [110][111] [112]:  

𝑓(𝜃) = ∑ &
A=
(2𝑛 + 1)〈𝑃=〉𝑃=(cos 𝜃)                    (2.31) 

Where 𝑃=(cos 𝜃) Legendre polynomial for even n, and 〈𝑃=〉 is the nth rank 

orientational order parameters that can be determined according to:  

〈𝑃=〉 = ∫ sin(𝜃) 𝑓(𝜃)𝑃=(cos 𝜃)
S
$ 	𝑑𝜃         (2.32) 

  For macroscopically isotropic systems, only the two order parameters 〈𝑃A〉 and another 

for 〈𝑃T〉,  can be used to construct a symmetrical orientational distribution function ƒ(𝜃) 

of the fluorophore molecule [103]: 

𝑓(𝜃) = 𝑁%&exp	[𝐿A𝑃A(cos 𝜃) + 𝐿T𝑃T(cos 𝜃)]         (2.33) 
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Where 𝐿( and 𝐿Q are weighting factors determined by simultaneously solving two 

versions of equation 2.32 , one for 〈𝑃A〉 and another for 〈𝑃T〉, and 𝑁 is the normalization 

constant determined by [103]: 

𝑁 = ∫ sin(𝜃) exp	[𝐿A𝑃A(cos 𝜃) + 𝐿T𝑃T(cos 𝜃)]
S
$ 	𝑑𝜃           (2.34)  

For measurements on vesicle suspensions (macroscopically isotropic system), we can 

only extract the first two order parameters, 〈𝑃A〉 and 〈𝑃T〉 from the experimental data due 

to the symmetry of the dipole transition [24]. The BRD model depends on the diffusion 

coefficient Dperp about the symmetry axis of the molecule , the order parameters 〈𝑃(〉 and 

〈𝑃Q〉,  and the anisotropy decay r0 ( at  t=0 ) according to [24]: 

𝑟(𝑡) = 𝑟$ A∑ 𝑔<𝑒
%-

∅0IL
<K& + 𝑔TB              (2.35) 

Where 

𝑔& =
1
5
+
2
7
〈𝑃A〉 +

18
35
〈𝑃T〉 − 〈𝑃A〉A 

𝑔A =
2
5
+
4
7
〈𝑃A〉 −

24
35
〈𝑃T〉 

𝑔L =
1
5
−
4
7
〈𝑃A〉 +

6
35
〈𝑃T〉 

𝑔Q = 〈𝑃(〉( 

And 

 

∅G =
𝑔G

o6𝐷R W
1
5 +

1
7 〈𝑃(〉 −

12
35 〈𝑃Q〉Xr

s  
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∅( =
𝑔(

o12𝐷R W
1
5 +

1
14 〈𝑃(〉 +

8
35 〈𝑃Q〉Xr

s  

∅P =
𝑔P

o12𝐷R W
1
5 −

1
7 〈𝑃(〉 −

2
35 〈𝑃Q〉Xr

s  

 

The recovered values of 〈𝑃(〉	and 〈𝑃Q〉, as well as the Legendre polynomials that go with 

them, can be used to build an orientational distribution function based on Eq. 2.31. The 

shortened series that results, however, can have negative values of 𝑓(𝜃). As a result, the 

recovered values of  〈𝑃(〉	and 〈𝑃Q〉	in terms of an orientational distribution function require 

the use of a specific functional form for 𝑓(𝜃), which must satisfy the general constraints 

𝑓(𝜃) ≥ 0                                                                                                                (2.36) 

∫ 𝑓(𝜃)S
$ 	𝑑𝜃 = 1                                                                                                    (2.37) 

Our findings for 𝑓(𝜃) support the theory that DPH orientation in lipid membranes is 

caused by a local effective orienting potential. Probes are trapped between lipid acyl chains 

in free volume cavities inside the bilayer structure, resulting in a confinement effect. Thus, 

our findings support the hypothesis that cylindrical probes in lipid membranes can be 

treated similarly to molecules in liquid crystals, using mean-field theoretical descriptions 

like Maier- Saupe potentials, which are also closely related to the BRD model's major 

assumptions. The order parameters 〈𝑃(〉	and 〈𝑃Q〉 are related to 𝑓(𝜃) through the use of 

two connected integral equations of the sort illustrated in Eq. 2.32, which means that 𝑓(𝜃) 

can only have two parameters that can be two adjustable [113].  
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The Brownian Rotational Diffusion model (BRD) was used to determine the three pre-

exponential factors in equation 2.24 and substituted in the equation 2.25 to calculate the 

rotational correlation time of DPH that describes the dynamics of DPH in the bilayer.  

Second, the anisotropy decay analysis leads to information regarding the order of the PLs 

acyl chains ensemble throughout the depth of the bilayer by using the angular orientational 

probability distribution function of the DPH probe, 𝑓(𝜃) sin(𝜃), as described in equation 

2.31. Also, 𝑓(𝜃) sin(𝜃)  was used to examine the changes induced by the concentration of 

peptides (melittin and magainin 2) in detail and how peptide- induced changes in ensemble 

acyl chains of order depends upon peptides concentration and the lipid bilayer composition. 
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 Results and data analysis  

 Steady-State fluorescence measurements of lipid-bound melittin 

The steady-state fluorescence emission spectra of the intrinsic tryptophan (Trp) residue in 

melittin were investigated to follow the binding of melittin to large unilamellar vesicles 

(LUVs). The objective of this study was to characterize the effect of the negatively 

charged (PC/PG) and zwitterionic (PC) on the binding of melittin to lipid vesicles and 

examine how the polarity of the environment can affect this binding. To study that, melittin 

at a concentration of 5 µM in buffer was excited at 280 nm, and the emission spectra of 

Trp was recorded from 320 nm to 400 nm. Our results show that in the absence of lipids, 

the maximum fluorescence emission wavelength is about 𝜆!"#~352	𝑛𝑚, in agreement 

with values found in the literature [114][115][116].  

The binding of melittin to POPC and POPC/POPG was monitored at different molar ratios 

of melittin to lipids, see table 1. A blue shift in the maximal emission wavelength (𝜆!"#) 

of the emission spectra of the Trp was observed, which indicates melittin binds to the lipid 

bilayer, as shown in Fig. 3.1A. This shift was due to the different local polarities (dielectric 

constant) of the buffer and the bilayer interference between the hydrophilic headgroups and 

the hydrophobic bilayer interior [117][118].  The 𝜆!"# shift from the results was calculated 

and it ranged from 352 to 326 nm for POPG-containing lipid vesicles, and from 352 to 330 

nm for POPC vesicles. By comparison, this blue shift is larger in negatively charged 

vesicles composed of POPC/POPG than in purely zwitterionic POPC due to more negative 

charges on the surface (PG), Fig. 3.1B. The photophysical characteristics of Trp are 
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extremely sensitive to its local surroundings [117] [119] [120]. Although many studies 

pointed out that the sensitivity of Trp fluorescence emission and fluorescence excited state 

decay due to the polarity of the local environment, specific details about the effect of the 

environment on the fluorescence parameters are still not clear. One of the goals in this 

research is to explain in detail the effect of the dielectric constant on the changes of the 

global parameters for both steady-state fluorescence intensity and time-resolved 

fluorescence decay of Trp (details of time-resolved results will be discussed in the next 

section). Dielectric constant information can provide details about lipid-bound melittin due 

to the changes of the fluorescence parameters of the Trp. Gramse et al., (2013) have shown 

that the dielectric of a lipid bilayer in the interfacial polar region can be estimated according 

to [121]:   

𝒉
𝝐𝒓,			𝑽𝒆𝒔𝒊𝒄𝒍𝒆

= 𝒉𝒑𝒐𝒍𝒂𝒓
𝝐𝒓,			𝒑𝒐𝒍𝒂𝒓

+ 𝒉𝒄𝒐𝒓𝒆
𝝐𝒓,𝒄𝒐𝒓𝒆		

                             (3.1) 

𝒉 is the total thickness of the hydrophobic and polar regions together (including both 

leaflets), which is about 5 nm for all of lipids used in this research. 𝜖7,			.,T"7 and 𝜖7,9,72		are 

the dielectric constants of the headgroup (polar) and hydrocarbon (hydrophobic) regions, 

respectively. 

Gramse and coworkers measured 3.2 for the entire, hydrated bilayer.  Using this value, and 

assuming that the value for hexane approximates the dielectric in the hydrophobic core 

[121]. 
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Figure 3. 1 A. The effect of adding POPC on the fluorescence emission spectrum of tryptophan residue in 
melittin. B. The effect of adding POPC/POPG on the fluorescence emission spectrum of tryptophan in 
melittin. 

  
 

 
 
 
Figure 3. 2 The maximum wavelength as a function of the addition of lipids to melittin.  

The comparatively more dramatic blue shift in the max peaks of these spectra indicates stronger 
binding of melittin to POPC/POPG (80:20) (in orange). POPC (in blue) shows slightly slower binding 
than POPC/POPG. 
 
 

It is clear that the dielectric at room temperature changes from ~70 in buffer close to the 

bilayer surface to 30 in the polar headgroup region and then to ~2 in the bilayer core. 

Clearly in the dynamic environment of the lipid bilayer these changes in dielectric constant  
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cannot be abrupt, occurring suddenly at specific depths. It is more reasonable that they 

occur with steep gradients, particularly at the transition from the bulk to the headgroup 

region. The decrease in  𝜆!"#	reflects the local effective dielectric constant, and it 

decreases for a more hydrophobic environment surrounding the intrinsic Trp residue 

[82][114]. 

 
Table 3. 1 Maximal Trp emission wavelength as a function of Melittin/ Lipids molar ratios at 
room temperature (20°C) 

Mel/L 
(Molar ratio) 

Fluorescence emission 
maximum 𝝀𝒎𝒂𝒙(nm) 

Stokes Shift(nm) 
∆𝜆 = 𝝀𝒎𝒂𝒙 − 𝝀𝑬𝒙𝒄. 

Mel/POPC Mel/ 
(POPC/POPG)  Mel/POPC Mel/ 

(POPC/POPG) 
Mel. in solution 352±1.82 352±1.82 72 72 

1/400 346±1.61 340±1.23 66 60 

1/200 332±1.10 329±1.08 52 49 

1/50 330±1.14 326±1.04 50 46 

 

The differences between Mel/l=1/400 and 1/200, was 14 nm (346 nm – 332 nm) for POPC 

and 11 nm (340 nm – 329 nm) for POC/PPG. The decrease in those differences with 

increasing melittin concentration implies that the blue shift essentially reaches a plateau 

for both vesicle compositions as shown in Fig. 3.2. This plateau indicates that all of the Trp 

is in the lower dielectric environment of the lipid groups, which corresponds to the near 

complete binding of melittin to the vesicles.  

 Time-resolved fluorescence measurements of melittin-lipid bilayer interaction 

  Fluorescence lifetime of tryptophan of lipid-bound melittin 

Binding of melittin to bilayer could be affected by many factors such as pH, acyl chain 

packing in the bilayer interior, and packing stress in the headgroup region. For instance, 
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the presence of cholesterol in the phospholipid bilayer interior might inhibit melittin-

induced bilayer lysis due to enhanced van der Waals attraction between the acyl chains. 

The presence of negatively charged headgroups will increase the binding and facilitate 

lysis, but this could be somewhat negated by the presence of hexagonal phase preferring 

headgroups like PE.  [118][122][123].  

In this study, I monitored the binding of melittin to POPC/POPG (8/2), POPC/POPE/POPG 

(4/4/2), and POPC/POPG (8/2) + 30% CHO vesicles (LUVs). All these vesicles have the 

same negative charge density due to the same molar content of POPG but different 

headgroup composition due to POPE, and different acyl chain packing properties due to 

cholesterol.  

The goal in this experiment was to investigate the possible role of differences in 

headgroup region and the bilayer interior on the melittin-bilayer interaction, as reported by 

the fluorescence lifetime of the Trp in melittin. An additional goal was to determine the 

critical melittin/lipid molar ratios needed to reach complete binding of melittin. Time-

resolved fluorescence lifetime measurements of the intrinsic Trp residue in melittin have 

been utilized in this research to investigate the binding of melittin to vesicles as a function 

of the melittin/lipid ratio. The sensitivity of Trp average lifetime,〈𝝉〉, to the polarity of the 

medium is an important property for following the binding of melittin to vesicles. The 

results of the steady-state measurements in section 3.1 have shown that the polarity 

difference between the solution and the bilayer induces a blue shift in the Trp residue 

maximum emission upon binding. To gain more information regarding the detailed 
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environment of lipid-bound melittin, intrinsic Trp average fluorescence lifetime 〈𝝉〉 was 

measured to follow the binding of melittin to the three lipid vesicle compositions. Trp 〈𝜏〉  

was measured as function of melittin/lipid molar ratio over the temperature range from10 

to 40°C.  

