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ABSTRACT

Unilamellar vesicles (ULVs) are effective drug delivery vehicles used to encapsulate 

therapeutic agents. Growing interest of their use in the pharmaceutical sciences is a result of 

their reported ability to enhance therapeutic efficacy at low doses, increase the half life of 

administered agents, and provide site targeted delivery. Since their initial synthesis in 1965 

by Bangham et al., a variety of methods for producing ULVs have been proposed and 

investigated. Recently, a spontaneously forming ULV was reported using a combination of 

natural phospholipids: dimyristoyl-phosphatidylcholine (DMPC), dimyristoyl

phosphatidylglycerol (DMPG) and dihexanoyl-phosphatidylcholine (DHPC). This system 

offers great potential as a controlled release system due to its finite size control, narrow size 

distribution, batch-to-batch reproducibility, ease of preparation and shelf life stability. This 

research focuses on (1) the ability to form these ULVs and characterize them using small

angle neutron scattering (SANS) and cryogenic transmission electron microscopy (cryo- 

TEM); (2) the ability to control their size and size distribution by varying charge density, 

total lipid concentration, and annealing rate; (3) the stability of these ULVs once formed with 

respect to dilution factor and (4) the precursor bicelle structure, its growth, and role in the 

end-state vesicle. The spontaneous formation of ULVs was successfully identified using both 

SANS and cryo-TEM. Results indicated that they existed only within a narrow window of 

charge densities, where larger size ULVs could be obtained at a lower charge density through 

slow temperature annealing. By varying the annealing rate and charge density, a six-fold 

change in mean radius of the ULVs was observed. The time-resolved bicelle experiments 

showed that the size of the nano-disks increased continuously due to disk interactions where 

their coalescence was best described



by a power law relationship with time. Overall, the growth rate increased with increasing 

temperature and ionic strength and decreased with total lipid concentration, whereas the size 

of the end-state ULV increased with increasing annealing temperature, ionic strength and 

total lipid concentration. Finally, the stability of these ULVs was confirmed through a series 

of high temperature dilution experiments. This work contributes to the basic understanding 

of ULV formation, methods of controlling the size and stability offering insight for 

applications as a potential nano-carrier system.

Keywords: Drug delivery, Unilamellar vesicles, spontaneously forming (self-assembled), 

low polydispersity, bicelles, small angle neutron scattering (SANS), cryogenic transmission 

electron microscopy (cryo-TEM), charge density, kinetic study, annealing rate
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Chapter 1
Introduction

1.1 OVERVIEW
For a therapeutic molecule to be effective in the treatment of a specific disease, it has to 

be delivered to the site where it is needed. At the same time, there is also a need to 

control undesired drug action in healthy tissues and to minimize negative side effects. 

One method for delivery involves the use of carriers, some of which include proteins, 

immunoglobulins, synthetic polymers and/or unilamellar vesicles (ULVs) [1-3]. Over the 

years, a lot of effort has been expended in the design of delivery systems. Of particular 

interest are the phospholipid based liposomes known as ULVs. ULVs are spheres 

comprised of a single shell lipid bilayer surrounding an aqueous core. The compounds to 

be delivered are typically entrapped inside the ULV core. The lipid shell offers protection 

to its contents from exposure to the environment and is reported to prevent rapid 

degradation (by enzymes), allow retention of activity (avoid exposure to inhibitors) and 

minimize side effects. Efforts have also been made to impart specificity to this class of 

drug carrier to target organs, cells or compartments within the cells, demonstrating the 

potential for improving drug therapies using this technology [1, 3,4].

Several methods for the preparation of large ULVs (on the order of microns) exist. One 

of the most common methods used is solvent dispersion (i.e., reverse phase evaporation 

or double emulsion). However, for applications in drug delivery, smaller ULVs (diameter 

< 200 nm) are known to be more effective [5]. In another common approach, ULVs are 

obtained from the breakdown of multilamellar vesicles (MLVs) using mechanical 

methods, the most common being extrusion [5-7]. One of the major drawbacks 

associated with these techniques is the high polydispersity of the resulting product.
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Furthennore, degradation, modification of phospholipids (i.e., oxidation, hydrolysis, 

denaturation) and low throughput are also concerns [8]. Spontaneously forming ULVs 

were first introduced through detergent removal techniques using micellar solutions [9]; 

however, detergent contamination was thought to compromise their biocompatibility. In 

addition, difficulty in controlling ULVs' size was reported and seen as a limitation [10].

More recently, a self assembling vesicular system composed of natural phospholipids 

dissolved in aqueous solution was reported [11, 12]. This system was comprised of two 

long chain lipids - dimyristoyl-phosphatidylcholine (DMPC) and dimyristoyl

phosphatidylglycerol (DMPG) and a short chain lipid - dihexanoyl-phosphatidylcholine 

(DHPC) [13, 14]. Bicelles (disk-like structures) are the precursor structures to the 

spontaneously formed ULVs. The bicelle-to-vesicle transformation is described by a 

three step process [15, 16]:

(1) Uniform growth of disks by coalescence with neighboring disks above a critical 

temperature, Tc~ 23 °C.

(2) Instability of disks resulting from insufficient rim coverage with short-chain lipid. (3) 

Disk closure to form stable ULVs.

Results of studies so far indicate that this system forms stable, low polydispersity ULVs 

at low lipid concentrations (< 2 wt.%) and above Tc (~ 23°C) where dilution factor, 

charge density, lipid molar ratio and ionic strength are controlling factors of the end-state 

ULVs [12, 14, 15, 17]. Moreover, DMPC/DMPG/DHPC ULVs at total lipid 

concentrations, Cιp ≤ 0.33 wt.% are stable for up to four months at 4 °C, and a few weeks 

at 45 °C [14, 18]. These ULVs demonstrated two temperature dependent release 

mechanisms, making them suitable candidates for drug delivery applications [19].

In this thesis, we aim to further understand how composition and processing parameters 

affect ULV formation.



1.2 Thesis Objectives

1. To characterize spontaneously formed unilamellar vesicles using small-angle 

neutron scattering (SANS) and cryogenic transmission electron microscopy (cryo- 

TEM).

2. To study the effect of composition and processing condition on the size and 

polydispersity of the ULVs formed. Specifically the influence of charge density 

and heating rate on ULV formation are investigated.

3. To investigate the stability of monodisperse ULVs following high temperature 

dilution to simulate the effects of intravenous drug delivery.

4. To quantify low temperature bicelle growth kinetics as a function of total lipid 

concentration, ionic strength and temperature (T < Tc), and investigate the effects 

of bicelle growth on the characteristics of the end-state ULVs using SANS.
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1.3 THESIS OUTLINE
The work outlined in this thesis focuses on the formation and the characterization of 

unilamellar vesicles. This thesis is divided into 7 chapters.

Chapter 2 is a detailed literature review focusing on vesicular systems for controlled 

release applications, conventional methods of production, limitations associated with 

current methods, self-assembled ULVs and SANS as a characterization tool.

Chapter 3 lists the materials, outlines the ULV formation parameters and procedures and 

comments on the principles and parameters of the analytical tools used to characterize 

them.

Chapter 4 focuses on the results on thevesicle confirmation and characterization using 

small-angle neutron scattering and transmission electron microscopy.

Chapter 5 focuses on the results and discussion on the parameter optimization and 

stability study.

Chapter 6 focuses on the results and discussion on the kinetic study of bicelle growth 

and end-state ULVs.

Chapters 7 summarizes the significance, contributions, conclusions, recommendations 

and possible future directions of this research.



Chapter 2
LiTERATURE ReVIEW

2.1 ImportANCE OF DRUG DELIVERY SYSTEMS IN

Therapy

The therapeutic efficacy of a drug demonstrated in vitro is often followed by reduced 

effects upon delivery in vivo. Mehnert and Mader identified the following limitations 

associated with free drug treatment methods: poor absorption, rapid elimination, 

biodistribution throughout the body, and toxic effects [20]. Drug delivery devices are 

important in overcoming some of the above mentioned problems where they are designed 

to increase the therapeutic efficacy while minimizing side effects. Summarized in Table 

2.1.1 are some of the problems exhibited by free drugs that can be reduced by using 

carefully designed drug delivery devices. These systems span a wide range of 

applications from controlled release wound dressings to controlled release scaffolds for 

tissue regeneration to larger scale drug releasing implants [2, 3]. Drug delivery devices 

can be made from a variety of materials including synthetic and natural; degradable and 

non-degradable; organic, inorganic or metallic materials. There also exists a range of 

stimuli-responsive materials which are designed to release the encapsulated agents upon 

changes to the surrounding environmental conditions such as pH and temperature [2]. 

The work described in this thesis is focused on the development of a small, nanometer 

scale delivery system, where such systems are best known for their high surface area to 

volume ratio, ability to target specific regions of the body and ability to permeate through 

cell membranes. Specifically we will focus on liposomes.
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Table 2.1.1. Undesired properties of free drugs, their implications and potential 
improvements through the use of drug delivery devices [3]._________________

Problems and Implications Improvements Offered by Drug 
Delivery Systems

POOR SOLUBILITY
Hydrophobie drugs may precipitate in 
aqueous media and toxicities are 
associated with the use of excipients

Lipid micelles or liposomes provide 
both hydrophilic and hydrophobie 
environments improving drug solubility

TISSUE DAMAGE
Cytotoxic drugs leads to tissue damage 
(i.e. tissue necrosis seen with free anti
cancer drugs)

Regulated drug release can reduce or 
eliminate tissue damage

RapidbreakdownINVIVO
Loss of activity of the drug following 
administration (i.e. due to physiological 
temperatures or pH)

Drug delivery systems can protect the 
drug from premature or rapid 
degradation and introduce functions of 
sustained release, resulting in lower 
dose requirements

UNFAVORABLE PHARMACOKINETICS
Drug is cleared rapidly by the kidney 
requiring high doses or continuous 
infusion to counteract effects

Devices can alter the pharmacokinetics 
of the system by reducing clearance

POOR BIODISTRIB UTION
Drugs that have widespread distribution 
in the body can affect normal tissue 
resulting in dose-limiting side effects 
such as cardiac toxicity

Systems can reduce the volume of 
distribution and help reduce side effects 
in sensitive non-target tissue through 
site targeted delivery

LACK OF SELECTIVITY FOR TARGET TISSUES
Distribution of the drug to normal tissue 
leads to side effects that restrict the 
amount of drug that can be 
administered. Low concentrations in 
target tissue result in suboptimal 
therapeutic effects

Can be used to increase drug 
concentrations in diseased tissues such 
as tumors or through ligand-mediated 
targeting

2.2 Liposomes As An Effective Delivery System

Liposomes including multilamellar vesicles (MLVs) and unilamellar vesicles (ULVs) are 

formed by dissolving natural phospholipids in aqueous solution. First reported by 

Bangham et al., MLVs have an onion-like structure and are composed of concentric lipid 

bilayers, with diameters between 1-5 μm. ULVs comprised of a single lipid bilayer and 
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ranging in diameters from 50 - 250 nm are of greater interest in the pharmaceutical 

sciences. Their large aqueous core makes them ideal for entrapping water-soluble agents 

while their lipid bilayer makes them capable of incorporating hydrophobie agents for 

delivery. Advantageous characteristics of ULVs include biocompatibility, 

biodegradability, low toxicity and variability of structure. Interest in ULVs as viable 

carriers of therapeutic agents, image contrasting agents, genes, etc. is currently on the rise 

[8, 21]. They act by protecting encapsulated molecules from degradation and by creating 

an ability to passively target tissues or organs that have a discontinuous endothelium, 

such as the liver, spleen, bone marrow, etc. [21]. Selective delivery is demonstrated by 

functionalization of the vesicle wall with site specific ligands (i.e., antibodies, 

apoproteins and/or hormones). This offers specific drug action in targeted locations such 

as organs, cellular subsets or intramuscular regions through recognition of specific 

receptors at the targeted sites. Ultimately this prevents free flow of the compound 

throughout the body upon delivery - minimizing side effects, increasing dose 

effectiveness by reducing non-specific uptake, and possibly delivering to regions that 

may not be easily treatable [3, 8].

2.3 Current Examples Of Applications Of ULVs

Currently, several ULV systems are commercially available; some examples are 

presented in Table 2.3.1. One of the early applications is Doxil, which is used for the 

delivery of the toxic anti-cancer agent Doxorubicin. This system is used to treat various 

forms of cancer including Kaposi’s sarcoma, ovarian, breast, prostate and liver cancer. It 

is composed of phospholipids conjugated with poly-(ethylene-glycol) (PEG) with 

average vesicle diameters of 80-90 nm and a high polydispersity (broad size distribution) 

j[22]. The effectiveness of this system is associated with 1) the functionalization of the 

surface with PEG, creating a long-circulating time system and 2) alterations in the 

biodistribution due to a mechanism known as the enhanced permeability and retention 

(EPR) effect, seen in solid tumors and inflamed tissues. Functionalization of the vesicle 

surface with an inert molecule (in this case PEG) creates a spatial barrier, introducing 

steric hindrance and preventing interactions between the vesicle wall and other 

macromolecules. This blocked access to the vesicle surface suppresses particle 
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recognition, reducing non-specific uptake [23]. EPR is a pathological condition where the 

permeability of the tissue vasculature increases to the point that particulate carriers are 

able to localize in these areas. As tumors grow and outstrip the supply of the oxygen and 

nutrients, they release cytokines and other signaling molecules that recruit new blood 

vessels to the tumor in a process called angiogenesis [24, 25]. Unlike tight blood vessels 

in normal tissue, this type of tumor-induced blood vessels have gaps as large as 600 to 

800 nm between adjacent endothelial cells through which ULVs can enter and 

concentrate in the tumor interstitial space. Large increases in tumor drug concentrations 

(10-fold higher) are reported relative to administration with the free drug alone [3, 26]. 

Moreover, this results in a reduction in toxicity to healthy tissues; specifically at the site 

of injection and to the heart [22].

Table 2.3.1. Examples of approved vesicular formulations for commercial use [21].
Product name (active 

agent)
Company, year of product 

marketing
Application

Doxil (doxorubicin) Sequus pharmaceuticals, 
1997

Kaposi’s sarcoma

DaunoXome (daunorubicin) Nexstar Pharmaceuticals, 
1995

Kaposi’s sarcoma

Myocet/Evacet 
(doxorubicin)

Elan Pharma, 2000 Metastatic breast cancer

Depocyt (cytarabine) SkyePharma, 1999 Lymphomatous meningitis
Ambisome (ampotericin) Fujisawa USA Inc. and 

Nexstar Pharm 1997
Fungal infections in 
immuno-compromised 
patients

2.4 Size And Polydispersity Control Of ULVs

Modulating the size and polydispersity of the ULVs is important in reducing non-specific 

uptake by the mononuclear phagocyte system (MPS) in which large ULVs are eliminated 

from the blood circulation more rapidly than small ULVs; reducing circulation time and 

consequently therapeutic effectiveness [27]. Desired uptake by targeted cells and regions 

is also shown to be size dependent. Chithrani et al. indicated cells to have a preference for 

particles with diameters of 50 nm with reduced uptake with larger (74 and 100 nm) sizes 

[28]. Another study investigated the size dependence of tumor uptake for ULVs of 

varying size. They reported penetration and accumulation of PEG modified ULVs of up 
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to 400 nm diameter where tumor vessels are known for the EPR effect [29]. Controlling 

the mean size is known to affect the tissue distribution in vivo, in vivo circulation 

lifetimes, and transfer of lipids into cells. In addition, a large emphasis is placed on 

controlling the size distribution of ULVs as it affects the encapsulation efficiency, and 

therapeutic effectiveness [8].

2.5 Methods For ULV FORMATION AND Their 

Limitations

2.5.1 Mechanical Methods

Bangham et al. were the first to prepare vesicles from animal based phospholipids 

(phosphatidyl choline extracted from hens’ eggs). These were dissolved in chloroform 

under nitrogen followed by evaporation under a vacuum. The suspension was then 

hydrated using water, followed by vigorous shaking, leading to the formation of vesicles. 

They found that if the suspension was hydrated with liquid containing a therapeutic 

agent, it was possible to entrap the agent into the vesicle [30]. The physical properties of 

these vesicles were examined using electron microscopy by which a wide size 

distribution of MLVs was identified (diameter > lμm) [31]. This technique introduced 

breakthrough technology in the synthesis of vesicles; however MLVs are ineffective drug 

delivery vehicles due to the large size and size distribution, leading to rapid clearance 

from the body and the multiple bilayer membranes which limit encapsulation efficiency. 

Consequently, methods for breaking down MLVs into ULVs were investigated using 

mechanical methods.

Johnson et aΓ. described the formation of ULVs from MLVs using sonication. They took 

the lipid suspension created by Bangham et al. and exposed it to pulsed, high frequency 

sound waves to agitate the suspension of MLVs. This was done under nitrogen for ~0.5 

to 1.5 hours in a temperature controlled environment. Transmission electron microscopy 

on stained ULVs revealed the breakdown of MLVs into single bilayer shells with 

diameters ranging between 50 nm to 250 nm [31].
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A more common approach is the use of multi-stage extrusion for breaking down MLVs. 

This involves pushing the solution of MLVs (prepared using the conventional method) 

repeatedly through a series of polycarbonate membranes with pores which range in 

diameters between 0.05-1 μm [10]. This method requires a reduced lipid concentration 

(10-12 μmol∕ml) before being pushed through the membranes. Typically a series of 

membranes starting with the largest pore diameter and ending with the smallest are used 

(i.e., 1, 0.8, 0.6, 0.4 and 0.2 μm). The sequential extrusion reduces the mean size and size 

heterogeneity of the ULVs [6, 10]. Berger et al. report a mean size between 20 - 100 nm 

and a narrower size distribution compared to the sonication method following 6 

extrusions.

The use of sonication exposes the vesicles to mechanical stress in water, potentially 

leading to oxidation or hydrolysis of the fatty acid chains in the phospholipid tails or 

denaturation or inactivation of some substances that are to be encapsulated. In addition 

this method requires multiple steps, high energy and results in the formation of fairly 

polydisperse samples [8]. Extrusion is capable of producing ULVs of a narrow size 

distribution however is still considered to be a labor intensive method that can be 

problematic for the production of smaller ULVs (d < 50 nm) and is limited by membrane 

fouling [8, 15].

2.5.2 Solvent Dispersion Methods

Unlike the previously mentioned mechanical methods, solvent dispersion methods 

typically produce single shelled vesicles without the need to first form MLVs. These 

methods include reverse-phase evaporation and the double emulsion technique, typically 

producing vesicles 100 nm - 1 μm which are larger in size with a wider size distribution. 

These procedures require the use of strong solvents such as methanol, ethanol, ether 

(diethyl, isopropyl, petroleum), hexane, benzene and chloroform, dichloromethane or 

other hydrocarbons for dissolving lipids, thus introducing limitations of biocompatibility 

[8]. In addition they often require sonication and mechanical agitation which introduces 

harmful shear forces which pose a threat to any sensitive encapsulated materials such as 

proteins and/or DNA which could be denatured. Depending on the formulation used, the 



stability, size and size distribution of ULVs formed will vary. Shear stresses can be used 

to decrease the droplet size and droplet size distribution, increasing the frequency of 

collision and coalescence of internal droplets with the outer water phase [32]. Another 

method for controlling the size is by varying the ratio of solvent to water during the 

vesicle formation process or by varying the solvent itself. Ishii et al. demonstrated the 

role of solvent boiling point on the size of vesicles formed. Overall, solvents with higher 

boiling points (n-hexane and benzene) formed larger vesicles than solvents with lower 

boiling points (diethyl ether). They reported ULVs in the size range from 175 nm to 300 

nm in diameter depending on the solvent [33].