It is well-known that the fluorescence decay of tryptophan is independent of pH from 4 to 

8 and strongly dependent on pH above pH8. In this research all the samples for fluorescence 

measurements were maintained at pH 7.25. Knowledge of the possible excited-state 

fluorescence decay paths of the Trp can be used to follow the steps of melittin-lipid 

interaction [124][125]. One of the objectives in this part of the experiment was to 

examine the decay of the Trp dipole excited state to the ground state in order to determine 

if its dependence on temperature is altered when bound to lipids. Dufourcq and Faucon, 

1977 quantified this blue shift and found that the shift reduced from 354 to 338 nm upon 

binding to POPC lipid vesicles, while Raghuraman and Chattopadhyay, 2004 found the 

shift decreased from 352 to 336 nm upon binding to DOPC vesicles [118][126]. As soon 

as the maximum emission reached the plateau at specific melittin/lipid molar ratio, melittin 

is completely bound to lipid vesicles. This information from previous studies of the steady-

state measurements of Trp will be connected to the excited state decay measurements. I 

sought to determine if the excited state lifetime reaches a plateau-like value at a specific 

melittin/lipid molar ratio, which means melittin completely binding to vesicles bilayers. 

 The sensitivity of Trp 〈𝝉〉  in solution (lipid-free) was investigated as a function of 

temperature and the results are summarized in table 1. Melittin in buffer at a concentration 
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of 5 µM was excited at 290 nm, and the data were optimally fitted using the sum of two 

exponential decays. The intensity weighted average 〈𝝉〉 was calculated using Eq. 2.13, and  

the goodness-of-fit parameter, 𝜒K(, of all analyses was relatively low, with values from 0.9 

to 3. 

Table 3. 2 The fluorescence lifetime 〈τ〉 of the tryptophan residue in melittin as a function of the 
temperatures in buffer PH7.25 

 

As expected, the Trp lifetime is reduced by an increase in temperature, see Fig. 3.3. In 

general, the relationship between the fluorescence lifetime and temperature of the Trp is 

linear at PH~7 [124][125][127]. The results summarized in table 3.2 show that the 

relationship between Trp 〈𝝉〉 as a function of temperature is linear with negative slope with 

a correlation coefficient of ~ 0.99.  

 

 

 

 

T (°C) 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

10 0.10±0.013 1.60±0.04 0.87±0.02 4.15±0.03 4.01±0.02 

23 0.09±0.02 0.63±0.06 0.91±0.02 3.07±0.05 3.01±0.02 

30 0.09±0.03 0.39±0.01 0.92±0.01 2.60±0.016 2.57±0.01 

35 0.11±0.02 0.24±0.01 0.92±0.01 2.35±0.03 2.32±0.02 

40 0.15±0.06 0.23±0.01 0.91±0.01 2.14±0.02 2.07±0.03 
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Figure 3. 3 Fluorescence lifetime of the tryptophan residue in melittin vs temperature.  

The results show that the Trp lifetime is increased by about 100% when the temperature 

decreased from 40 to 10°C, see table 3.2. Trp lifetimes shown in table 2 at 23°C, and at the 

other temperatures are in good agreement with literature values [127][128][129][125].  

The linear decrease of Trp lifetime over the temperature range 10-40°C (Table 2) can be 

explained  according to the Lippert-Mataga equation [130] [131]: 

〈∆𝐸〉 = A[\]]⃑ L%\]]⃑ M_
-

`a:
A b%&
Ab(&

− =-%&
A=-(&

B                                                                                            (3.2) 

Where 〈∆𝑬〉=〈∆𝑬𝑨〉 − 〈∆𝑬𝑩〉, 〈∆𝑬𝑨〉	and 〈∆𝑬𝑩〉 are the shifts of the 0-0 absorption and 

fluorescence transition energies, respectively, [131], h is Planck's constant, 𝝐 and 𝒏 are the 

dielectric constant and refractive index of the medium, respectively, 𝝁||⃑ 𝒆	and 𝝁||⃑ 𝒈 are the 

excited and ground state permanent dipole moments, respectively, and a is the radius of the 

solvent cavity (assumed to be a sphere)[131] [132].  
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The part between the parentheses in Eq. 3.2 is the Polarity parameter, ∆-	, [132]: 

∆c= A b%&
Ab(&

− =-%&
A=-(&

B                                                                                                              (3.3) 

Malmberg and Maryott, 1956, and Zhou et al,  (2019) reported that the dielectric constant 

in water (pH~7) decreases continuously from 83.83, 79.5, 76.55, 74.83, 73.15  over the 

range 10, 23, 30, 35 and 40°C, respectively [133] [134]. Using their data I calculated the 

Polarity parameter, ∆- , and  the index of refraction was considered to be ~1.33, which 

shows very little variation in water over the range 10 to 40°C [133] [135]. The values of 

∆- as function of temperature were plotted, and I found that ∆- decreases linearly as the 

temperature increases, see Fig. 3.4.  

  

 

 

Figure 3. 4 The polarity parameter ∆𝑓 of the solution vs temperature  
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From Eq.3.2, It is clear that 〈∆𝐸〉 is proportional to ∆- which means 〈∆𝐸〉 also decreases 

as the polarity parameter decreases (or the temperature increases), and this result 

corresponds to the blue shift in the maximal emission wavelength of Trp when it binds to 

phospholipid bilayers.  

 

This interpretation of the binding-induced blue shift by using the Lippert-Mataga equation 

and its connection to the excited state decay have not been previously reported.       

 

Figure 3. 5 Fluorescence lifetime of the tryptophan residue in melittin vs polarity parameter ∆𝑓. 
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Figure 3. 6 Fluorescence lifetime of the tryptophan residue in melittin vs dielectric constant. 

 

Lippert-Mataga and the polarity parameter equations, Eq. 3.2 and Eq. 3.3, provide an 

explanation of the behavior of the Trp excited state lifetime in solution. Finally, using the 

data in table 3.2, the amount of energy (energy barrier) for the excited state decay can be 

calculated from the Arrhenius equation. The decay rate Krad., or 1/〈𝜏〉, can be analyzed 

according to the Arrhenius equation, then the fluorescence lifetime is related to 

temperature, T, according to [127]: 

1/〈𝝉〉 = 𝐾$𝑒
%NOPQ                                                                                                                                         (3.4) 

Where R is the universal gas constant (R = 8.31 J/(mol ⋅ K), 𝐾; the pre-factor, and 𝐸" the 

activation energy.  
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The straight-line fit of our data in table 2 between ln[1/〈τ〉 (s)] against 1/T (K-1) as shown 

in Fig. 3.7 leads directly to an activation energy of 16 kJ/mole and pre-exponential factor 

temperature frequency 𝐾; = 2 × 10GG𝑠YG. The activation energy and the pre-factor are in 

agreement with previous reports [127].   

 

Figure 3. 7 Natural log. of the fluorescence lifetime of the tryptophan residue in melittin vs 1/T 
(K-1).  

 
Although the change of polarity parameter ∆- with the dielectric constant was very small,  

the measurements in this experiment of Trp 〈𝝉〉 as function of temperature are consistent 

with the temperature-induced change in dielectric constant.  

This demonstrates that intrinsic Trp can be used to understand more details about melittin 

bound to a lipid bilayer due to the sensitivity of its fluorescence lifetime to the dielectric 

constant [136] [137].  
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Time-resolved fluorescence lifetimes of the single Trp residue in melittin can be used to 

monitor melittin binding to lipids. The questions are: 1) How does the dielectric constant 

difference between the solution and the bilayer affect the Trp lifetime for melittin bound 

to lipids? 2) Does the temperature variation during the binding of melittin affect Trp 〈𝜏〉 

like it does in solution?  3) What is the percentage of bound melittin from the change of 

Trp 〈𝜏〉?. To answer these questions, cuvettes 150 µM of each phospholipid composition 

were prepared to measure the lifetime of the tryptophan with concentration of melittin to 

lipids (Mel/L) and with four different temperatures 10, 23, 30, and 40°C, results are 

summarized in tables (2-4). At the lowest concentration of melittin (Mel/L=1/400) the 

lifetime of the intrinsic Trp decreases dramatically compared to the value for melittin in 

solution at all temperatures and all bilayer compositions. In Fig. 3.8 increasing the 

concentration of melittin to (Mel/L 1/200) caused a further decrease in 〈𝝉〉 of Trp for both 

POPC/POPG and PE-containing POPC/POPG. However, in the cholesterol containing 

bilayer there was no change of Trp lifetime when melittin was increased beyond 1/400. 

The plateau in the decrease in Trp lifetime occurs at 1/400 in cholesterol, while it occurs 

at MEL/L~1/100 in the POPE-containing bilayer. In POPC/POPG the plateau of Trp 

lifetime does not appear until Mel/L ~>1/50. From these results of excited state decay, it is 

clear that the cholesterol in the bilayer interior has an effect on reducing the binding due to 

the consistency of Trp lifetime at low concentration of melittin to lipid Mel/L above 

~1/400, see Fig 3.11. One the other hand, PE also affected the binding above Mel/L~1/200. 

The reason for this drop of Trp lifetime is the gradient of the dielectric constant from the 

bulk solution to the headgroup region of the bilayer. The value of Trp fluorescence lifetime 
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is consistent as Mel/L is increased beyond1/400 for cholesterol-containing bilayers. This 

consistency implies that as additional melittin is added to the hydrophilic bilayer surface 

the melittin binding site, in terms of dielectric constant is unchanged. 

 

Table 3. 3 Fluorescence lifetime 〈𝝉〉 of the tryptophan residue in melittin as a function of the ratio 
Melittin added to the vesicles POPC/POPG 8:2 (M/L) in the buffer pH 7.25. 

T (°C) M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

10 

0 0.10±0.01 1.60±0.04 0.87±0.02 4.15±0.03 4.01±0.02 

1/400 0.14±0.01 0.34±0.0278 0.73±0.14 2.73±0.02 2.68±0.01 

1/200 0.14±0.05 0.02±0.03 0.86±0.02 1.98±0.04 1.97±0.01 

1/100 0.25±0.01 0.11±0.10 0.83±0.08 1.87±0.02 1.8465±0.01 

1/50 0.24±0.01 0.62±0.05 0.60±0.01 1.93±0.03 1.78±0.02 

23 

0 0.09±0.03 0.63±0.06 0.90±0.02 3.07±0.05 3.01±0.01 

1/400 0.13±0.01 0.46±0.04 0.69±0.01 2.35±0.03 2.29±0.01 

1/200 0.21±0.02 0.29±0.05 0.76±0.01 1.85±0.01 1.79±0.01 

1/100 0.20±0.016 0.08±0.11 0.80±0.01 1.79±0.02 1.77±0.00 

1/50 0.30±0.02 0.69±0.29 0.69±0.00 1.69±0.06 1.56±0.04 

30 

0 0.09±0.03 0.39±0.01 0.92±0.01 2.60±0.0159 2.57±0.01 

1/400 0.10±0.000 0.87±0.01 0.89±0.01 1.16±0.01 1.13±0.03 

1/200 0.42±0.021 1.06±0.05 0.58±0.02 1.23±0.02 1.15±0.04 

1/100 0.25±0.06 0.18±0.07 0.78±0.02 1.72±0.03 1.68±0.02 

1/50 0.32±0.07 0.13±0.05 0.76±0.08 1.54±0.01 1.50±0.01 

40 

0 0.15±0.06 0.23±0.01 0.91±0.01 2.14±0.02 2.07±0.03 

1/400 0.21±0.09 0.37±0.64 0.79±0.08 0.80±0.01 0.800±0.00 

1/200 0.44±0.10 0.85±0.06 0.55±0.10 1.12±0.04 1.02±0.00 

1/100 0.34±0.03 0.88±0.22 0.65±0.01 1.48±0.03 1.35±0.04 

1/50 0.21±0.14 0.97±0.29 0.80±0.12 1.50±0.09 1.42±0.02 
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Temperature also influences the process of Melittin binding to lipid, as shown in Fig. 3.9 

and 3.10. At 10°C the Trp lifetime is almost constant for Mel/L ratios greater than 1/400 

in all three lipid compositions. Above 10°C the Trp lifetime behavior depends on the lipid 

composition and Mel/L molar ratios. On the other hand, the temperature has no effect on 

the Trp lifetime for all of concentration Mel/L~>1/400 in the presence of cholesterol. From 

the Fig. 3.11, it is clear that at Mel/L~1/400 the melittin completely binds to cholesterol-

containing lipid vesicles, and the temperature has no effect on this binding over the range 

of Mel/L studied.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 8 Fluorescence lifetime of the tryptophan vs Melittin to lipids 
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Table 3. 4 Fluorescence lifetime 〈τ〉 of the tryptophan residue in melittin as a function ratio 
Melittin added to the vesicles POPC/POPE/POPG 4/4/2 (M/L) in the buffer PH7.25 