2.5.3 Limitations with Conventional Methods of Production

While ULVs have been demonstrated to be an effective delivery mechanism and are used 

in the pharmaceutical industry today, their widespread use is limited by a number of 

problems [8]. These include:

1. Direct ULV formation

2. Difficulties in controlling liposome size

3. Difficulties in controlling liposome size distribution

4. The use of organic solvents .

5. Difficulties in process scale-up

6. Limited shelf life stability

7. Poor batch-to-batch reproducibility

2.6 Self-Assembled ULVs

One approach to simplify ULV preparation is direct formation, avoiding the MLV step. 

This can be achieved by a spontaneous formation route. The first success of 

spontaneously forming ULVs was reported with the use of cationic∕anionic surfactants 

with vesiculation reported following a series of dilutions and/or temperature jumps [34

37]. However, aside from the use of surfactants, these self assembling systems were 

limited by the fact that the size was directly related to surfactant concentration [38]. This 

created a non-ideal situation for drug delivery applications considering that upon 
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injection into the body, the ULVs risked bursting, prematurely releasing encapsulated 

materials.

More recently, Nieh et al. reported a novel approach towards the formation of self

assembled ULVs composed entirely of phospholipids, in the absence of surfactants and 

having the advantage of size stability independent of lipid concentration [13, 14]. In 

general, a combination of neutral and charged long-chain lipids and neutral short-chain 

lipids are used to form ULVs as a function of total lipid concentration and temperature. 

This system is formed using the long-chain lipids dimyristoyl phosphatidylcholine 

(DMPC), dimyristoyl phosphatidylglycerol (DMPG) and the short-chain lipid dihexanoyl 

phosphatidylcholine (DHPC). Small-angle neutron scattering (SANS) was used to 

confirm that this system is able to form small ULVs (diameters < 50 nm), with a narrow 

size distribution (polydispersity < 0.3) under dilute conditions and at temperatures greater 

than the main phase transition temperature of DMPC (Tc ~ 23°C). The spontaneous 

formation of these ULVs is a function of (1) temperature, (2) total lipid concentration, (3) 

the long-to-short chain lipid molar ratio, and (4) charge density, offering control of ULV 

synthesis through variation of several basic experimental parameters [13]. Importantly, 

ULV stability is reported over periods of months at 45 °C [39] and furthermore controlled 

release studies demonstrated no release of encapsulated materials around normal body 

temperature (~32 — 45 °C) indicating initial stability upon injection [19]. In summary, the 

formation of these ULVs is reported to be advantageous due to their ease of preparation, 

good size uniformity and reproducibility, high stability over time and from the absence of 

contamination with MLVs.

2.6.1 ULV Formation Mechanism

ULVs are formed from a precursor disk-like micelle, also known as a bicelle. The disks 

become unstable at a critical point and fold into vesicles [16, 40]. The low-temperature 

bicelle phase in this system has been verified by SANS experiments [12]. Each of the 

phospholipids in the mixture plays an important role in stabilizing this bicelle phase. 

DMPC, a zwitterionic, long chain (14:0 hydrocarbon chain) phospholipid, forms the bulk 

of the rigid planar structure (the face) in the bilayer; DHPC, a zwitterionic, short chain 
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(6:0 hydrocarbon chain) phospholipid, sits on the edge of the disk, stabilizing it by 

minimizing the energy due to the rims’ high curvature and potential exposure of DMPCs’ 

hydrophobie tails to water; DMPG, a negatively charged, long chain (14:0 hydrocarbon 

chain) phospholipid, stabilizes the lamellar phase and prevents the separation of the short 

chain (DHPC) from the long chain (DMPC) lipid and also introduces repulsive forces 

between the disks, preventing face-to-face interaction which would result in MLV 

formation [12].

A conceptual phase diagram representing this system is shown in Figure 2.6.1.1 in which 

various structures are outlined as a fonction of temperature and total lipid concentration. 

Bicelles exist at low temperatures (< 23 °C), ULVs at low lipid concentrations, and 

MLVs at higher lipid concentrations and temperatures. The phase transition temperature 

of DMPC (Tc ~ 23 °C) is important in the formation of ULVs [41]. Figure 2.6.1.2 depicts 

the mechanism in which bicelles transform into ULVs. In the low temperature phase, 

bicelles become unstable around 23 °C where DMPC’s acyl chains melt, resulting in 

increased miscibility with DHPC. This leads to a loss of DHPC at the disk rims by 

allowing some of it to enter into the DMPC rich planar region. To minimize this loss of 

stability and exposure of the hydrophobie chains, the disks begin to coalesce with 

neighbouring disks forming larger sized bicelles where at a critical point the disk 

becomes unstable causing them to fold into vesicles [12]. From this description it can be 

noted that the spontaneous formation of ULVs is path dependent in which the precursor 

bicelle formation is critical. The path of formation is outlined by the black arrows in 

Figure 2.6.1.1.
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Total Lipid Concentration (wt.%)
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Figure 2.6.1.1. General phase diagram of bicelle, ULV and MLV formation as a function 
of temperature and total lipid concentration where ULVs are noted to form at low lipid 
concentrations (< 2 wt.%) and at high temperatures (T > 35°C) (adapted from Katsaras et 
al., 2005 [41]).

Figure 2.6.1.2. Disk-to-vesicle transformation in which low temperature bicelles 
coalesce into larger bicelles which then become unstable and fold into vesicles with 
increasing T ~ 23 °C.

Growth & Folding of bicelles ULVUniform-size bicelles

2.6.2 Controlling Parameters of End-State ULV

In addition to the specific pathway in forming ULVs discussed in the previous section, 

some additional key compositional parameters affect ULV formation. These include 

charge density, short-to-long chain lipid molar ratio and total lipid concentration, which 

are further discussed in this section.
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2.6.2.1 Charge Density

Charge density is an important parameter to consider in the formation of ULVs. It can be 

controlled by varying the amount of charged long chain lipid (DMPG) in the mixture. 

Previously it was determined that ULVs only formed under an optimal charge density of 

[DMPG]∕[DMPC] = 1%[17]. In the case of low charge density ([DMPG]∕[DMPC] = 0), 

coexistence of ULVs and MLVs was found, indicating that there was not enough 

repulsive force between bilayers, causing face-to-face interactions between neighboring 

bicelles. In contrast, with higher doping of DMPG (([DMPG]∕[DMPC] = 6.7%), at higher 

temperatures ULVs did not form and bicelles were found to be thermodynamically stable 

across the entire temperature range studied, indicating too little interaction between 

neighboring disks [17].

2.6.2.2 Long-to-Short Chain Lipid Molar Ratio

The ratio of the long to short chain (DMPC/DHPC) lipids in the mixture is traditionally 

believed to modulate the rigidity and spontaneous curvature of the lipid bilayer. Recently, 

the role of the short chain lipid, DHPC, in the mixture has been shown to minimize the 

line tension on the rim of the bicelles, playing a key role as a stabilizer. A decrease in the 

amount of short chain lipid (i.e., increasing long-to-short molar ratio) enhances the 

transition from bicelles to ULV by making the bicelles less stable [39]. This ‘readiness’ 

to fold into vesicles controls the size of the ULVs produced. Previous results indicated 

that a DMPC/DHPC molar ratios between 2.5 and 4 led to the formation of low- 

polydispersity ULVs, with vesicle size decreasing with increasing molar ratio of these 

two phospholipids [39].

2.6.2.3 Total Lipid Concentration

The amount of spacing between discrete particles (in this case bicelles) in solution is 

controlled by the total lipid concentration (Cip) and can affect the amount of interaction 

between bicelles in the low temperature regime. This is important for the growth phase of 

the bicelle system, since a higher concentration can increase the likelihood of collision 

and coalescing. It is known that two different phase transitions can occur around 23 °C 
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depending on the Cιp: at a high lipid content the bicelle phase transforms into MLVs (Cip 

> 2 wt.%) while at low lipid content the bicelle phase transforms into ULVs (Cιp < 2 

wt.%)[12]. Furthermore it is reported that at low lipid concentrations vesicle size 

decreases slightly with decreasing lipid concentrations, where from 0.5 wt.% to 0.1 wt.% 

a decrease in average vesicle radius from 134 to 104 Â is seen [39].

2.7 Characterization OF ULVS

2.7.1 Scattering Techniques

ULVs can be characterized using a variety of scattering techniques, including dynamic 

light scattering (DLS), small-angle x-ray scattering (SAXS) and small-angle neutron 

scattering (SANS) which provide information about the structure and size distribution of 

particles in suspension. Each scattering technique follows a similar principle. The 

wavelength, λ, of radiation (i.e., photon, x-ray, neutron), should match the range of sizes 

of interest. More specifically, the relationship between the particle radius, R, and the 

scattering vector, q, is denoted by q = 2n/R.. Scattering patterns are presented as scattered 

intensity, Is, as a function of the magnitude of q which is defined by (4π∕λ)*sin(θ∕2) 

where θ is the scattering angle [42, 43]. [15, 42].

2.7.2 Characterization Techniques DLS versus SAXS versus SANS

SANS has several unique features that distinguishes it from both SAXS and DLS.

• The scattering intensity obtained from SANS is not easily contaminated by 

scattering due to sample container imperfections or dust particles. These problems 

are difficult to handle with DLS [42].

• DLS provides information on the hydrodynamic radius RH of particles rather than 

the true radius [42].

• By varying the ratio of D2O/H2O there is a possibility of varying the coherent 

scattering length density of the solvent with neutron scattering. This makes 

varying the sample/solution contrast relatively effective and easy to control [42].
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• The SAXS technique is difficult to apply to the determination of the structure of 

some systems where there is a lack of contrast between the solvent and the 

hydrocarbon portion of the aggregate. X-rays are primarily scattered by the polar 

part of an amphilphilic molecules making it a more powerful technique for 

studying the head group region [42, 43]. In addition, X-ray sample transmissions 

diminish sharply with increased salt concentrations limiting ionic strength 

dependent studies [43].

• X-ray scattering work involves the risk of irreversible damage to sensitive 

samples. This requires monitoring of samples for damage, potentially limiting 

multiple measurements of a sample over time as is used in the case of time- 

resolved studies [43].

2.7.3 SmaII-AngIe Neutron Scattering

The use of neutrons as a scattering probe began over 60 years ago. Today it is used in a 

variety of research areas; examples including aspects of magnetism and 

superconductivity, amorphous materials, polymer conformation and rheology and 

surfactant and self-assembling systems. Due to the uncharged nature of the neutron it is 

capable of penetrating deep into materials making it possible in our case to obtain the 

bulk properties of samples, and to investigate buried interfaces and layered structures 

[44].

2.7.3.1 Scattering Geometry

The basic SANS scattering principle is presented in Figure 2.7.3.1.1 where a beam of 

neutrons of intensity I0 (neutrons per square centimeter per second) is directed at a flat 

sample cell containing particles in solution. The nucleus scatters the neutron to point r in 

a small cone with a solid angle dΩ. The measurement of the scattered neutron intensity Is 

at an angle θ is determined using a detector where a portion of the detector dA is under 

contact [42, 44]. Is is collected as a function of the scattering vector, q, (4π∕λ)*sin(θ∕2) 

where θ is the scattering angle. Reduction and fitting of the resulting SANS data is 

further discussed in Chapter 3.
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Figure 2.7.3.1.1. Scattering geometry of a SANS experiment (adapted from Chen, 1986; 
Willis & Carlile 2009 [42,44]).

2.7.3.2 Instrument Components

A typical SANS instrument is composed of a neutron source, guide tubes, velocity 

selector or monochromoter, collimator, beam filters, sample holder and a detector. While 

numerous configurations and variations exist we will discuss in brief the typical 

instrument make-up and the role of the above mentioned components. A general diagram 

is presented in Figure 2.7.3.2.1.

Detector

Monochromatoror
Chopper

Source

Sample

Collimating 
Optics

Figure 2.7.3.2.1. Typical instrumental components for a SANS instrument

The neutrons can come from various nuclear reactions; for scattering applications nuclear 

fission and spallation are considered the most common. Nuclear fission is more common, 

with the isolation of fissile materials from fuel elements including uranium, thorium or 
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plutonium. In contrast, the spallation process uses heavy atoms and accelerator-based 

sources. This nuclear reaction occurs when high-energy particles bombard the nuclei of 

heavy atoms. Technologically, reactors have approached the maximum neutron fluxes 

achievable (at best ~10° neutrons∕cm ∕s) whereas pulsed accelerator sources offer the 

potential for even higher fluxes [44]. Guide tubes also referred to as guide halls enable 

the neutron source to be situated away from the experiment in a more spacious region. 

They are capable of transporting the slow neutron beam without loss of intensity. 

Furthermore, if the guide tube is slightly curved it is capable of acting as a filter against 

undesired higher energy neutrons and gamma rays [44].

For the selection of specific neutron energies, velocity selectors (also referred to as 

mechanical choppers) or single crystal monochromaters are used. Velocity selectors are 

composed of a cylindrical drum which rotates around its axis where the neutron beam 

follows a path parallel to the axis of rotation. The drum is fabricated with a neutron 

absorbing material and has a helical slot cut along its cylindrical surface. Only neutrons 

with one velocity will pass through the channel without striking either wall of the slot. 

Changing the speed of the drum changes the neutron energy selected. The second option 

for selection of specific neutron energies is crystal monochromators. They cause 

diffraction from a single crystal which provides the simplest method of selecting a 

monochromatic beam [44, 45].

Collimators can be used to improve instrumental resolution by reducing the angular 

divergence of the primary or scattered neutron beam. A collimator consists of a series of 

narrow parallel channels separated by thin absorbing blades; it contains transparent slots 

and opaque slots which cause the beam to diverge. Ultimately it produces a stack of 

overlapping beams of narrow divergence; reducing the angular deviation of the overall 

beam [44, 45].

It is possible to further reduce the signal-to-noise ratio on instruments by interposing 

filters in the incident or scattered beams. These filters operate by either absorbing 

unwanted components or by scattering them out of the direct path of the neutron beam. 

Polycrystalline filters scatter neutrons of given wavelengths; the most common materials 

are beryllium and graphite. There is a cut off known as the Bragg cut off beyond which 
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the material becomes transparent to neutrons. This is ideal for the removal of thermal and 

fast neutrons from an incident beam of cold neutrons [44].

Once the beam is sent through the sample and scattered, detection is required. There exist 

three types of detectors: gas detectors, scintillation detectors and plate detectors; here we 
• ∙3 •discuss the first two. Gas detectors contain an absorbing gas (i.e., He) which causes a 

nuclear reaction releasing energy causing the reaction products to scatter in opposite 

directions. The scattered products cause ionization in the gas and this ionization is 

collected by an anode wire. Alternatively, scintillation detectors use the neutron absorber 

6Li in the form of lithium salt which is mixed with the scintillator material, Zinc Sulfide. 

The burst of light when a neutron is absorbed and ionizing secondary particles are formed 

is amplified by a photomultiplier. Scintillation counters are in general much better 

detectors than gas detectors as their detection mechanism is intrinsically 100X faster and 

does not depend on the drifting of ions [44].

2.7.3.3 Use of SANS to Investigate ULVs

The remainder of this work is focused on investigating self assembling ULVs using the 

SANS technique. In general, SANS will be used to characterize the ULV and bicelle 

phase, to investigate ULV size and polydispersity according to varying composition and 

processing conditions, to investigate the stability of monodisperse ULVs following a high 

temperature dilution and to quantify low temperature bicelle growth kinetics according to 

total lipid concentration, ionic strength and temperature (T < Tc) and investigate the 

effects of bicelle growth on the end-state ULVs.
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Chapter 3
Materials And Methods

3.1 MATERIALS

The phospholipids, 1,2-dimyristoyl-phosphatidylcholine (DMPC), 1,2-dimyristoyl- 

phosphatidylglycerol (DMPG) and 1,2-dihexanoyl-phosphatidylcholine (DHPC) were 

purchased from Avanti Polar Lipids (Alabaster, AL) and were used without further 

purification. All sample solutions were prepared by dissolving the lipids in deuterium 

oxide (99.9 % D2O, Chalk River Laboratories, Chalk River, Canada).

3.2 Sample PREPARATION

A general preparation procedure was performed as follows for all samples discussed 

below. A fixed molar ratio of [DMPC]∕[DHPC] = 3.3 and varying amounts of DMPG 

were dissolved to a fixed initial total lipid concentration (Cip) of 10 wt.%. To ensure 

proper mixing, each sample was vortexed and temperature cycled between 4 and 50 °C a 

total of 6 times. Consequently, samples were equilibrated at T= 4 °C for 24 hours. All 

samples were gradually diluted with D20 in a stepwise fashion to a reduced Cιp (i.e., 1 

wt.%, 0.3 wt.% or 0.1 wt.%) at 4 °C.

A version of this section has been published in ‘Effects of Charge Density and Thermal History on the 
Morphologies of Spontaneously Formed Unilamellar Vesicles’. Journal of Physical Chemistry B. 2010, 
114; 5729 - 5735.
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3.2.1 Parameter Optimization and Stability Study

For the investigation of charge density on ULV formation, three different sample 

solutions were prepared by co-dissolving the lipids to various molar ratios of 

[DMPG]∕[DMPC] (i.e. 0.3 %, 0.8 % and 1.5 %) in DO. This study investigated Ctp = 0.3 

wt. % samples that were slowly annealed at T = 20, 25, 30 and 50 °C for approximately 2 

hours per temperature in which SANS experiments were carried out at the end of each 2 

hour period. Samples of [DMPG]∕[DMPC] ratios of 0.8 % and 1.5 % that were slowly 

annealed were compared to a second set of 0.3 wt.% samples that underwent a 

temperature jump, T-jump from 4 °C to 50 oC, and maintained at 50 °C for more than 12 

hours. Refer to Figure 3.2.1.1 for the temperature heating profiles and to Table 3.2.1.1 for 

a summary of experimental conditions discussed.
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Figure 3.2.1.1. Temperature heating profiles for slow annealing (left) and T-jump (right).

For the investigation of Cip independent ULV stability a second set of 0.3 wt.% and 0.1 

wt.% samples were T-jumped from 4 °C to 50 °C, and then kept at 50 °C for more than 

12 hours. Finally, some 0.1 wt.% samples were prepared by diluting 0.3 wt.% 

([DMPG]∕[DMPC] = 0.8% and 1.5%) samples at 50 °C. These samples were used to 

compare to the same wt.% samples that were diluted at 4 °C and then T-jumped to 50 °C. 

A set of 0.1 wt.% samples were prepared for ([DMPG]∕[DMPC] = 0.8% and 1.5%) via a 

T-jump to 50 °C using the conventional method described above. These samples were 

used to compare to the same wt.% samples that were diluted at 50 °C from 0.3 wt.% 

([DMPG]∕[DMPC] = 0.8% and 1.5%) samples (Table 3.2.1.1).
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Table 3.2.1.1. Summary of experimental conditions investigated

Total lipid 
concentration, Cιp

Charge densities 
[DMPG]∕[DMPC]

Thermal pathways

Parameter Optimization
0.3 wt.% • 0.3 %; 0.8%; 1.5% T-Jump
0.3 wt.% 0.3 %; 0.8%; 1.5% Slow annealing
Stability Study
0.3 wt.% 0.8%; 1.5% T-Jump
0.1 wt.% 0.8%; 1.5% T-Jump
0.1 wt.% 0.8%; 1.5% High T dilution

3.2.2 BiceIIe Growth Kinetics and ULV Formation

Samples were prepared to a fixed charge density of [DMPG]∕[DMPC] = 1% and diluted 

to Cip = 1 wt.% and 0.3 wt.%. Sodium chloride concentrations, [NaCl] = OM and 3 mM 

were added to both lipid concentrations creating a total of four independent samples. 