T (°C) M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

10 

0 0.10±0.01 1.60±0.04 0.87±0.02 4.15±0.0340 4.01±0.01 

1/400 0.18±0.02 0.22±0.03 0.86±0.02 2.15±0.0375 2.10±0.03 

1/200 0.15±0.02 0.17±0.01 0.87±0.01 1.83±0.0150 1.79±0.00 

1/100 0.14±0.04 0.70±0.07 0.88±0.00 1.77±0.0171 1.70±0.03 

1/50 0.17±0.01 0.66±0.01 0.84±0.01 1.75±0.0017 1.68±0.01 

23 

0 0.09±0.03 0.63±0.06 0.91±0.02 3.07±0.0467 3.01±0.02 

1/400 0.21±0.01 0.80±0.02 0.79±0.01 1.60±0.0156 1.51±0.01 

1/200 0.15±0.05 0.45±0.01 0.85±0.00 1.59±0.0033 1.53±0.02 

1/100 0.18±0.04 0.53±0.13 0.85±0.01 1.57±0.0476 1.51±0.05 

1/50 0.19±0.01 0.56±0.05 0.81±0.00 1.63±0.0048 1.55±0.02 

30 

0 0.09±0.03 0.40±0.01 0.92±0.01 2.60±0.016 2.57±0.01 

1/400 0.20±0.00 0.79±0.0086 0.80±0.00 1.20±0.01 1.15±0.00 

1/200 0.24±0.07 0.20±0.00 0.78±0.06 1.52±0.02 1.47±0.01 

1/100 0.17±0.01 0.71±0.09 0.83±0.01 1.53±0.00 1.46±0.00 

1/50 0.20±0.00 0.51±0.09 0.80±0.00 1.61±0.01 1.54±0.00 

40 

0 0.15±0.06 0.23±0.01 0.91±0.07 2.14±0.024 2.07±0.03 

1/400 0.20±0.00 0.80±0.00 0.80±0.001 1.01±0.01 0.98±0.02 

1/200 0.22±0.07 0.16±0.027 0.80±0.00 1.19±0.05 1.17±0.05 

1/100 0.25±0.05 0.383±0.09 0.76±0.05 1.45±0.02 1.39±0.04 

1/50 0.17±0.05 0.33±0.16 0.83±0.05 1.40±0.00 1.36±0.02 
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Table 3. 5 Fluorescence lifetime 〈τ〉 of the tryptophan residue in melittin as a function of the ratio 
Melittin added to the vesicles POPC/POPG 8/2+ 30% of Cholesterol (M/L) in the buffer PH7.25. 

T (°C) M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

10 

0 0.10±0.01 1.60±0.04 0.87±0.02 4.15±0.0340 4.01±0.01 

1/400 0.22±0.01 0.11±0.03 0.79±0.00 1.73±0.01 1.70±0.01 

1/200 0.19±0.01 0.08±0.01 0.81±0.01 1.73±0.01 1.72±0.01 

1/100 0.17±0.00 0.07±0.01 0.83±0.00 1.72±0.00 1.71±0.00 

1/50 0.18±0.01 0.06±0.01 0.82±0.01 1.69±0.00 1.68±0.00 

23 

0 0.09±0.03 0.63±0.06 0.90±0.02 3.07±0.05 3.01±0.01 

1/400 0.25±0.03 0.29±0.06 0.76±0.03 1.64±0.03 1.60±0.01 

1/200 0.22±0.02 0.28±0.05 0.78±0.02 1.62±0.02 1.54±0.01 

1/100 0.20±0.0112 0.12±0.06 0.80±0.01 1.61±0.023 1.58±0.02 

1/50 0.22±0.03 0.11±0.01 0.78±0.03 1.59±0.02 1.56±0.02 

30 

0 0.09±0.03 0.39±0.01 0.92±0.01 2.60±0.02 2.57±0.01 

1/400 0.30±0.01 0.24±0.03 0.71±0.0132 1.62±0.02 1.54±0.01 

1/200 0.26±0.01 0.24±0.02 0.74±0.00 1.63±0.02 1.56±0.01 

1/100 0.21±0.01 0.27±0.15 0.79±0.01 1.63±0.04 1.57±0.02 

1/50 0.21±0.01 0.05±0.04 0.80±0.003 1.59±0.03 1.58±0.02 

40 

0 0.15±0.06 0.23±0.01 0.91±0.01 2.14±0.02 2.07±0.03 

1/400 0.36±0.01 0.34±0.03 0.64±0.01 1.72±0.02 1.58±0.01 

1/200 0.31±0.02 0.37±0.01 0.69±0.0156 1.68±0.02 1.56±0.01 

1/100 0.24±0.0 0.25±0.11 0.76±0.00 1.62±0.02 1.56±0.01 

1/50 0.27±0.02 0.16±0.05 0.74±0.02 1.55±0.02 1.50±0.01 
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Figure 3. 9 Fluorescence lifetime of the tryptophan vs Melittin to lipids 

The percentage of bound melittin can be obtained from the blue shift of the normalized 

emission spectra of the steady-state measurements [118]. By comparison to that, I assumed 

that the plateau in the concentration dependent decrease in	〈𝝉〉  of Trp indicated that all of 

the melittin was bound when the plateau value was reached. Then Eq. 3.5 can also be used 

to calculate the percentage of bound melittin (see Fig. 3.11) for any temperature and any 

Mel/L ratio according to: 
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% bound melittin (T) = 〈𝝉〉#(i)%〈𝝉〉T(i)
〈𝝉〉U(i)%〈𝝉〉T(i)

× 100                                                                (3.5)                  

Where 〈𝝉〉)(𝑇) lifetime in the solution, 〈𝝉〉Z(𝑇) lifetime when plateau was reached, and 

〈𝝉〉7(𝑇) lifetime at specific ratio Mel/L at a specific temperature.  

The results in Fig. 3.11 show that melittin completely binds to all three bilayer 

compositions at concentrations of Mel/L (1/50) and higher at all temperatures examined. 

At lower levels of Mel/L below 1/50, temperature has a distinct effect in each bilayer 

composition. 

 

Figure 3. 10 Fluorescence lifetime of the tryptophan residue in melittin binding to vesicles vs 
temperature. 
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From my results, the percentage of melittin bound to cholesterol-containing vesicles 

decreases from about 99% at 10°C and 23°C to about 86% at 40°C at Mel/L 1/400, see Fig. 

3.11. On the other hand, the percentage of bound melittin is affected by bilayer 

composition. For instance, at 10°C our results show that percentage increases from ~61% 

in the case of PC/PG to 81% and 99% in the case of PE and cholesterol-containing vesicles.  

 

Figure 3. 11 Percentage of bound melittin to vesicles vs temperature. 
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 Chen, et al. (1998) reported that the binding parameter for melittin interaction with lipid 

vesicles of different compositions can determine from the blue shift of the according 

[138]:  

  (𝜀 − 1) = (𝜀5 − 1)
!

(
+,
- I!)

                      (3.6)         

𝜀 =
[./01
[./0

 , 𝜆!"#1 (in absence of lipid) 

𝜆!"# (Blue shift in presence of lipids) 

𝑚 is the lipid concentration.  

According to Eq. 3.5 and by comparison to Eq. 3.6, the binding parameter of tryptophan 

residue in melittin can be obtained from time-resolved lifetime measurands according to: 

 

𝑘2
𝑛
= 𝑚

(𝛾$ − 1)
(𝛾& − 1)

 

𝛾$ was defined as 
〈𝝉〉#(i)
〈𝝉〉T(i)

 and 𝛾& =
〈𝝉〉U(i)
〈𝝉〉T(i)

      

%'
&

  were determined from the results of Try lifetime and lipid vesicles concentration 

which is 150	𝛍𝐌 in this research. The data between the binding parameter and Mel/L 

molar ratio were plotted as shown in Fig. 3,12.  
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Figure 3.12 Binding parameter of melittin to Melittin/L molar ratio 

 
The results from the graphs 3.12 show that the binding parameter \,

1
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= 1.5	 × 10YQ	M). This 
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the inverse of the partition constant which is in unit M-1. Therefore, the partition constant 
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 Fluorescence lifetime measurements of DPH as a function of added melittin 

Steady-state and time-resolved flourescence measurments of Trp were used to study 

melittin bound to phospholipid bilayers in the last sections. Despite extensive studies, 

aspects of peptide-lipid bilayer interaction are still unclear [139]. The fluorescent molecule 

1,6-diphenyl-1,3,5-hexatriene (DPH) embedded in the phospholipid bilayer can be utilized 

to study the variations of the bilayer interior structure that may be influenced by peptides. 

The objectives of this part of the research are: 1) How is peptide-lipid inteaction is 

affected by properties of the bilayer interior and headgroup of vesicles? And what are the 

changes in the bilayer interior throughout the process of peptide interaction with lipid 

vesicles? Fluorescence lifetimes 〈𝜏〉 of DPH were measured at 30°C as a function of the 

molar ratio of peptides to phospholipids for all three-phospholipid vesicle compositions; 

POPC/POPG, PE-containing, and cholesterol-containing. In most published studies two or 

three exponentials are required to describe the DPH fluorescence lifetime [101]. The best 

fits for the fluorescence decays in my results were obtained using a sum of two exponential 

decays, and the intensity-weighted average fluorescence lifetime, 〈𝝉〉, was calculated using 

Eq. 2.13.  

The results in tables (3.6-3.8) show that DPH has two fluorescence lifetimes, that each 

depend on the composition of the bilayer and on the Mel/L molar ratio. DPH lifetime is 

known to be sensitive to physical properties of the bilayer such as dielectric constant [140]. 

The varying degrees of water penetration into the bilayer can be detected by the 

fluorescence intensity decay of DPH. It is known that DPH fluorescence 
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lifetime〈𝜏〉	decreases as the amount of water increases because the DPH excited state is 

quenched by water; it is nonfluorescent in water, but is highly fluorescent in the lipid 

bilayer environment [141].  The results in tables 3.6-3.8 show that the fluorescence lifetime 

〈𝜏〉 of DPH is the longest in cholesterol-containing lipid vesicles with no melittin, see Fig. 

3.12.  This demonstrates that enhanced attractive van der Waals forces between acyl chains 

conferred by cholesterol results in tighter headgroup packing and reduced penetration of 

water into the lipid bilayer [141][142]. The hydrophobic core of the bilayer for both 

POPC/POPG and PE-containing POPC/POPG vesicles are identical, however, the 

fluorescence lifetime〈𝜏〉	of DPH embedded in PE-containing POPC/POPG is longer than 

that embedded in POPC/POPG. This suggests that the PE-containing bilayer has tighter 

packing with respect to water penetration compared to the headgroup in absence of POPE. 

As a result, POPE-containing POPC/POPG decreases the amount of water penetration in 

comparison to POPC/POPG. This baseline information about the fluorescence 

lifetime	〈𝜏〉	of DPH embedded into these three phospholipid bilayer compositions have not 

been previously reported in the literature. From this information one can examine the effect 

of peptide concentration on the lifetime	〈𝜏〉	of DPH.  

In POPC/POPG lipid vesicles at low concentrations of Mel/L, from 1/300 to 1/200, the 

results show that there is no observable change in the fluorescence lifetime 〈𝜏〉 of DPH 

This invariance of  〈𝜏〉 means the melittin over these low ratios did not disrupt the bilayer 

with respect to water penetration. In the POPE-containing vesicles, on the other hand, at 

the same concentrations (1/300 and 1/200) the fluorescence lifetime 〈𝜏〉 of DPH. As result, 

PE-containing lipid vesicles allow water molecules to penetrate the bilayer at 
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Mel/L~1/300. Surprisingly, the fluorescence lifetime 〈𝜏〉 of DPH increases over the range 

in between Mel/L=1/300 to 1/50. I reasoned that over this concentration range when 

melittin binds to the bilayer it acts to minimize packing defects that may arise among the 

mis-matched PC and PE headgroups. The result would be that the headgroups pack tighter 

and decrease water penetration into the bilayer.  As a result, the fluorescence lifetime 〈𝜏〉 

for DPH increases due to less water between the two leaflets. At molar ratios above 

Mel/L~1/50, the decrease of fluorescence lifetime 〈𝜏〉 for DPH observed for all bilayer 

compositions suggest disruption of optimal headgroup packing by melittin bound to the 

membrane.  