Immediately following preparation, each sample was annealed under constant 

temperature conditions, T = 10 °C for 24 hours; T = 17 °C and 23oC for 4 hours. SANS 

data were collected at various time intervals across the total measured times.

ULV formation was investigated following annealing at the fixed low temperature 

condition by immediately heating samples to 50 °C.

3.3 Vesicle CHARACTERIZATION

3.3.1 Small-AngIe Neutron Scattering (SANS)

Preliminary SANS experiments were conducted using N5-SANS located at the Canadian 

Neutron Beam Centre (CNBC, Chalk River, ON, Canada). Neutron wavelengths (λ) of 

5.23, 4.00 and 2.37 Â were used to cover a range of scattering vectors, q, from 0.01 A4 < 

q <0.3 A.

SANS experiments for the first study (parameter optimization and stability study) were 

conducted at the 30 m NG3-SANS [46] located at the NIST (National Institute of 
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Standards and Technology) Center for Neutron Research (NCNR, Gaithersburg, MD, 

USA). 6 Â wavelength (A) neutrons with a Δλ∕λ of 11 % were used. Sample-to-detector 

distances (SDDs) of 1, 5 and 13 m were used, with a detector offset of 20 cm in the case 
of SDD = lm. This resulted in a total scattering vector (q) of 0.003 A- <q< 0.35 A-1,

[q =
4/ (O)

sin — , where is the scattering angle].

SANS experiments for the second study (bicelle growth kinetics and ULV formation), 

were performed using the CG-2 SANS instrument located at Oak Ridge National Lab 

Neutron Sciences (ORNL, Oak Ridge, TN, USA). Here, an incident neutron beam with a 

wavelength (Λ) of 4.75 Â was used with SDDs of 4 and 18.5 m and a detector offset of 20 
cm for a q-range 0.0035 A- < q < 0.35 Â'1.

Raw data were corrected for sample transmission, ambient background (blocked beam) 

and empty cell scattering (also corrected for empty cell transmission). The data were 

then circularly averaged to yield a 1-dimension scattered intensity profile, which was 

placed on an absolute scale (cross section per unit volume) using the incident neutron 

beam flux. Incoherent scattering was obtained from the high q region and subsequently 

subtracted from the data. These procedures were conducted using a data reduction 

program (in IGOR-Pro®) developed by NCNR.

3.3.2 Cryogenic-Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM was used for a direct observation of the ULVs. Sample vitrification was 

performed using a FEI Vitrobot Mark IV (FEI Worldwide Corp., Oregon, USA) cryo

stage in a controlled environment. A 2 μL sample was placed onto a TEM grid and the 

excess solution was removed from the grid by blotting with a filter paper. The sample 

was then vitrified by plunging the grid into liquid ethane and immediately transferred on 

to the cold sample stage (T = -170 °C) of an FEI Tecnai G2 transmission electron 

microscope (FEI Worldwide corp., Oregon, USA), which operates at an accelerating 

voltage of 200 kV in the filtered bright field image mode.
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3.4 Sans Data Analysis

The scattered intensity, I(q) collected as a function of the scattering vector, q can be 

described by the following relationship:

I(q) = n <F(q)I 2 S(q)> + Iinc

where n is the number density of particles; F(q) is defined as the form factor; S(q) is the 

structure factor, describing the arrangement of the objects in solutions; Iinc is the 

incoherent scattering.

Hayter and Penfold described an analytical expression for S(q) by solving the Ornstein- 

Zemike equation in the mean spherical approximation. This method accounts for the 

repulsive electrostatic interactions between charged particles and is determined from the 

total lipid concentration, the dielectric constant of the solvent, the surface charge density 

of the lipid aggregates, and the ionic strength of solution [47]. When fitting the data from 

ULV and charged bicelle systems with the addition of [NaCl] this method was employed; 

however, in very dilute systems S(q) is assumed to be unity and is not considered.

The form factor, F(q) was determined using the core-shell disk model and the 

polydisperse vesicle model for bicelles and ULVs respectively and are further elaborated 

below.
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Figure 3.4.1. (A) Bilayered micelles (bicelles) described by the simplified core-shell disk 
model possessing a hydrophobie core of radius R and thickness L, and a hydrophilic shell 
of thickness t. (B) ULVs are described by the polydisperse spherical shell model of inner 
radius Ri, an outer radius Ro, and a polydispersity, p.
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3.4.1 Core-Shell Disk Model

This model is used to describe bilayered disks composed of phospholipids in D2O, where 

the hydrophilic heads populate the disk’s surface forming a shell of uniform thickness t. 

The disk’s core is made up of the phospholipid’s hydrophobie fatty acid chains, and has a 

radius R and a thickness L (Figure 3.4.1A). The core-shell disk model assumes 

monodisperse bicelles thus reducing the number of fitting parameters, while at the same 

time adequately describing the SANS data. In the case of a dilute solution, the form 

factor Pdisc(q) is proportional to the scattering function I(q) as QlipidPdisc(q), where Olipid 

represents the lipid volume fraction. The neutron scattering length densities (SLDs) of the 

solvent, the disk’s core and disk’s shell are represented by Psolvent, Phydrophobic and 

Phydrophiiic respectively, and relate to each other as follows [48, 49]:

z/2

I(q) - mpa Pasc(q) - §
0

2
f (q,a)sin ada 

hydrophilic (1)

where,

J(q,a) 2(Phydrophobic Phydrophilic ) ^hydrophobic
since gcosc) y,(qRsinc) 
(qcosa) (qRsincx) 

2

+ 2(Phydrophilic Psolvent)Vhydrophilic
sing(2 40)coscl/,g(R+D)sincz)

q(L+Qcosaj [^+θsinα]

where Jι(x) is the first order Bessel function; a is defined as the angle between the 

cylinder axis and the scattering vector, q. Integrating over α averages the form factor 

over all possible disk orientations. Vhydrophobic (j=πR L) and Vhydrophilic [=R(R+t) (L+2t)] are 

the volume of the hydrophobie core and hydrophilic shell, respectively. In fitting the data 

SLDs were constrained to the calculated Psolvent (6.38 x 10-6 À-2), while values for Pshel (= 

3.3 x 10^6 A^2 due to inclusion of D2O) and Peore (= -4.3 x 10^7 A'2) were fixed at values 

obtained from the literature [11, 50].
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3.4.2 PoIydisperse Vesicle Model

For ULVs shown in Figure 3.4.IB the scattering pattern is described using a polydisperse 

spherical shell model. A uniform SLD, Plipid (3.2 x 10-7 A'2), was applied to the bilayer 

shell to reduce the number of fitting parameters, as the SLD of D2O, Psoivent, is much 

greater than Plipid. The Schulz distribution function, f(r), was used to describe the size 

distribution of ULVs, with polydispersity p defined as o/(Ro), where σ is the variance of 

R0 and (Ro) is the average R0 [51]. The form factor, Pvesicle(q), can be expressed as:

00 1
Pvesicle(q) = ∫-—f(r)A3(q,r)dr

Q vesicle
(2)

Λ (q,r)=—(Pupid. Psofven) {sin[q(r + t)]-q(r + t)cos[q(r + t)]-sin(qr)+ qrcos(qr)}

where Γ(l∕p ) is the gamma function used to normalize the distribution function, <R1> is 

the average inner radius of the vesicle (= R0 - bilayer thickness, tbilayer) and Vvesicle is the

4/3 . .
total ULV volume [i.e., —yr +t) ] at the inner radius = r. The fitting parameters 

3

therefore include <RP, p and tbilayer [Eq (2)]. Both fitting models (in IGOR-Pro®) were 

developed by and available at NCNR [52].
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Chapter 4
MorphologiCAL
CHARACTERIZATION

To first verify the spontaneous formation of vesicles and the existence of the precursor 

bicelle phase two principal methods were used: small-angle neutron scattering (SANS) 

and cryogenic transmission electron microscopy (Cryo-TEM).

4.1 SANS CHARACTERIZATION

Preliminary SANS experiments performed using N5-SANS at CNBC were conducted at 

T < Tc and at T > Tc (Tc ~ 23 °C) to confirm the existence of disks and ULVs 

respectively. Results from these experiments, shown in Figure 4.1.1 confirm the 

formation of bicelles at T- 10 °C (blue squares) and ULVs at T~ 50 °C (red circles). 

Best fits results obtained using the core-shell disk model and the polydisperse vesicle 

model (black solid line) are presented in Table 4.1.1 where we obtained disk radius of 80 

± 5 Â and a narrow size distribution ULVs with a radius of 75 ± 5 Â, and polydispersity, 

p~ 0.13.

The data presented for ULVs (red circles) seen in Figure 4.1.1 are typical of small, 

uniformly sized vesicles. The best fit results provide the following information in terms 

of the different q regimes; at q less than ~ 0.015 Â'1 the average ULV size is obtained; at 

q greater than ~ 0.015 A (excluding oscillations) the q' dependence indicates a planar 

(single shell) structure; in the higher q region, q > 0.1 A', the q4 dependence corresponds 

to the interfacial scattering from the lipid bilayer. Furthermore, the broad peak location 

and number of oscillations (q ~ 0.045 Â’1) correspond to the ULV size and range of sizes 

respectively.
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Figure 4.1.1. SANS data and best-fits (solid lines) to the data for Cip = 0.1 wt.% samples 
at DMPC∕DMPH∕DMPG = 50/1/15: 10 °C (blue squares) and 50 °C (red circles).