Table 3. 6 Effect of melittin on fluorescence lifetime 〈τ〉 of DPH embedded in POPC /POPG 8/2 
at 30 ºC. 

 

 

 
 
 
 
 
 
 
 
 

M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

0 0.15±0.03 4.89±0.31 0.85±0.03 8.38±0.05 8.07±0.03 

1/300 0.33±0.03 7.96±0.16 0.67±0.03 8.02±0.17 8.11±0.14 

1/200 0.13±0.03 5.03±0.12 0.87±0.04 8.48±0.16 8.26±0.12 

1/100 0.04±0.00 2.56±0.11 0.96±0.00 8.16±0.05 8.10±0.04 

1/50 0.09±0.00 3.69±0.07 0.91±0.02 8.38±0.06 8.15±0.07 

1/25 0.12±0.03 3.77±0.22 0.88±0.03 8.31±0.14 8.05±0.07 

1/10 0.16±0.03 2.97±0.35 0.83±0.03 7.82±0.19 7.48±0.10 

1/5 0.21±0.02 2.90±0.21 0.77±0.02 7.58±0.04 7.14±0.08 

3/10 0.25±0.01 2.23±0.05 0.73±0.01 7.37±0.12 6.89±0.09 
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Table 3. 7 Effect of melittin on fluorescence lifetime 〈τ〉 of DPH embedded in 
POPC/POPE/POPG 4/4/2 at 30 ºC. 

 

 

 

 

 

 

 

Table 3. 8 Effect of melittin on fluorescence lifetime 〈τ〉 of DPH embedded in POPC/POPG 8/2+ 
30% of Cholesterol at 30 ºC 

M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

0 0.19±0.03 8.45±0.56 0.804±0.14 10.28±0.32 9.98±0.14 

1/300 0.09±0.08 9.98±0.83 0.908±0.07 9.70±0.37 9.80±0.18 

1/200 0.21±0.04 15.08±0.69 0.789±0.04 8.78±0.17 10.71±0.04 

1/100 0.24±0.03 12.28±0.70 0.759±0.03 9.53±0.38 10.64±0.27 

1/50 0.34±0.04 6.79±0.51 0.651±0.09 11.70±0.46 10.53±0.09 

1/25 0.21±0.04 5.10±0.53 0.780±0.04 11.00±0.25 10.34±0.09 

1/10 0.25±0.01 3.55±0.04 0.734±0.01 8.76±0.05 8.13±0.02 

1/5 0.19±0.00 2.27±0.05 0.791±0.01 8.60±0.04 8.23±0.04 

3/10 0.31±0.02 2.35±0.16 0.662±0.02 8.29±0.10 7.60±0.10 

 

 
 

Figure 3. 12 Comparison between the Lifetime of DPH in three compositions of lipids vs the molar ratio 
of melittin to lipids. 

5

7

9

11

13

0 0.1 0.2 0.3

〈 τ
〉

(n
s)

M/L

Comparison between Life Time of DPH of the three composiitions of 
lipids vs Melittin ratio to lipids

POPC/POPG 8/2 POPC/POPE/POPG 4/4/2
POPC/POPG 8/2+30% Cholesterol

M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

0 0.41±0.01 10.28±0.13 0.58±0.01 7.62±0.10 8.93±0.020 

1/300 0.10±0.03 4.96±0.18 0.90±0.04 9.05±0.17 8.87±0.113 

1/200 0.14±0.06 5.59±0.24 0.86±0.03 8.89±0.10 8.60±0.06 

1/100 0.16±0.01 5.44±0.24 0.84±0.03 8.96±0.14 8.59±0.03 

1/50 0.09±0.02 4.19±0.55 0.91±0.02 8.68±0.11 8.48±0.06 

1/25 0.12±0.03 4.00±0.29 0.88±0.01 8.75±0.12 8.48±0.05 

1/10 0.21±0.02 4.32±0.20 0.78±0.02 8.63±0.08 8.11±0.04 

1/5 0.25±0.02 3.48±0.11 0.73±0.00 7.33±0.03 6.78±0.03 

3/10 0.33±0.01 2.19±0.13 0.64±0.01 6.61±0.08 5.96±0.08 
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  Fluorescence anisotropy measurements of DPH as a function of added melittin 

The fluorescence anisotropy decay, r(t), of the DPH probe molecule embeded in the 

phospholipid bilayer was studied at 30°C. The Brownian Rotational Diffusion model 

(BRD) was used to analyze the anisotropy decay data of DPH for each phospholipid 

composition with respect to the amount of melittin added (Mel/L), and the results are 

summarized in tables (3.9-3.11). The goal of this study was to provide more details of the 

structure and dynamics of the bilayer interior from the anisotropy parameters reported in 

the tables, and to show how these parameters are correlated to the fluorescence intensity 

decay discussed in section 3.2.1. The analysis of DPH anisotropy decay show that initial 

anisotropy values of 𝑟;  for DPH are independent of bilayer compositions and Mel/L 

concentration. The averages of the initial anisotropy 𝑟; were determined from the BRD 

analysis of the anisotropy decays and found to be 0.377, 0.370, 0.366 (with errors of about 

0.01 in all three cases) for POPC/POPG, PE-containing, and cholesterol-containing lipid 

vesicles, respectively. The results for	𝑟; agree with the data reported by Lentz, (1993) and 

Best et al., (1987) who had shown that the initial anisotropy 𝑟; for DPH depends on the 

bilayer interior embedded in it (They used DPPC and DLPC, and DMPC) [143][144]. 

However, Mitchell and Litman (1998) show that the 𝑟; is almost the same for different acyl 

chains composition of the PC bilayer. They reported that 𝑟; was between 0.334 and 0.361 

[145][103].  

The analysis of the fluorescence anisotropy 𝑟(𝑡)	was used to determine the rotational 

correlation time 〈∅〉 of the DPH for all three lipid compositions as a function of Mel/L. 
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Also, the average of anisotropy 〈𝑟〉	of the fluorophore was evaluated using Eq. 2.28. The 

parameter 〈𝑟〉	is calculated from the anisotropy decay and provides more details about the 

average orientational order of the DPH, which can be used to infer information regarding 

the order of the phospholipid acyl chains. The rotational correlation time 	〈∅〉 remains 

almost constant until Mel/L reaches above~1/50 as shown in Fig. 3.15. This ratio 

Mel/L=1/50 agrees with the results of the fluorescence lifetime reported in tables (3.6-3.8) 

which indicates water penetration to the bilayer.  

The average of anisotropy 〈𝑟〉	of DPH embedded in phospholipid bilayers was determined 

for all compositions with respect to Mel/L and summarized in tables (3.9-3.11). Average 

fluorescence anisotropy decay of the bilayer embedded DPH fluorophore is related to the 

rotational mobility of the fluorophore in the bilayer local environment, and  is sensitive to 

phospholipid acyl chain packing [98]. Fig. 3.16 shows increases in average fluorescence 

anisotropy of DPH with increasing concentrations of Mel/L. As apparent from the Fig. 

3.16, the average of fluorescence anisotropy is highest in cholesterol-containing lipid 

vesicles. This reflects the relatively more condensed packing of the fatty acyl chains in the 

presence of cholesterol. DPH average anisotropy in the PC/PG and PE-containing lipid 

vesicles is much lower than that in cholesterol-containing lipid vesicles. This indicates both 

PC/PG and PE-containing lipid vesicles have similar, relatively loose packing between the 

fatty acyl chains. There was no change in average anisotropy observed in cholesterol-

containing lipid vesicles with Mel/L above 1/25.  In the case of PC/PG and PE-containing 

lipid vesicles, the average anisotropy seems to plateau above Mel/L=1/5 and at 

Mel/L=3/10, the average fluorescence anisotropy 〈𝑟〉	 of DPH is almost the same for all 
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three phospholipid bilayers. This plateau is in general agreement with the changes in 

rotational correlation time 〈∅〉 shown in Fig. 3.15. 

Table 3. 9 Effect of melittin on fluorescence anisotropy of DPH embedded in POPC/ POPG 8/2 
at 30 ºC 

 
 
Table 3. 10 Effect of melittin on fluorescence anisotropy of DPH embedded in 
POPC/POPE/POPG 4/4/2 at 30 ºC. 

 

M/L r0 〈∅〉 (ns) P2 P4 𝐃# S 〈𝒓〉 

0 0.367±0.007 2.325±0.051 0.177±0.0044 0.352±0.016 0.153±0.007 0.177±0.004 0.091 

1/300 0. 364±0.014 1.812±0.134 0.220±0.0067 0.493±0.021 0.395±0.078 0.220±0.007 0.096 

1/200 0.384±0.017 2.116±0.122 0.213±0.0139 0.393±0.037 0.197±0.050 0.213±0.014 0.092 

1/100 0.379±0.010 2.064±0.062 0.228±0.0059 0.377±0.021 0.180±0.025 0.228±0.006 0.093 

1/50 0.382±0.002 2.114±0.059 0.236±0.0082 0.387±0.006 0.180±0.008 0.236±0.008 0.096 

1/25 0.370±0.010 2.346±0.059 0.246±0.0077 0.403±0.009 0.171±0.006 0.246±0.008 0.101 

1/10 0.369±0.001 3.651±0.109 0.325±0.0104 0.500±0.029 0.158±0.030 0.325±0.010 0.147 

1/5 0.353±0.005 7.562±0.351 0.306±0.0622 0.508±0.036 0.083±0.008 0.306±0.062 0.198 

3/10 0.357±0.005 10.723±0.719 0.170±0.0215 0.479±0.006 0.066±0.004 0.170±0.022 0.221 

M/L r0 〈∅〉 (ns) P2 P4 𝐃# S 〈𝒓〉 

0 0.388±0.003 1.949±0.036 0.324±0.003 0.421±0.008 0.193±0.009 0.324±0.003 0.103 

1/300 0.370±0.016 1.964±0.084 0.307±0.004 0.383±0.034 0.170±0.030 0.307±0.004 0.096 

1/200 0.386±0.005 1.829±0.021 0.286±0.005 0.400±0.009 0.202±0.006 0.286±0.005 0.094 

1/100 0.377±0.002 1.774±0.019 0.280±0.010 0.379±0.005 0.192±0.009 0.280±0.010 0.089 

1/50 0.381±0.012 1.844±0.045 0.285±0.013 0.412±0.017 0.212±0.016 0.285±0.013 0.093 

1/25 0.353±0.015 2.115±0.056 0.305±0.008 0.357±0.031 0.143±0.020 0.305±0.008 0.097 

1/10 0.367±0.015 3.147±0.137 0.300±0.033 0.488±0.034 0.181±0.030 0.300±0.032 0.127 

1/5 0.353±0.004 7.230±0.221 0.274±0.016 0.500±0.010 0.089±0.005 0.274±0.016 0.195 

3/10 0.354±0.001 9.751±0.343 0.060±0.011 0.424±0.005 0.061±0.001 0.060±0.011 0.220 
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Table 3. 11 Effect of melittin on fluorescence anisotropy of DPH embedded in POPC/POPG 8/2+ 
30% of Cholesterol at 30 ºC 

M/L r0 〈∅〉 (ns) P2 P4 𝐃# S 〈𝒓〉 

0 0.376±0.016 1.410±0.183 0.622±0.004 0.525±0.024 0.165±0.043 0.622±0.004 0.174 

1/300 0.373±0.004 1.427±0.034 0.639±0.013 0.530±0.021 0.149±0.017 0.639±0.013 0.180 

1/200 0.369±0.004 1.436±0.028 0.643±0.002 0.514±0.002 0.134±0.003 0.643±0.002 0.178 

1/100 0.381±0.010 1.346±0.064 0.655±0.011 0.559±0.023 0.171±0.042 0.654±0.011 0.188 

1/50 0.363±0.006 1.506±0.018 0.695±0.003 0.552±0.008 0.112±0.002 0.695±0.003 0.198 

1/25 0.360±0.001 1.672±0.057 0.759±0.004 0.610±0.006 0.083±0.002 0.759±0.004 0.228 

1/10 0.363±0.008 6.523±0.292 0.601±0.007 0.648±0.029 0.08±0.019 0.602±0.006 0.234 

1/5 0.361±0.003 10.551±0.912 0.452±0.027 0.603±0.010 0.074±0.004 0.453±0.027 0.236 

3/10 0.348±0.007 12.541±0.722 0.321±0.163 0.550±0.064 0.061±0.002 0.350±0.163 0.232 

 
 
 

 
 
 
Figure 3. 13 Comparison between Rotational relaxation lifetime of the DPH of the three compositions of 
lipids vs Melittin molar ratio to lipids.  
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Figure 3. 14 The average fluorescence anisotropy	〈𝒓〉	of the DPH of the three compositions vs 
melittin to lipids molar ratio.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.05

0.10

0.15

0.20

0.25

0.0 0.1 0.2 0.3

〈𝑟
〉

M/L

The average fluorescence anisotropy vs Melittin/lipids. 