Table 4.1.1. Structural parameters obtained from the best-fits to the data for Cip = 0.3 
wt% samples at 10 °C (bicelles) and 50 °C ULVs._____________________________

Radius (A) Bilayer Thickness (Â) Polydispersity
Bicelle 80 ±5 44 ±2 ——
Vesicle 75 ±5 30 ±2 0.13

4.2 ELECTRON MICROSCOPY CHARACTERIZATION

Transmission electron microscopy (TEM) was employed as a means to obtain direct 

observation of ULVs. Initial experiments were carried out in which the samples were air 

dried and stained prior to imaging (Figure 4.2.1). This resulted in a collapse of the 

structure upon drying as can be seen in Figure 4.2.1 where flat, spherical-like shapes with 

diameters well under 100 nm are present. From this image it is difficult to distinguish 

between ULV, MLV or bicelle formation. Irrespective, these structures appear to 

besimilar in size with a narrow size distribution.
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Figure 4.2.1. TEM image of [DMPG]/[DMPC] = 1.5% ULVs in a Clp = 0.3 wt.% 
solution.

Unlike conventional TEM, the cryogenic-method freezes the ULVs in their liquid 

suspension instantaneously from the stable 50 °C sample, allowing us to image them in 

their 3-dimensional morphology. Cryo-TEM was used to obtain an improved visual 

representation of the ULVs (Figure 4.2.2). These images reveal vesicles with a slightly 

larger size at a slightly higher lipid concentration (Cip = 0.3 wt.%) than the SANS data 

presented above (Cιp = 0.1 wt.%) where radius, R in this case is approximated at R < 

200Â. Furthermore we can see the single lipid bilayer (dark circle) and void interior, 

verifying the hollow core of the vesicle. This result further confirms the validity of the 

model used to fit the SANS data at high temperatures.
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Figure 4.2.2. Cryo-TEM image of [DMPG]∕[DMPC] = 1.5% ULVs in a Cip= 0.3 wt.% 
solution.
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Chapter 5

PARAMETER OPTIMIZATION 

And STABILITY STUDY

5.1 Results

5.1.1 Effect of Charge Density

The effect of charge density on ULV formation was examined by studying ULV size at a 

number of [DMPG]∕[DMPC] ratios (0.3%, 0.8% and 1.5%) and Cip = 0.3 wt.%. Figure 

5.1.1.1 shows SANS data of the three samples at T = 50 °C that were slowly annealed 

from 4 °C. A peak (q ~ 0.1A"1) associated with the presence of MLVs is observed in the 

sample with the lowest charge density ([DMPG]/[DMPC] = 0.3), consistent with a 

previous report on zwitterionic mixtures [14]. For the two other charge density samples, 

SANS data were best-fit with the polydisperse spherical shell model (solid curves). The 

best-fit values for (R) are 770 ± 70 A and 134 ± 8 A in the case of [DMPGJ/[DMPC] = 

0.8% and 1.5%, respectively, indicating that increased charge density yields smaller 

ULVs (by a factor of ~ 6). To the best of our knowledge, this is the most significant 

effect on ULV size reported thus far regarding this system. In addition, charge density 

also seems to affect the size distribution of ULVs. The relative polydispersities of both 

systems are comparable to each other, while the absolute deviation, σ, in the case of 

[DMPG]∕[DMPC] = 0.8% is three times larger than that of the [DMPG]∕[DMPC] = 1.5% 

sample.

A version of this section has been published in ‘Effects of Charge Density and Thermal History on the 
Morphologies of Spontaneously Formed Unilamellar Vesicles’. Journal of Physical Chemistry B. 2010, 
114; 5729 - 5735.



32

100 - [PGJ/[PC] % 0.8 1.5
Ri(A) 770± 70.0 134 ±8.0 

33.0±2.0 31.0±2.0 
0.18 ± 0.02 0.2 ± 0.02

0.001 -

1.5 %

0.8 %

Γη I I I I IIIII
1 2 3 4 5 6 7 '

0.01 0.1
Scattering Vector, q (A )

Figure 5.1.1.1. SANS data and best-fits (solid lines) to the data for Cιp = 0.3 wt.% 
samples at T = 50 °C: [DMPG]∕[DMPC] = 0.3% (squares), 0.8% (circles), and 1.5% 
(triangles). For viewing, scaling factors of 0.2 and 0.02 were used for [DMPG]∕[DMPC] 
= 0.8% and 1.5%, respectively. For [DMPG]∕[DMPC] = 0.8% and 1.5% data, the best- 
fits to the data were obtained using the polydisperse spherical shell model. A peak at ~ 
0.1A^1, associated with MLVs, is observed for the [DMPGJ/[DMPC] = 0.3% sample.

To study the transition from bicelles to ULVs, SANS experiments were conducted as a 

function of temperature (20, 25, 30 and 50°C). For the lowest charge [DMPG]∕[DMPC] = 

0.3% system and Cιp = 0.3 wt.%, the solution was visibly opaque indicating the presence 

of MLVs - also confirmed by the presence of an MLV peak that was present at all 

temperatures (data not shown). The situation was different, however, in the case of the 

[DMPG]∕[DMPC] = 0.8% and Cιp = 0.3 wt.% sample where ULVs formed at low 

temperature and remained unaltered throughout the range of temperatures studied (data 

not shown). In the case of the highest charge density sample (i.e., [DMPG]∕[DMPC] = 

1.5% and Cιp = 0.3 wt.%), a clear transition from bicelles to ULVs is observed between 

25 and 30 °C (Figure 5.1.1.2). The best-fit structural parameters obtained from the core

shell disk (20 and 25 °C) and polydisperse spherical shell models (30 and 50 °C) are 

summarized in Table 5.1.1.1. R is found to increase from 266 ± 10 Â to 349 ± 15 Â as T 

is increased from 20 to 25 °C, in agreement with the notion that prior to forming ULVs, 

bicelles coalesce as temperature is increased [16]. Between 25 and 30 °C a phase 

transition takes place, as indicated by the oscillation at q ~ 0.025Â' . Despite this, from 



33

the SANS data we cannot rule out the coexistence of bicelles and ULVs. (Ri) of ULV 

decreases slightly as temperature is increased from 30°C to 50°C, indicating that the 

ULV structure is unaltered, but that a small amount of lipid (presumably DHPC) 

dissolves in the aqueous phase. The best-fit shell thicknesses all fall within a reasonable 

range (~ 32 A), but slightly smaller than the literature value of ~ 35 A [53]. Moreover, all 

the best-fit volume fractions are within 25% of the prepared lipid total concentration, 

indicating the best-fit models are adequate representations of the morphologies present.

0.01 0.1
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Figure 5.1.1.2. SANS data and best-fits (solid lines) to the data for the [DMPG]∕[DMPC] 
= 1.5% and Cip = 0.3 wt.% sample at various temperatures: T= 20 (diamonds), 25 
(squares), 30 (triangles) and 50 (circles) °C. The bicelle-to-ULV phase transition takes 
place between 25 and 30 °C. Core-shell disk (bicelle) and polydisperse spherical shell 
(ULV) models were used to fit the data. The dotted lines indicate the two slopes present 
in the scattering data (25 °C). Their intersection at qintersect ~ 0.0045 À-1 reveals the 
largest dimension of the aggregates, i.e., the diameter of the bicelles where π/ qintersect ~ 
2(<R> + t).
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Table 5.1.1.1. Best-fit structural parameters for the [DMPG]∕[DMPC] = 1.5% and Cιp = 
0.3 wt.% sample obtained using the core-shell disk model to fit the low temperature data 
(T = 20 and 25 °C) and the polydisperse spherical shell model to fit the high temperatures 
data (T = 30 and 50 °C).

bicelle vesicle

T (°C) (R) (A) / (Â) L(A) Ab (A2) (R) (A) tbiluyer (A) P Ay (A2)

20 266 ± 10.0 10.0 ± 2.0 32.0 + 4.0 (5.3± 0.6) x 105 _ —

25 349 ± 15.0 9.5 ± 2.0 30.0 ± 4.0 (8.7± 1.0) x 105 _

30 _ __ __ __ 134 ± 5.0 32.6 ± 3.0 0,21 + 0.03 (5.8± 0.5) x 105

50 — — — — 134 + 8.0 31.0±3.0 0.22 ± 0.03 (5.8± 0.7) x 105

Since almost all of the lipids have the same phosphatidylcholine headgroup, to a first 

approximation the total surface area of the aggregate morphology is assumed to be 

proportional to the number of lipids. Therefore a bicelle’s surface area, Ab, can be 

estimated (based on the mid-point of the hydrophilic layer) using the best-fit parameters 

as follows:

Ab = 2m (R)+t/2)2 + 2m (R)+t/2)(L+t) (3)

A 60% increase in the average surface area of individual bicelles (from 5.3 x 10 A to 8.7 

x 105 Â2) with increasing temperature (from 20 to 25 °C) confirms the notion that bicelles 

grow as a result of increased line tension caused by the loss of DHPC molecules which 

occupy the bicelle’s edge [12]. In the case of ULVs, from the Schulz distribution 

function, K(Ri), the ULV surface area (both bilayers leaflets) can be determined (Figure 

5.1.1.3). The average total ULV surface area, Av, is thus calculated through the 

integration of the distribution function (Fig 5.1.1.3). Av at 30 °C is calculated to be 5.8 x 

105 A2, which is larger than the Ab of bicelle’s at 20 °C, and is the result of bicelles 

coalescing. However the calculated Av of 30 °C ULVs is — 35% less than the Ab of 

bicelles at 25 °C. Although this result can be partially explained by the loss of DHPC 

(~23% of the total lipid) from the bicelles into the aqueous phase, we cannot explain the 

bulk of this difference. At this point we speculate that 25 °C bicelles may contain defects 

(i.e. perforations), an artifact of bicelle coalescence. However, it should be stressed that 

bicelle radius is a robust measure as it is model independent (location where the lines that 

define the two slopes in the data set intersect; e.g. ~ 0.0045 A^1 in the case of
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[DMPG]∕[DMPC]=1.5%; Figure 5.1.1.2). The model is used to determine the 

morphology and its precise dimensions through the fitting of the entire q range.
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Figure 5.1.1.3. Schulz distribution function for the average inner radius (solid line) and 
total surface area (dashed line) of the [DMPG]∕[DMPC] = 1.5% (Cip = 0.3%) ULVs at T 
= 30°C.