POPC/POPG POPC/POPE/POPG POPC/POPG+ 30% CHO.



       

 
 

83 

  DPH Orientational probability distribution function as a function of added 

melittin 

One goal of this study was to assess the changes in the bilayer interior as the peptides 

proceed through the process of binding to the bilayer surface, penetrate deeper into the 

bilayer, intercalate between the phospholipid acyl chains, and finally produce bilayer-

spanning pores. Because it is a free-tumbling fluorescent probe, DPH provides a unique 

tool to assess the overall ensemble packing of the acyl chains. Its size is 1.41 nm from C4 

of one phenyl ring to the C4 of the opposite phenyl ring. The depth of the nonpolar, 

hydrophobic part of the bilayer, roughly from the glycerol backbone on one side of the 

bilayer to the glycerol backbone on the opposite leaflet of the bilayer, is about 3 nm. This 

means that DPH is about the length of the acyl chain region of one leaflet of a phospholipid 

bilayer. In other words, if DPH is roughly parallel to the bilayer normal it fits in one leaflet 

of the bilayer. Most methods of analyzing the orientation of DPH in a phospholipid bilayer 

assume that the principal orientation is more or less parallel to the phospholipid acyl chains. 

An example of this type of model is the popular wobbling-in-cone model of Kinoshita 

[24][103][112]. The Brownian Rotational Diffusion (BRD) model makes no assumptions 

about the orientation of DPH and explicitly allows for orientations that are at any angle 

from the bilayer normal. This is possible because it analyzes dynamic anisotropy decay in 

terms of contributions from both probe motion and probe orientational heterogeneity. It 

explicitly separates fluorophore motion from fluorophore equilibrium orientation. In 

general, fluorescence anisotropy is a result of both fluorophore motion on the time scale of 

the excited state lifetime, and non-random fluorophore orientation.   
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BRD model analyzes the anisotropy decay in terms of an explicit orientational distribution 

function,  f(θ), based on the 2nd and 4th Legendre polynomials and rotation of the 

fluorophore about its long axis [24][103]. This rotational motion is the principal motion 

available to DPH over its excited state lifetime of about 10 nanoseconds in the hindered, 

highly viscous environment afforded by phospholipid acyl chains. Thus, the BRD analysis 

yields two related but distinct ways to characterize the bilayer acyl chain environment: 

motion of a fluorescent probe molecule, and equilibrium orientation of that molecule. The 

equilibrium orientational probability distribution provides a measure of the bilayer location 

of a large probe molecule like DPH.  

Fig.3.15 shows the effect of the temperature on the angular orientational probability 

distribution function of DPH in interior bilayer (POPC). At both temperatures the 

probability distribution consists of two broad populations, one centered at about 150 and 

one centered at 900. The population at 150 consists of DPH molecules oriented essentially 

parallel to the phospholipid acyl chains. The basic structure of the phospholipid bilayer 

means that the population at 900 to the membrane normal must be in the bilayer midplane, 

between the two leaflets. At 100C the two distributions are about the same size; the 

probability from 0 to 450 is 48%. Also, the probability of orientations at high angles from 

the two main orientations, between 300 and 600, are low, but not zero. Raising the 

temperature to 370 shifts a significant amount of the ‘acyl chain parallel’ population to the 

population in midplane. This is consistent with a number of studies showing that 

temperature increases the motion of the highly flexible acyl chains, increasing the amount 

of time when they curl up and leave room in the bilayer midplane. This temperature-
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induced shift in the two populations produces essentially no change in the small population 

of DPH at intermediate orientations [103]. 

 

Figure 3. 15  The angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH with respect 
to bilayer normal for Vs the temperature for PC vesicles. 

 
The equilibrium orientational distribution function, 𝑓(𝜃) sin(𝜃) , for DPH in the three 

bilayers investigated in this study is shown in Fig 3.19, 3.20. The anisotropy decay analysis 

leads to the angular orientational probability distribution of DPH, 𝑓(𝜃) sin(𝜃) . This 

angular distribution function summarizes the orientation of DPH in the absence of motion. 

The point of the BRD analysis of the DPH anisotropy decay is to separate anisotropy due 

to motion from anisotropy due to heterogenous orientation. 

Fig. 3.18 shows the effect of the peptides on the angular orientational probability 

distribution function of DPH in the bilayer interior. These are orientational probability 

distributions, so the area under each curve is identical. In general, the probability 

distribution consists of two broad populations, one centered at about 120 and one centered 

at 900 from the bilayer normal. The population at 120 consists of DPH molecules oriented 
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the bilayer normal reflects a population of DPH in the bilayer midplane, oriented 

essentially parallel to the surface of the bilayer. As one might expect, the 𝑓(𝜃) sin(𝜃) of 

DPH molecules is clearly affected by the composition of the phospholipid bilayer, see 

Fig.3.18. In the case of cholesterol-containing lipid vesicles with no peptides, the 

distribution is generally divided in two populations; the probability density from 0 to 450 

is about 76%, and it is very low (about ~9%) from 30 to 600. The effect of the cholesterol 

on the distribution of DPH increases the population of DPH oriented parallel to the acyl 

chains, which is similar to the change induced by a decrease in temperature.  

The angular orientation probability distribution was also examined to figure out the effect 

of melittin concentration (Mel/L 1/100 and Mel/L 1/10) on DPH orientation in the interior 

of the bilayer of cholesterol-containing lipid vesicles. I have found that at Mel/L 1/100 the 

distribution of DPH from 0 to 450 increases to 78% and at high concentrations of Mel/L 

1/10 it decreases to 70% in comparison with no melittin. Intermediate orientations, between 

30 and 600 at Mel/L 1/100 is lower than with no melittin which is about 8% and almost 

completely eliminated at high concentration Mel/L 1/10 as shown in Fig. 3.19. 
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Figure 3. 16 The angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH with 
respect to bilayer normal for the three compositions for different melittin to lipids concentrations 
melittin/L. 
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to figure out the effect of melittin concentration (Mel/L 1/100 and Mel/L 1/10) on DPH 

0

0.01

0.02

0.03

0.04

0 10 20 30 40 50 60 70 80 90

f(
𝜃)

 si
n(
𝜃)

Angle from bilayer normal

1/100 Mel/L

PC/PE/PG 4/4/2 PC/PG 8/2 + 30% Cho.

PC/PG 8/2

0

0.01

0.02

0.03

0.04

0 10 20 30 40 50 60 70 80 90

f(
𝜃)

 si
n(
𝜃)

Angle from bilayer normal

0 Peptides

PC/PE/PG 4/4/2
PC/PG 8/2 + 30% Cho.
PC/PG 8/2

0
0.01
0.02
0.03
0.04
0.05

0 10 20 30 40 50 60 70 80 90

f(
𝜃)

 si
n(
𝜃)

Angle from bilayer normal

1/10 Mel/L

PC/PE/PG 4/4/2 PC/PG 8/2 + 30% Cho.

PC/PG 8/2



       

 
 

88 

orientation in the interior of the bilayer of POPC/POPE/POPG. I found that the distribution 

of DPH from 0 to 450 increases to 42% and 47% at concentrations of Mel/L 1/100 and  

Mel/L 1/10 in comparison with no melittin, respectively.  

 

 

 

 

 

 

 

 

 

Figure 3. 17 The orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH with respect to 
bilayer normal for the three compositions for different melittin to lipids concentrations Mel/L.  

The orientational distribution function, 𝑓(𝜃) sin(𝜃), for DPH shows how each bilayer is 

different. The most space in the midplane is found in PC/PG lipid vesicles, and the least is 

0

0.01

0.02

0.03

0 10 20 30 40 50 60 70 80 90
f(
𝜃)

 si
n(
𝜃)

Angle from bilayer normal

POPC/POPE/POPG 4/4/2

0 M/L 1/100 Melittin/L

1/10 Melittin/L

0

0.01

0.02

0.03

0.04

0.05

0 10 20 30 40 50 60 70 80 90

f(
𝜃)

 si
n(
𝜃)

Angle from bilayer normal

POPC/POPG 8/2

0 M/L 1/100 Melittin/L

1/10 Melittin/L

0

0.01

0.02

0.03

0.04

0.05

0 10 20 30 40 50 60 70 80 90

f(
𝜃)

 si
n(
𝜃)

Angle from bilayer normal

POPC/POPG 8/2+ 30% Cho.

0 M/L 1/100 Melittin/L

1/10 Melittin/L



       

 
 

89 

in cholesterol-containing lipid vesicles. At 1/100 the intermediate orientations in PC/PG 

are already eliminated indicating that the two DPH populations have already been 

separated from each other. On the other hand, at 1/10 this is true for all three lipid 

compositions. This figure also shows that the fluorescence lifetime of DPH is shorter when 

there is more DPH in the midplane, and longer when there is more DPH parallel to the acyl 

chains (close to bilayer normal).  

 
The orientational distribution function, 𝑓(𝜃) sin(𝜃), for DPH shows that how each bilayer 

is different. The most space in the midplane was in case of PC/PG lipid vesicles, and the 

least was in cholesterol-containing lipid vesicles. At 1/100 the intermediate orientations in 

PC/PG are already eliminated indicating that the two DPH populations have already been 

separated from each other. On the other hand, at 1/10 this is true for all three lipid 

compositions.  

 

The parameter 𝑓7"14,!  is the overlap of the random orientational distribution, 

𝑓(𝜃)7"14 sin(𝜃)  and the orientational probability distribution, 𝑓(𝜃) sin(𝜃)  , can be 

defined according: 

𝑓7"14,! = 1 − G
(∫ |𝑓(𝜃) − 𝑓(𝜃)7"14|	sin(𝜃)

]
;  d	𝜃  

Where 𝑓(𝜃) is defined as a normalized distribution function according to Eq. 2.37.  

𝑓(𝜃)7"14 is given by Eq. 2.33, with 𝐿( = 𝐿Q = 0 

This parameter 𝑓7"14,! has the advantage that it results from a direct comparison with a 

random orientational distribution over the entire angular range from 0 to 𝜋.The parameter 

𝑓7"14,! provides information on changes in the degree of orientational freedom of DPH 
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due to changes in melittin concentration. The results of  𝑓7"14,! DPH were determined 

using the BRD model for all of the phospholipid bilayers with respect to Mel/L and are 

summarized in table 3.12.             

The Fig. 3.21 show that 𝑓7"14,!  of DPH has the lowest values when embedded in 

cholesterol-containing lipid vesicles, and it also decreases as Mel/L increasing. This effect 

of increasing Mel/L on 𝑓7"14,!	is similar to the effect of decreeing the temperature.  

 

Table 3. 12 The parameter frandom of DPH embedded in all the three bilayer compositions. 

M/L PPC/POPG POPC/POPE/POPG POPC/POPG+30% Cho 

 𝒇𝒓𝒂𝒏𝒅𝒐𝒎 𝝈 𝒇𝒓𝒂𝒏𝒅𝒐𝒎 𝝈 𝒇𝒓𝒂𝒏𝒅𝒐𝒎 𝝈 

0 0.603 ±0.01 0.572 ±0.008 0.388 ±0.007 

1/300 0.596 ±0.011 0.587 ±0.007 0.375 ±0.013 

1/100 0.591 ±0.01 0.605 ±0.008 0.355 ±0.004 

1/25 0.568 ±0.012 0.599 ±0.005 0.274 ±0.003 

 

 

Figure 3. 18 Frand. parameter vs melittin to lipids ratio Mel/L. 
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By comparison between the 𝑓7"14,!  and distribution function, the results of  𝑓7"14,! 

correspond to the angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of 

DPH when DPH population shifted toward the bilayer normal, see Fig. 3.17. Instance, the 

𝑓7"14,!  in the case of PC/PG slightly decreases when Mel/l decreases which is also 

corresponding to the angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of 

DPH when DPH population shifted toward the bilayer normal, see Fig. 3.19. Interestingly, 

𝑓7"14,! in the case of PC/PE/PG increases a little as Mel/L increasing and the effect of 

Mel/L in this case as the effect of increasing the temperature, which supports the results of 

angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH when DPH 

population shifted down to midplane from the bilayer normal, see Fig. 3.20. In general, the 

parameter 𝑓7"14,! summarizes the differences in acyl chain packing of the bilayer interior 

of the three-phospholipid bilayer as a function of Mel/L.   

 

 

Figure 3. 19 The orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH with respect to 
bilayer normal for the PC//PG composition for different melittin to lipids concentrations Mel/L.  
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Figure 3. 20 The orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH with respect to 
bilayer normal for the PC/PE/PG composition for different melittin to lipids concentrations Mel/L.  

 

Figure 3. 21 The angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of DPH with respect 
to bilayer normal for PC/PG+30% Cho composition for different melittin to lipids concentrations Mel/L.  
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 Time-resolved fluorescence measurements of DPH as a function of added 

magainin 2 

One goal of studying magainin 2 with the three compositions is to compare the different 

mechanism actions of the two AMPs that were used in this research (magainin 2 and 

melittin) with the three phospholipid bilayer compositions. The question of the last part of 

this dissertation is: What is the effect of the positive charges of peptides on the peptides-

lipid interaction, and how is this interaction affected by the lipid composition? Magainin 2 

does not have intrinsic fluorophore like melittin. Thus, the steady–state measurements to 

study magainin–bound lipids bilayers cannot be obtained by using intrinsic probes as a first 

step to study the binding of magainin 2 to phospholipids bilayer. Time-resolved 

fluorescence lifetime and anisotropy decay of DPH were used to study magainin 2–lipid 

bilayer interaction. Similarly, to time-resolved fluorescence measurements of melittin-lipid 

interaction, DPH fluorescence lifetime and anisotropy decay parameters were measured 

with respect to magainin 2 to lipids (Mag2/L) for each bilayer composition, and the results 

are summarized in tables 3.12-3.17. In contrast to melittin where the water penetration was 

induced above the critical ratio (Mel/L~1/50), water penetration was not induced at this 

ratio with magainin 2. Even at a concentration fifteen times higher than that (Mag2/L=3/10), 

it was not sufficient to allow to water molecules to penetrate to the bilayer, see Fig. 3.22. 

The evidence of no water penetration is that the increase of DPH lifetime 〈𝜏〉 corresponds 

to an increase in magainin 2. The magainin 2 concentrations required to induce water 

penetration greatly depend on  the surface charge density [21]. From the DPH lifetime 〈𝜏〉 

results reported in this experiment, the surface charge density (20% PG) is not enough for 
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magainin 2 to induce water penetration on the three studied phospholipid bilayers over the 

same range that were studied with the melittin-lipid bilayer interaction. Interestingly, the 

behavior of DPH 〈𝜏〉 at high concentrations of magainin 2 to lipids (Mag2/L= 1/10, 1/5 and 

3/10) is similar to the behavior of Mel/L at low concentration (1/300 and1/200). The data 

in tables 3.12 and 3.14 show that there is an observable increase in 〈𝜏〉 of DPH of both lipid 

vesicles, POPC/POPG and cholesterol-containing PC/PG compared to magainin-free. 

Table 3. 13 Effect of magainin 2 on fluorescence lifetime 〈τ〉 of DPH embedded in POPC /POPG 
8/2 at 30 ºC 
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M/L

Comparison between Life Time of DPH comaprision of the three 
composiitions of lipids vs magainin 2 ratio to lipids

POPC/POPG 8/2 POPC/POPE/POPG 4/4/2

POPC/POPG 8/2+30% Cholesterol

M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

0 0.15±0.03 4.89±0.31 0.85±0.03 8.38±0.05 8.07±0.030 

1/300 0.18±0.03 5.70±0.87 0.82±0.14 8.34±0.29 8.03±0.09 
1/200 0.03±0.00 0.60±0.07 0.99±0.00 7.93±0.01 7.91±0.01 
1/100 0.05±0.01 0.56±0.09 0.98±0.00 8.0±0.01 7.97±0.04 
1/50 0.02±0.00 1.67±0.02 0.98±0.01 8.37±0.01 8.20±0.01 
1/25 0.14±0.02 4.74±0.22 0.86±0.02 8.54±0.18 

8.29±0.07 
1/10 0.56±0.04 6.98±0.14 0.47±0.07 9.96±0.25 8.64±0.04 
1/5 0.18±0.03 5.80±0.24 0.72±0.10 9.60±0.55 8.89±0.05 

3/10 0.55±0.02 7.26±0.41 0.58±0.02 6.61±0.1 9.08±0.14 

Figure 3.22 Comparison between the Lifetime of DPH in three 
compositions of lipids vs Magainin 2 to lipids molar ratio. 
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Table 3. 14 Effect of magainin 2 on fluorescence lifetime 〈τ〉 of DPH embedded in 
POPC/POPE/POPG 4/4/2 at 30 ºC 

 

 
 
 
Table 3. 15  Effect of magainin 2 on fluorescence lifetime 〈τ〉 of DPH embedded in POPC/POPG 
8/2+ 30% of Cholesterol at 30 ºC 

M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

0 0.19±0.13 8.45±0.56 0.80±0.14 10.28±0.312 9.98±0.14 

1/300 0.70±0.23 9.00±0.31 0.30±0.23 9.80±0.465 9.30±0.06 

1/200 0.78±0.33 9.41±0.10 0.22±0.33 9.75±0.372 9.42±0.06 

1/100 0.32±0.01 8.95±0.16 0.68±0.01 9.67±0.204 9.45±0.13 

1/50 0.57±0.49 6.19±0.88 0.44±0.49 12.22±2.931 9.72±0.18 

1/25 0.56±0.27 8.42±0.87 0.44±0.27 11.29±0.760 9.91±0.16 

1/10 0.90±0.05 9.29±0.12 0.10±0.05 16.05±1.93 10.29±0.07 

1/5 0.75±0.19 9.17±1.93 0.25±0.19 12.75±0.18 10.03±0.18 

3/10 0.56±0.14 8.53±0.62 0.44±0.14 12.21±0.18 10.45±0.18 

 

 

 

 

 

M/L 𝜶𝟏 𝝉𝟏 (ns) 𝜶𝟐 𝝉𝟐 (ns) 〈𝝉〉 (ns) 

0 0.41±0.01 10.28±0.13 0.58±0.01 7.62±0.10 8.93±0.02 

1/300 0.16±0.15 12.61±2.29 0.84±0.15 8.17±0.24 8.87±0.11 

1/200 0.80±0.23 7.91±0.50 0.20±0.23 13.42±3.68 8.94±0.12 

1/100 0.62±0.28 7.37±0.65 0.38±0.28 11.50±2.25 8.99±0.18 

1/50 0.26±0.10 6.33±0.57 0.74±0.10 9.32±0.23 8.74±0.04 

1/25 0.15±0.06 5.56±0.43 0.85±0.06 9.09±0.16 8.75±0.03 

1/10 0.37±0.03 6.71±1.28 0.63±0.03 9.79±0.36 8.91±0.04 

1/5 0.17±0.14 5.20±0.36 0.83±0.14 9.18±0.04 8.79±0.04 

3/10 0.06±0.02 3.73±0.06 0.94±0.02 8.90±0.02 8.76±0.02 
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Figure 3. 22 Comparison between excited state lifetime of DPH with two peptides (melittin and magainin 
2) as a function of peptides to lipids molar ratio. A) PC/PG, B) PC/PE C) PC/PG+ Chol. 

At the same high ratio, the data in table 3.13 shows that 〈𝜏〉 of DPH decreases as Mag2/L 

increases in the case of PE-containing lipids. This is most likely due to the same reason as 

the melittin analyses in the case of low concentrations described previously. These results 

agree with the results of the angular orientational probability distribution reported for DPH, 

𝑓(𝜃) sin(𝜃), see Fig. 3.22. DPH orientation in the bilayer interior of POPC/POPG, and 

cholesterol-containing PC/PG was shifted toward the distribution centered at 𝜃 =150 from 

the bilayer normal. As a result, the 〈𝜏〉 of DPH increases which is similar to the effect of 
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decreasing the temperature. However, for the PE-containing lipid vesicles, DPH 

orientation in the interior of the bilayer shifted toward the distribution centered at 𝜃 =900 

from the normal on the surface of bilayer. Thus, the 〈𝜏〉 of DPH decreases which is similar 

to the effect of increasing the temperature. The rotational correlation lifetime 〈∅〉 from 

anisotropy decay analyses of DPH shows that 〈∅〉 is essentially constant for cholesterol-

containing, and PE-containing bilayers but increases in PC/PG above Mel/L~1/50 as 

shown in Fig. 3.23.  

Table 3. 16 Effect of magainin 2 on fluorescence anisotropy of DPH embedded in POPC/ POPG 
8/2 at 30 ºC 

M/L r0 〈∅〉 (ns) P2 P4 𝐃# S 〈𝒓〉 

0 0.367±0.007 2.325±0.051 0.177±0.004 0.352±0.016 0.153±0.007 0.177±0.004 0.012 

1/300 0.377±0.006 2.047±0.141 0.225±0.014 0.374±0.006 0.179±0.012 0.226±0.016 0.019 

1/200 0.380±0.005 1.804±0.020 0.238±0.013 0.352±0.006 0.181±0.006 0.245±0.015 0.023 

1/100 0.383±0.001 1.772±0.172 0.248±0.006 0.345±0.015 0.178±0.007 0.254±0.008 0.025 

1/50 0.383±0.003 1.886±0.127 0.229±0.010 0.378±0.027 0.197±0.011 0.234±0.009 0.021 

1/25 0.374±0.003 2.188±0.020 0.244±0.019 0.395±0.008 0.178±0.012 0.244±0.019 0.022 

1/10 0.366±0.013 3.756±0.183 0.2943.015 0.478±0.073 0.212±0.111 0.298±0.011 0.033 

1/5 0.380±0.003 3.861±0.034 0.337±0.012 0.514±0.022 0.200±0.009 0.339±0.015 0.044 

3/10 0.368±0.002 3.788±0.067 0.332±0.016 0.513±0.013 0.160±0.018 0.332±0.016 0.041 
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Table 3. 17 Effect of magainin 2 on fluorescence anisotropy of DPH embedded in 
POPC/POPE/POPG 4/4/2 at 30 ºC 

M/L r0 〈∅〉 (ns) P2 P4 𝐃# S 〈𝒓〉 

0 0.388±0.003 1.949±0.036 0.324±0.003 0.421±0.008 0.193±0.009 0.324±0.003 0.103 

1/300 0.380±0.002 1.977±0.035 0.318±0.005 0.418±0.005 0.190±0.008 0.318±0.005 0.101 

1/200 0.375±0.006 1.966±0.038 0.325±0.010 0.412±0.013 0.183±0.011 0.325±0.010 0.100 

1/100 0.379±0.001 1.929±0.011 0.320±0.010 0.420±0.008 0.196±0.012 0.320±0.009 0.099 

1/50 0.380±0.001 2.006±0.031 0.315±0.012 0.416±0.006 0.187±0.012 0.315±0.012 0.102 

1/25 0.383±0.004 1.988±0.023 0.307±0.009 0.421±0.009 0.196±0.013 0.307±0.009 0.100 

1/10 0.372±0.007 2.173±0.056 0.293±0.013 0.415±0.006 0.179±0.007 0.293±0.013 0.099 

1/5 0.396±0.005 2.089±0.022 0.277±0.011 0.461±0.015 0.244±0.017 0.277±0.011 0.101 

3/10 0.371±0.007 2.422±0.054 0.294±0.012 0.405±0.013 0.154±0.012 0.294±0.012 0.105 

 
 
Table 3. 18 Effect of magainin 2 on fluorescence anisotropy of DPH embedded in POPC/POPG 
8/2+ 30% of Cholesterol at 30 ºC 

M/L r0 〈∅〉 (ns) P2 P4 𝐃# S 〈𝒓〉 

0 0.376±0.016 1.410±0.183 0.622±0.004 0.525±0.025 0.165±0.043 0.622±0.004 0.174 

1/300 0.383±0.003 1.536±0.004 0.610±0.004 0.532±0.003 0.161±0.001 0.610±0.004 0.176 

1/200 0.384±0.004 1.486±0.032 0.615±0.002 0.535±0.003 0.166±0.007 0.616±0.002 0.178 

1/100 0.387±0.004 1.519±0.010 0.615±0.003 0.539±0.005 0.165±0.003 0.615±0.003 0.180 

1/50 0.391±0.024 1.501±0.202 0.608±0.011 0.519±0.012 0.158±0.022 0.608±0.011 0.178 

1/25 0.380±0.006 1.590±0.016 0.613±0.004 0.532±0.008 0.154±0.007 0.613±0.004 0.175 

1/10 0.379±0.001 1.679±0.003 0.621±0.002 0.545±0.005 0.150±0.006 0.621±0.002 0.178 

1/5 0.378±0.011 1.840±0.148 0.626±0.012 0.551±0.004 0.139±0.024 0.626±0.012 0.184 

3/10 0.382±0.00 1.839±0.086 0.643±0.006 0.568±0.012 0.138±0.011 0.643±0.006 0.192 
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Figure 3. 23 Comparison between Rotational relaxation lifetime 〈∅〉 of the DPH of the three 
compositions of lipids vs Magainin molar ratio to lipids. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 24 Comparison between correlation rotational lifetime 〈∅〉 of DPH with two peptides (melittin 
and magainin 2) as a function of peptides to lipids molar ratio. A) PC/PG, B) PC/PE C) PC/PG+ Chol.  
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Figure 3. 25 The average fluorescence anisotropy 𝒓p of the DPH of the three compositions vs magainin 2 to 
lipids molar ratio.  