5.1.2 The Effect of Thermal Path on the Size of ULVs

ULV size distribution was examined as the lipid mixtures underwent two very different 

thermal path histories, namely a T-jump and slow annealing. Comparison of the SANS 

data and their corresponding best-fits using the polydisperse spherical shell model is 

presented in Figure 5.1.2.1. Interestingly, the resultant ULV inner radii in the case of the 

[DMPG]∕[DMPC] = 0.8% sample are very different, i.e. 172 ± 10 Â and 770 ± 70 Â 

(Table 5.1.3.1) in the case of T-jump and slow annealing processes, respectively. The 

size variation of ULVs with higher charge density ([DMPG]∕[DMPC] = 1.5%) follows 

the same trend, but is not affected to the same extent, i.e. (R) is (89 ± 2) Â for T-jump 

and (134 ± 8 Â) for slow annealing (Table 5.1.3.1). Interestingly, the best-fit volume 

fractions in both T-jump samples seem to be much less than the prepared lipid 

concentrations, implying that there could be other types of large aggregates coexisting 

with ULVs, and which do not contribute to the scattering intensity over the q range 

examined. Moreover, the shell thickness of the T-jump [DMPG]/[DMPC]=0.8% sample 

is always best-fit to the lower constraint value of ~25 Â, which is significantly different 
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from the value in the literature [53], indicating the spherical shell model used is 

inadequate in describing the entire q range. However, it should be pointed out that the 

size of ULVs is mainly determined by the oscillation of the SANS data (q ~ 0.01 À' ), 

thus the value for this morphological feature is robust.
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Figure 5.1.2.1. SANS data and best-fits (solid lines) to the data comparing T-jump 
(squares) and slow annealing (circles) studies for Cιp = 0.3 wt.% samples at 50 °C and 
[DMPGJ/[DMPC] = 0.8% (grey) and 1.5% (black). ULVs are found throughout, while 
their size is larger in the case of the slow annealing process.

5.1.3 Concentration Effect on Size and ULV Stability

ULV stability as a function of total lipid concentration was examined through dilution at 

high temperature (from Cιp = 0.3 wt% to 0.1 wt%), and compared to 0.1 wt% samples 

diluted at low temperature (i.e. 4 °C) and heated to 50 °C. Figure 5.1.3.1 shows SANS 

data, and their corresponding best-fits, for Cιp = 0.3 wt% and 0.1 wt% samples prepared 

via a high-T and low-T dilution, respectively. The best-fits to the data are in excellent 

agreement with each other, indicating that ULVs retain their morphology after high-T 

dilution for both charge densities. Moreover, low-T dilution clearly causes more 

polydisperse samples, whereby in the case of the [DMPG]∕[DMPC] = 0.8% sample the 

ULV size could not be determined. The extremely thin shell thickness obtained from the 

best-fits to the data can be attributed to the same aforementioned reason (i.e., inadequate 
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model). In the case of [DMPG]∕[DMPC] = 1.5%, the size differences between low-T and 

high-T dilution are insignificant.
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Figure 5.1.3.1. SANS data of [DMPGJ/[DMPC] = 0.8% (grey) and 1.5% (black) samples 
at 50 °C and Cιp- 0.3wt% (circles). Cip= 0.1 wt% samples were obtained by either 
diluting a 0.3 wt% sample at high temperature (squares) or at low temperature (triangles). 
The ULV morphology was unaffected by high temperature dilution. The solid lines are 
the best-fits (polydisperse shell sphere model) to the data.

Table 5.1.3.1. Structural parameters obtained from the best-fits to the data for Cip = 0.3 
and 0.1 wt% samples diluted at high temperature (HT) and low temperature (LT), 
respectively.

[DMPG]∕[DMPC] = 0.8 % [DMPG∣∕[DMPC] = 1.5 %

(R) (A) Ibilayer (A) P (R) (A) Ibiluyer (A) P

Cip = 0.3 wt% slow-T 770 ±70 33.0 ± 2.0 0.18 ± 0.02 134 ±8.0 31 ±2.0 0.22 ± 0.02

Cip = 0.3 wt% T-jump 172 ± 10 25.0 ±0.5 0.40 ± 0.01 89.0 ± 2.0 31.6±0. 5 0.22 ± 0.02

Cip = 0.1 wt% HT 171±6 25.0 ± 1.0 0.41 ± 0.01 88.0 ±3.0 30.7 ± 2.0 0.23 ± 0.02

Cip = 0.1 wt% LT N/A 25.0 ±2.0 N/A 83.0 ±5.0 30.0 ± 1.0 0.27 ± 0.01

5.2 Discussion

The three stages of ULV formation reported previously are: (1) The formation of uniform 

size bicelles; (2) Coalescence of bicelles into large uniform size bicelles; (3) The folding 

of bicelles into ULVs [12, 15, 16]. Stage (1) is essential in the formation of uniform size 

ULVs, while stage (2) determines the final size and polydispersity of the ULVs 

(discussed in detail in this section).
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5.2.1 Effect of Charge Density

Earlier studies examining the effect of charge on ULV formation have demonstrated that 

insufficient or excess charge densities can inhibit their formation, and instead result in the 

formation of MLVs (insufficient charge) or bicelles (excess charge) [17]. Here we 

focused on a narrower range of charge densities (i.e. [DMPG]∕[DMPC] = 0.3%, 0.8% and 

1.5%) in order to gain a more detailed understanding of the system studied, as 

summarized in Figure 5.2.1.1.

Slow-T Slow-T T-Jump Slow-T 
[DMPG]∕[DMPC] (%)

Figure 5.2.1.1. Schematic of the morphologies present in the various DMPG doped Cιp = 
0.3 wt% systems as a function of temperature. The symbols indicate MLVs (concentric 
spheres), ULVs (hollow sphere), bicelles (disks).

Low Charge Density: The results of the weakly doped system ([DMPG]∕[DMPC] = 0.3 

wt%) are similar to those of a neutral system ([DMPG]∕[DMPC] = 0), where MLVs were 

observed [17]. In the case where there is an insufficient amount of charge to cause 

bilayers to unbind, MLVs are a stable structure [54]. The present system forms an opaque 

liquid indicative of MLVs for all temperatures studied, a result confirmed by SANS.

Intermediate Charge Density: At a moderate charge density ([DMPG]∕[DMPC] = 0.8%) 

ULVs are observed at all temperatures, indicating that ULVs can form even in the 
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absence of liquid crystalline DMPC, which undergoes a melting transition temperature at 

around 23 °C. This result differs from what was previously reported in samples with 

higher charge densities [12], and can be rationalized as follows: In the case of bicelles 

being a kinetically trapped morphology (i.e., thermodynamically unstable), collision 

frequency between bicelles is expected to increase as a function of decreasing charge 

density (i.e., less Coulombic repulsion). This results in larger size bicelles, which 

eventually form larger size ULVs. If on the other hand, the bicelles are 

thermodynamically stable, DMPG may play an important role in retaining the short-chain 

DHPC within the bicelles, and thus preventing them from growing.

High Charge Density: Increasing charge density ([DMPG]∕[DMPC] = 1.5%) results in 

bicelles appearing at low temperature and ULVs at high temperature. This transition 

between bicelles and ULVs takes place somewhere between 25 and 30 tC, slightly 

greater than TM for DMPC (23 °C). In fact, Tc has been reported to increase with 

increasing Cip and charge density [14]. The [DMPG]∕[DMPC] = 1.5% ULVs are smaller 

than those of [DMPG]∕[DMPC] = 0.8% either because they experience less collisions 

(i.e. less opportιmities to coalesce into larger bicelles) or they are more stable with higher 

content of DMPG.

5.2.2 Effect of Thermal Path

One of the most interesting findings of the present study is the dramatic difference in 

ULV size as a function of different thermal annealing (slow annealing vs. T-jump, as 

shown in Figure 5.1.2.1 and Table 5.1.3.1). The slow annealing process effectively 

prolongs the coalescing period (stage 2), increasing the probability of bicelle collisions, 

which eventually results in the formation of larger ULVs. The fact that this effect is not 

as significant in the case of the higher charge density sample (i.e. [DMPG]∕[DMPC] = 

1.5%, as shown in Table 5.1.3.1) is most likely the result of strong Coulombic repulsion. 

Nevertheless, an 80 Â increase in bicellar radius over 5 °C (i.e. from 20 °C to 25 °C) in 

approximately 2 hours still supports the notion of bicelles growing through collisions 

with one another, even at higher charge densities. Interestingly, for the intermediate 

charged [DMPG]∕[DMPC] = 0.8% (0.3 wt%) sample, large ULVs are found at low 

temperatures, while the same sample experiencing a T-jump yields much smaller ULVs. 
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This observation implies that for this system stage 2 takes place at low temperatures - on 

the order of minutes, compared to seconds for the T-jump and the hours that it takes to 

collect good SANS data.

5.2.3 Effect of Cip and Stability of ULVs

The size invariance of the current spontaneously formed ULVs as a function of Cιp and 

thermal annealing protocol is a distinct advantage over other surfactant systems [13, 14], 

where ULV size depends on Cip [11, 19]. In fact, this can be explained by the proposed 

mechanism of ULV formation [12, 16]. The size of low temperature bicelles has been 

reported to be weakly dependent on Cιp [11, 17]. If we assume that the collision 

frequency of aggregates in the case of higher Cip samples is greater than that of lower Cιp 

samples, it then follows that larger ULVs are expected to form in the case of high Cιp 

samples. The present SANS data only show small differences in the size of ULVs 

between Cip = 0.3 and 0.1 wt.% samples, probably due to the already low frequency of 

bicelle coalescence in Cιp = 0.3 wt.% samples. However, ULV size should not change if 

the system is diluted at or after stage 3, where ULVs are the stable morphology. The 

invariance of ULV size seen here for high and intermediate charge density samples 

undergoing high temperature dilution is consistent with the proposed mechanism, 

implying that ULVs are stable.
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Chapter 6
Bicelle Growth Kinetics And

End-State Ulv Properties

6.1 Results

The hypothesis of disk interaction, coalescence and growth was confirmed by our 

previous results (Chapter 5) where an increase in disk size (R, ~ 266 to 349 Â) with 

increasing temperature from 20 °C to 25 °C over 2 hours was resolved using SANS. 