 

Figure 3. 26 The average fluorescence anisotropy 𝒓p of the DPH of the three compositions vs magainin 2 
to lipids molar ratio.  
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3.2.3. The parameters 𝑆 and the〈𝑟〉	are essentially unchanged for cholesterol-containing 

and PE-containing lipid vesicles. The consistency of these fluorescence anisotropy decay 
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Figure 3. 27 Shows the angular orientational probability distribution function 𝑓(𝜃) 𝑠𝑖𝑛(𝜃) of 
DPH with respect to bilayer normal for both compositions for different magainin 2 to lipids 
concentrations Mag2/L. A) PC/PG, B) PC/PE C) PC/PG+ Chol. 

 

magainin 2 over the range of Mag2/L studied in this research. These results support the 

consistency of the excited state lifetime 〈𝜏〉  and angular orientational probability 

distribution results of DPH as shown in Fig. 3.23 and 3.27. On the other hand, in the case 

of PC/PG phospholipids bilayer, 𝑆 and 〈𝑟〉	increase when Mag2/L increase above 1/25. 

Angular orientational probability distribution results of DPH embedded to POPC/POPG 

show that at high concentrations of Mag2/L~1/10 the DPH shifted to the midplane between 

the two leaflets as shown in Fig. 3.27. This result agrees with increasing of excited state 

lifetime 〈𝜏〉 of DPH at any Mag2/L above 1/25 as shown in Fig. 3.23. 
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The results of angular orientational the probability distribution of DPH, 𝑓(𝜃) sin(𝜃) for 

both molar ratios 1/100 and 1/10 are almost the same for all of cases with no. This is 

supported by fluorescence lifetime measurements where there are no big changes in the 

lifetime as shown in figure 3.23. This is evidence that the magainin 2 does not let water 

penetrate the bilayer at these concentrations see Fig. 3.27.  
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 Discussion 

Tryptophan Fluorescence - aqueous The tryptophan residue at position 19 (W19) 

of melittin was used as a fluorescent probe. The sensitivity of W19 fluorescence lifetime 

〈𝝉〉 in aqueous buffer (lipid-free) was investigated as a function of temperature. It was 

found that the lifetime parameters are highly sensitive to changes in the temperature and 

local environment like the dielectric constant and the polarity.  The results show that the 

Trp lifetime is increased by about 100% when the temperature decreased from 40 to 10°C, 

see table 2. The dielectric constant in water increases continuously as a temperature 

increases. The values of the polarity parameter (∆𝑓) as a function of temperature were 

calculated, and I found that ∆𝑓 decreases linearly as the temperature increases, see Fig. 3.4. 

Analysis in terms of the Lippert-Mataga equation and the polarity parameter (∆𝑓) show 

that, the shifts of the 0-0 absorption and fluorescence transition energies (〈∆𝑬〉=〈∆𝑬𝑨〉 −

〈∆𝑬𝑩〉)  decrease as the polarity parameter decreases. The fluorescence lifetime of 

tryptophan is known to be reduced as the polarity of the tryptophan environment increases 

due to accelerated deactivation processes in polar environments [118][126]. Decrease in 

dielectric constant is correlated with a decrease in the Trp fluorescence lifetime as shown 

by Fig 3.3. I conclude that the decreased dielectric constant enhances either triplet state 

production or intersystem crossing as both would reduce the number of excited states that 

decay via photon emission. 

Tryptophan Fluorescence – bilayer interactions  The tryptophan residue at position 19 

(W19) of melittin was used as a fluorescent probe to follow melittin binding to three 
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phospholipid bilayers measuring both steady-state and time-resolved fluorescence. 

Previous studies have observed a blue shift of the fluorescence emission maximum and a 

reduction in fluorescence intensity of W19 due to bilayer-bound melittin [126] [146]. The 

steady state results in this research confirmed that addition of melittin gradually moved 

𝜆!"# to lower wavelengths, then it stayed constant. The changes in lifetime of W19 with 

added melittin showed different behavior, and the effect depended on bilayer composition. 

For all three bilayers the lowest dose of melittin (Mel/L=1/400), corresponding to initial 

binding to the surface, caused a large drop in W19 lifetime. This drop would be consistent 

with a slight reduction in the local dielectric constant around W19 upon binding to the 

bilayer. However, alternative mechanisms such as increased vibrational deexcitation (non-

radiative), triplet state production or intersystem crossing are also possible.  

At higher ratios of melittin to lipid the changes in W19 fluorescence lifetime were similar 

in the two bilayers without cholesterol, but quite different in the cholesterol-containing 

bilayer. In the two bilayers without cholesterol the shifts in W19 lifetime at the lowest dose 

at 300C were essentially identical; from (2.57±0.01) ns in the aqueous phase to (1.13±0.03) 

bound to PC/PG and (1.15±0.00) ns bound to PC/PG/PE. In both bilayers addition of 

melittin to 1/100 (Mel/lipid) raised the fluorescence lifetime to a statistically significant 

extent; (1.68±0.02) ns in PC/PG and (1.46±0.00) ns in PC/PG/PE. In both bilayers this 

value was essentially unchanged at higher doses of melittin. This pattern suggests that in 

these two bilayers W19 undergoes a similar change in local environment during the 

transition from initial binding to intermediate formation and final pore formation. It seems 

unlikely that the changes in W19 lifetime are solely due to differing local dielectric as this 
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would imply that W19 is most imbedded in the membrane in the surface bound state and 

becomes less deeply buried as pore formation proceeds. The multiple mechanisms that 

could reduce W19 lifetime make it impossible to assign a specific mechanism without 

further studies. However, it is clear from the results that in these two bilayers melittin, or 

at least W19, experiences two distinct environments when bound to the bilayer. 

At the lowest dose of melittin in the cholesterol-containing bilayer W19 lifetime was 

reduced less than in the other two bilayers; from (2.57±0.01) ns aqueous to (1.54±0.01) ns. 

Surprisingly this value was essentially unchanged as the ratio of melittin to lipid was 

increased above ~1/400. Previous studies showed that over the range of added melittin 

examined in the current work melittin induces leakage in cholesterol-containing bilayers, 

which is cited by most investigators as evidence of transient pore formation [147]. The fact 

that W19 fluorescence lifetime was unchanged over this wide range of melittin strongly 

suggests that the W19 stays in the same environment as melittin binds to the membrane, 

likely forms pre-pore intermediate structures, and eventually forms trans bilayer pores. 

This implies that the enhanced van der Waals interactions between the acyl chains due to 

cholesterol inhibit the changes of W19 location during the process of binding and pore 

formation. The experimental data on pore structure are important and proportional to 

concentrations of melittin to lipids [145]. In the literature the ratio of melittin to lipid in the 

absence of cholesterol to form pores is about Mel/L = 1/100 [145]. In presence of 

cholesterol,  approximately three times more melittin is required to make pores [118][126]. 

The differences between the measured Trp lifetimes in the three bilayers is evidence that 
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the local environment of W19 when melittin is bound to the bilayer surface is different in 

the three compositions. 

Characterization of the bilayer interiors  A combination of time-resolved study 

of the fluorescence intensity and anisotropy decay of the embedded DPH fluorophore at 30 

ºC were applied to provide details regarding the effect of the peptides on the interior of the 

phospholipid bilayer. The high sensitivity of fluorescence decay parameters of DPH to the 

polarity and acyl chain packing density of the bilayer provide detailed information about 

the bilayer interior [148]. The DPH fluorescence lifetime is especially sensitive to water 

molecules which makes it a valuable sensor of dynamic water penetration into the lipid 

bilayer [149]. The dynamic quenching by water molecules is responsible for the 

deactivation of DPH excited states [150]. Therefore, If the amount of water is increased 

the DPH lifetime decreases [80]. Previous studies observed that addition of  cholesterol to 

large unilamellar vesicles composed of di-18:1 PC (DOPC) increases the lifetime of DPH 

[151][148]. The average lifetimes of the DPH measured in strongly packed lipids in the 

liquid-ordered phase, Lo is greater than the loosely packed lipids in the liquid-disordered 

Ld phase[148]. 

In the absence of peptides, the present results showed that the DPH fluorescence lifetime 

value was lowest in the POPC/POPG bilayer (8.07±0.03) ns intermediate in the PE-

containing bilayer (8.93±0.02) ns, and greatest in the cholesterol-containing bilayer 

(9.98±0.14) ns. This demonstrates that in the cholesterol-containing bilayer the enhanced 

van der Waals interactions between the acyl chains resulted in tighter headgroup packing, 

and this allowed less water penetration into the bilayer interior. It also shows that adding 
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the smaller PE to the base PC/PG bilayer increases the headgroup packing and therefore 

water penetration into the bilayer will be reduced. [152]. I concluded that the increase of 

fluorescence lifetime of DPH indicates both cholesterol and PE reduce the water 

penetration into the bilayers by comparison to the base bilayer, see Fig 3-12. 

 

Rotational relaxation lifetime, 〈∅〉, of DPH was used to summarize the motion of embedded 

DPH in the bilayers. In the absence of peptides, the DPH anisotropy results showed that 

the motion of DPH is different in the three bilayers. DPH rotational relaxation time reflects 

only the motion of DPH but not the order of the bilayers interior, and 〈∅〉 was largest in the 

PC/PG bilayer (2.325±0.051) ns, intermediate in the PE-containing bilayer (1.949±0.036) 

ns, and smallest in the cholesterol-containing bilayer (1.410±0.183). Interestingly, both 

cholesterol and the PE head groups restrict the motion of DPH less by comparison to the 

base bilayer. The rotational relaxation lifetime, 〈∅〉, is a time constant, thus smaller values 

correspond to faster motion.  I concluded that, the rotational relaxation time results of DPH 

showed the behavior of the embedded DPH depends on the bilayer interior and headgroup 

composition, and 〈∅〉 is significantly affected by both PE headgroups and cholesterol. 

The anisotropy decay measurements were analyzed in terms of the Brownian Rotational 

Diffusion model which summarizes orientational order in terms of the angular orientational 

probability distribution, 𝑓(𝜃) sin(𝜃) of DPH. The results of 𝑓(𝜃) sin(𝜃) showed that DPH 

molecules in the bilayer consisted of two populations, one approximately parallel to bilayer 

normal and one parallel to the plane of bilayer, presumably in the bilayer midplane between 

the two leaflets where free volume is largest, see Fig. 3-16. One way to compare 
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orientational probability distributions, like those shown in Fig. 3-16, is in terms of the 

relative size of these two populations. Fperp is the fraction of the DPH in the population 

centered at 900 form the bilayer normal, the fraction of DPH oriented about the bilayer 

midplane. Previous studies show that an increase in temperature increases this population, 

thus it is a good measure of overall ensemble acyl chain order [7]. In the absence of peptide 

Fperp was largest in PC/PG (0.54 ± 0.01), intermediate in PE-containing bilayer (0.428 ± 

0.007) and lowest with cholesterol (0.201 ± 0.007). Cholesterol greatly increases the 

population of DPH oriented parallel to the acyl chains, similar to the change induced by a 

decrease in temperature. In the presence of PE DPH molecules prefer to be accommodated 

in the direction of the bilayer normal by comparison into the base bilayer but less so than 

in the cholesterol-containing bilayer. These results of the DPH orientational distribution as 

a function of lipid composition reflect the order of the bilayer interior and the overall 

ensemble packing of the bilayer acyl chains [153]. 

Melittin effects on the bilayer interior  The addition of peptides to the three 

bilayers produced changes in both DPH fluoresce lifetime and anisotropy decays that were 

dose-dependent and distinct for each bilayer. In the PC/PG bilayer melittin caused no 

statistically significant change in the DPH fluoresce lifetime, 〈τ〉, until the ratio of melittin 

to the lipids reached 1/10 (Mel/L). At this high ratio of melittin to lipid 〈τ〉 decreased from 

(8.07±0.03) ns to (7.48±0.10) ns, indicating that melittin disrupted headgroup packing with 

respect to water penetration. This level of melittin is well into the range where previous 

studies report melittin-induced trans-bilayer leakage, presumably through melittin pores. 

This the first report that the early stages of melittin-bilayer interaction, initial binding and 
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pre-pore intermediate formation, have no effect on headgroup packing, at least in a PC/PG 

bilayer.  

In the presence of the cholesterol the DPH lifetime response to melittin was dramatically 

different. At the lowest dose of melittin, 1/300, where all binding is to the surface of the 

bilayer, there was no change in 〈τ〉. The next highest dose of melittin, 1/100, caused a 

statistically significant increase from (9.98±0.14) ns to (10.64±0.27) ns, indicating that 

melittin had induced tighter headgroup packing, which is the opposite of the effect in 

PC/PG with no cholesterol. At a high dose of melittin, 1/10, 〈τ〉 was reduced, below the 

value in the absence of melittin to (8.13±0.02) ns. This reversing of melittin’s effects in the 

cholesterol membrane, sealing the membrane at intermediate melittin concentrations, and 

increasing water permeability at a high concentration is another demonstration that 

melittin-bilayer interaction for cholesterol-containing bilayer is distinct from cholesterol-

free bilayers. I concluded that, the behavior of the DPH lifetime at a ratio of Mel/L less 

than 1/25 is totally different in the presence of cholesterol by comparison to the presence 

of POPE and the base bilayer.  

The fluorescence intensity decays of DPH results show that fluorescence lifetime 〈𝜏〉 

decreases at about Mel/L~1/25 in the case of POPE and base bilayer, and at about 

Mel/L~1/10 in case of cholesterol-containing bilayer.  

In the PE-containing bilayer the effect of melittin on 〈τ〉 was unique at the two intermediate 

concentrations of melittin. At both 1/100 and 1/25 (melittin/lipid) 〈τ〉 was significantly 

reduced, from (8.93±0.020) ns to (8.59±0.03) ns and (8.48±0.05) ns, respectively. This 

suggests that PE causes a weakening of headgroup packing during the intermediate phase 
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between initial bilayer binding and pore formation. This is in contrast with both PC/PG, 

where there was no change over this concentration range, and PC/PG/cholesterol where the 

opposite change in headgroup packing was observed.  This is evidence that melittin 

interacts with a PE-containing bilayer that is distinct from a PC/PG bilayer which has been 

used in the vast majority of studies.  

The effects of melittin on DPH rotational relaxation time 〈∅〉 was unique in each bilayer 

and demonstrates that each bilayer interior undergoes distinct changes in response to 

melittin binding to the bilayer surface and proceeding pore formation. In the PC/PG bilayer 

the smallest dose of melittin, 1/300, caused a significant increase in the rate DPH rotation, 

〈∅〉 deceased from (2.33±0.05) ns to (1.81±0.134) ns. This surprising result suggests that 

melittin on the surface of a PC/PG bilayer induces more rapid motion of DPH in the bilayer 

interior. This increase in motion was also observed at higher melittin concentrations, but 

at 1/10 〈∅〉 increased to (3.65±0.11) ns, indicating a large reduction in DPH motion at this 

high melittin concentration. The effects of melittin in the PE-containing bilayer were 

qualitatively similar, but there was no effect at 1/300, and the melittin-induced increase in 

DPH rotation was observed at 1/100 (melittin/lipid). Similar to the effects observed in 

PC/PG the high ratio of 1/10 caused significant reduction in DPH rotation as 〈∅〉 was 

increased from (1.95±0.04) ns to (3.15±0.14) ns. In contrast, melittin in the cholesterol-

containing bilayer had no effect on 〈∅〉 for DPH at the concentrations below 1/25. At 1/25 

it increased 〈∅〉 from (1.41±0.18) ns to (1.67±0.06) ns, indicating a reduction in DPH 

motion. Further addition of melittin to a ratio of 1/10 dramatically slowed DPH motion as 

〈∅〉 increased to (6.52+±0.292) ns.   
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Adding melittin to the bilayers had a big effect on the population of DPH in the bilayer 

interior, although the melittin-induced effects were distinct in each composition. Increasing 

the concentration of melittin reduced the population of DPH molecules oriented about the 

membrane bilayer normal in both PC/PG and PC/PG/cholesterol. This trend was essentially 

monotonic over the melittin concentration range from 1/300 to 1/25. At 1/25 Fperp in PC/PG 

was reduced from 0.54 to 0.49, while in cholesterol it was reduced from 0.20 to 0.10, 

suggesting a more dramatic change in the cholesterol bilayer. Surprisingly the changes in 

Fperp observed in the PE-containing bilayer were distinct, and in the opposite direction. In 

this bilayer the smallest dose of melittin, 1/300, caused an increase in Fperp from 0.42 to 

0.44, which was statistically significant. This increase in Fperp was essentially unchanged 

at higher concentrations of melittin. These results clearly suggest the presence of PE 

headgroups reverses the effect of melittin binding on acyl chain packing in the core, the 

midplane region, of the bilayer. This is a surprising result, and the paucity of studies in the 

literature of melittin interaction with PE-containing bilayers does little to suggest an 

explanation.  As a result, adding melittin to the bilayers increases the order of the bilayer 

interior which is like the effect of decreasing the temperature. Adding melittin apparently 

extends the acyl chains tails in of the bilayer midplane and make less room for the DPH in 

this region. 

Magainin 2 effects on the bilayer interior  Magainin 2 (Mag2) has been found to 

be less active than melittin in previous research [154]. These studies also showed that Mag2 

cationic residues are distributed along its length and form a large angle on the helical face, 

see Fig 1.8 [154]. Mag2 acts as a positive curvature inducing bilayer wedge, thus Mag2 is 
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unable to fully insert into the core of hydrophobic lipid bilayers due to its large polar angle 

[154][155] [156].  

In the PC/PG bilayer Mag2 had only negligible effect on the DPH fluorescence lifetime, 

〈τ〉 at concentrations below 1/25 (Mag2/lipid).  Above this concentration it gradually raised 

〈τ〉 indicating that very high levels of Mag2 reduce transient water penetration into the 

bilayer. The effects of Mag2 on DPH rotational motion,	〈∅〉, were also modest. At magainin 

concentrations up to 1/25 〈∅〉 was gradually increased by a few tenths of a nanosecond, 

indicating that the DPH rotational rate was increased.  The largest effect of Mag2 in the 

PC/PG bilayer was a shift in the orientational probability distribution, where population 

was shifted away from the distribution centered about the bilayer midplane, as shown in 

Fig. 3.28. This figure shows that Mag2 at a level of 1/100 shifts the fractional population 

in the midplane distribution, Fperp, from 0.54 to 0.49, and the addition of Mag2 to a ratio of 

1/10 reduces Fperp further to 0.44. These are larger than the changes in the orientational 

order of DPH induced by melittin binding to the bilayer. These results are somewhat 

surprising given the modest changes in DPH fluorescence lifetime and rotational motion. 

This suggests that Mag2 bound to the surface of a PC/PG bilayer induces changes in acyl 

order that propagate to the midplane of the bilayer and reduce the free volume available to 

DPH. 

In the POPE-containing bilayer Mag2 produced only small changes in any of the DPH 

fluorescence parameters below very high concentrations of Mag2. Mag2 produced no 

noticeable changes on the DPH lifetime up to about 1/10 Mag2/L, where there was a 

statistically significant decrease in lifetime. The rotational motion parameter for DPH, 〈∅〉,	
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was not significantly changed by any concentration of Mag2. Likewise, magainin had no 

significant effect on the DPH orientational probability distribution, 𝑓(𝜃) sin(𝜃), at any 

ratio of Mag2 to lipids, as shown in Fig. 3.28.   

In the cholesterol-containing bilayer changes in lifetime, 〈τ〉 of the embedded DPH in the 

bilayer interior did not appear until the ratio of Mag2 to lipids reached Mag2/L~>1/25, and 

the DPH lifetime increases as the ratio of Mag2 to lipids increases. This increase of DPH 

lifetime indicates a reduction in water entering the hydrophobic core of the bilayer interior 

caused by magainin 2. Similar to the cholesterol-containing bilayer, in presence of PE, 

Mag2 had no effect on DPH rotational motion, 〈∅〉, or the orientational probability 

distribution, 𝑓(𝜃) sin(𝜃), at any ratio of Mag2 to lipids. There is no change in 𝑓(𝜃) sin(𝜃) 

of DPH as Mag2 added implies that Mag2 added to the bilayers in presence of of PE and 

cholesterol did not change the order of the bilayer interior.  

Several structural aspects make melittin more active than Mag2 with respect to disrupting 

the bilayer in the range of the peptide to lipids studied in this research. Melittin has about 

twice the number of cationic residues as Mag2, therefore the electrostatic interaction 

between the cationic residues of peptides and zwitterionic lipid bilayers is stronger in the 

case of melittin [154]. The helical face of Mag2 is more free to interact with zwitterionic 

lipid bilayers because the charged and sterically bulky residues of melittin are clustered at 

one end of the helix [154]. As a result, melittin is more sensitive to zwitterionic lipid bilayer 

than Mag2, which has cationic residues distributed along its helical length [154]. 
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 Conclusions 

This study was undertaken with two broad goals; 1) to examine the effects of peptide 

binding on the bilayer interior, and 2) to examine the effects on peptide binding of two 

biologically relevant lipid components that are generally omitted from investigations of 

peptide-bilayer interactions. One of these was a modification in the bilayer headgroup via 

introduction of phosphatidyl ethanolamine in the form of POPE, which is common in many 

biological membranes, particularly those involved in any signaling process. The second 

was a modification in the bilayer hydrophobic core via introduction of cholesterol, which 

is found in nearly all biological membranes. The effects of the peptides examined were 

found to be unique in each of the three bilayer compositions. 

Melittin binding   Melittin, or at least W19, experiences exactly two distinct 

environments when bound to the bilayer. This was found to be true over the entire range 

of melittin concentration from initial binding to intermediate structure, to pore formation. 

An exception to this was found in the cholesterol-containing bilayer where W19 stays in 

the same environment as melittin binds to the membrane, likely forms pre-pore 

intermediate structures, and eventually forms trans bilayer pores. 

Effects of peptide binding on the bilayer interior  These effects were found to 

vary widely across the two peptides examined and the three bilayer compositions. 

However, it is possible to draw to general conclusions. One of these conclusions is that 

cholesterol in the bilayer hydrophobic core has measurable and distinct effects on the ways 

peptides alter processes generally associated with the bilayer headgroup region, such as 

water permeability. The second is that the addition of PE to the bilayer headgroup has 
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distinct effects on the ability of peptides to alter aspects of the bilayer interior such as 

ensemble acyl chain order and the relative motion of an embedded molecule like DPH. 
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 Future studies 

Steady-state fluorescence measurements can be used to study the leakage of entrapped 

fluorophores into lipid bilayer interior as function of ratio of peptide to lipid. Fluorescein, 

rhodamine or calcein leakage assay are suggested to probe lipid bilayer leakage.  

More details about the interaction of melittin and magainin 2 with different bilayer 

compositions and different temperatures can be obtained by using time-resolved 

fluorescence intensity and anisotropy decays of the embedded DPH. I suggest changing the 

percentage of cholesterol to phospholipids to study the effect of the bilayer interior on 

peptide-bilayer interaction and change the ratio of POPE to phospholipids to study the 

effect of different headgroups on the peptide-bilayer interaction.  
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