These results also indicated that the increase in disk size is quantifiable on a reasonable 

time scale. To gain more insight into the low temperature bicelle phase we conducted a 

study on the growth of disks and on its role in the end-state vesicle properties. Of specific 

interest is disk growth as a function of three key parameters; temperature, total lipid 

concentration and ionic strength. Our experiments conducted at Oak Ridge National Lab 

(ORNL) offer the unique possibility for time-resolved studies due to their high neutron 

flux and the large q-range covered in a single instrumental setting (0.0032 < q< 0.07 A^ ).

6.1.1 Bicelle Growth

The effects of temperature, total lipid concentration and ionic strength on the growth of 

disks over time were investigated using CG-2 SANS at ORNL. We examined the time 

dependent growth at three temperatures, T = 10, 17 and 23 °C; at varying total lipid 

concentrations, Cιp = 0.3 and 1 wt.% and varying ionic strengths, [NaCl] = 0 and 3mM. 

The matrix of experimental conditions used is summarized in Table 6.1.1.1. Resulting 

SANS data and their corresponding best fit curves are presented in Figure 6.1.1.1. Each 

block represents a combination of Cip and [NaCl]: (a) Cip = 1 wt.%, [NaCl] = OmM; (b) 

Cip = 1 wt.%, [NaCl] = 3mM; (c) C!p = 0.3 wt.%, [NaCI] = OmM; (d) Cip = 0.3 wt.%. 
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[NaCl] = 3mM and each set of curves represents data collected across different time 

intervals at 10 oC for ~24hrs (grey), 17 °C for ~ 4hrs (blue), 23 oC for ~ 4hrs (purple). In 

general, as time increases we observe two possible changes in the SANS curves; an 

increase in intensity, / (which cannot seen in the figures due to multiplication by an 

arbitrary factor) and a shift in the bend position with respect to the scattering vector, q. 

The change in bend position is denoted by an arrow through the data at 17 °C (blue) in 

Figure 6.1.1.1a. These variations in the curve indicate a change in the average disk size 

which is resolved by fitting the data with the core-shell disk model (solid lines in Figure 

6.1.1.1). When fitting with this model we make two major assumptions: (1) at any given 

time disks are monodisperse, therefore disk growth is uniform and (2) that bicelle growth 

favors coalescing on the disks’ edges, thus flat cylindrical geometries are maintained 

(refer to Figure 6.1.1.2).

Table 6.1.1.1. Summary of experimental conditions for all samples

Temperature (oC) Lipid content (wt. %); Ionic strength (mM)

10 0.3 wt.%; 0 mM 0.3 wt.%; 3 mM 1 wt.%; 0 mM 1 wt.%; 3 mM

17 0.3 wt.%; 0 mM 0.3 wt.%; 3 mM 1 wt.%; 0 mM 1 wt.%; 3 mM

23 0.3 wt.%; 0 mM 0.3 wt.%; 3 mM 1 wt.%; 0 mM 1 wt.%; 3 mM

As the results in Figure 6.1.1.2 indicate, we observe growth at all temperatures for all 

samples. As shown in Figure 6.1.1.2c, at [NaCl] = OmM; Cιp = 0.3 wt.% we see an 

increase in average disk radius from 131.0 ± 4 A to 169.0 ± 5 A over 24 hours at 10 °C. 

For the same sample at 23 °C (Figures 6.1.1.2a) we see a much greater increase in 

average disk radius from 172.4 ± 5 A to 280.0 ± 10 Â over a much shorter time period 

(~4hrs), demonstrating the effect of temperature on the growth of disks. If we take a 

closer look at Figure 6.1.1.1b and 6.1.1.1d we see that for both 23 °C at tfinal, the curve 

begins to change with an irregular oscillation in the high q-range (q > 0.05Â' ), which we 

hypothesize to be an initial transition of disks into ULVs, making it difficult to fit with 

the core-shell disk model since the disk may no longer be an open ramified structure. As 

a result, the curve for tfinal at 23 °C in Figure 6.1.1.1d has not been fitted. Furthermore, we 
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find that both total lipid concentration and ionic strength significantly impact the rate of 

growth, which is further discussed below.
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Figure 6.1.1.1. SANS data and best-fits (solid lines) at 10 °C (grey), 17 °C (blue) and 23 
°C (purple) for (a) [NaCl] = OM; Cip = 1 wt% (b) [NaCl] = 3mM; 1 wt%, (c) [NaCl] = 
OM; Cip = 0.3wt% (d) [NaCl] = 3mM; Cip = 0.3wt% measured at various time intervals 
from tinitial to tfinal. The core-shell cylinder model was used to obtain the best fits to the 
data. A slight change in the curve is seen as time increases, associated with the growth of 
the disks.

The disk radius, R, is plotted as a function of time in Figure 6.1.1.2. It can be seen that 

under all experimental conditions used, disk size increases over time at different rates. 

Moreover, the growth rate and ultimate disk size are not only a function of temperature 

but also of ionic strength and total lipid concentration.

To gain a better understanding of the data, the results are fitted with a power-law model 

between disk radius and time (Equation 1). This model has been used to interpret growth 

occurring during oxidation processes and colloid aggregation processes [55-58]. When 

applied to colloid aggregation this model assumes the diffusion of colloidal particles is 
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rate determining. Moreover, a version of this model has recently been applied to 

zwitterionic liposome aggregation kinetics [59].

R=k* I2+R, (1)

We apply this model to the growth kinetics of bicelles, where R is the disk radius at time 

t, Rj is the initial disk size and k is the rate constant determined from the fitting equation. 

From Figure 6.1.1.2, it can be seen that equation 1 fits all kinetic data sets reasonably 

well. The specific rate constants, k obtained by best fit results are listed in Table 6.1.1.2.

From these results we observe three general trends with regard to disk growth kinetics:

(1) Rate of disk growth increases with increasing temperature.

(2) Rate of disk growth increases with increasing ionic strength for a fixed total lipid 

concentration.

(3) Rate of disk growth decreases with increasing total lipid concentration at a fixed ionic 

strength.

The fastest disk growth rate is observed at the highest annealing temperature (23 °C), 

lowest total lipid concentration (Clp = 0.3 wt.%) and highest ionic strength ([NaCl] = 

3mM) investigated, with k ~ 1.40 x 105 A2∕hr. In contrast, the slowest disk growth rate is 

observed at the lowest temperature (10 oC), highest total lipid concentration (Cip = 1 

wt.%) and lowest ionic strength ([NaCl] = 0mM) investigated, with k ~ 4.80 A2∕hr - a 

difference of over 29 000 fold in the amount of interaction and growth between the two 

samples.
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Figure 6.1.1.2. Average disk radius as a function of time for all samples. All data sets are 
fit with a power-law to obtain the kinetic constant, k.

Table 6.1.1.2. Kinetic constants, kx (A2∕hr) obtained from the power-law model for all 
samples at 10, 17 and 23 °C where x represents the annealing temperature.

[NaCl]; Clp kιo kl7 k23

0 mM; 1 wt% 4.80 x 100 1.49 x 102 5.05 x 105

3 mM; lwt% 1.91 x 101 4.87 x 102 4.49 x 104

0 mM; 0.3 wt% 5.98 x 101 2.75 x 102 3.19 x 104

3 mM; 0.3 wt% 5.52 x 103 2.26 x 103 1.40 x 105
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6.1.2 End-State Vesicle

All samples which underwent slow annealing at 10, 17 and 23 °C were subsequently 

heated to 50 oC to determine the effect of annealing on the end-state ULVs where SANS 

experiments were conducted at 50 °C. All resulting curves and their corresponding best 

fits are presented in Figure 6.1.2.1 where each block represents a different combination of 

Clp and [NaCl] (a) Ctp = 1 wt.%, [NaCl] = OmM; (b) Clp = 1 wt.%, [NaCl] = 3mM; (c) Clp 

= 0.3 wt.%, [NaCl] = OmM; (d) Cιp = 0.3 wt.%, [NaCl] = 3mM and each curve within 

each block represents a different annealing temperature, 10 °C annealing (orange); 17 °C 

annealing (green); 23 °C annealing (blue). From looking at the SANS data a general 

trend is observed where there is a shift in the peak position towards the lower q range and 

an increase in peak broadness (width of the peak) with increasing annealing temperature. 

The relative change is closely related to the average vesicle radius, Rv and polydispersity, 

p which were determined using the polydisperse spherical shell model and are 

summarized in Figures 6.1.2.2a and Figure 6.1.2.2b respectively as a function of 

annealing temperature.
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6.1.2.1 Effect of Ionic Strength

In the absence of NaC1, Ry increases from approximately 100Â to 200Â with increasing 

Cip from 0.3 wt.% to 1 wt.%. This is consistent with previous reports which indicate that 

increasing lipid concentration can increase vesicle size [18]. In the case of increased 

ionic strength we see an increase in Ry. For example, when 3mM NaCl is added, Rv 

increases from -100Â to ~150 Â at Cιp = 0.3 wt.% and from -300Â to -350Â at Cιp = 1 

wt.% and 10 to 17 °C (Figure 6.1.2.2a). We also note that the addition of NaCl leads to 

an increase in polydispersity for both lipid concentrations (refer to Figure 6.1.2.2b).

6.1.2.2 Effect of Annealing

When comparing the effects of annealing on both Cip = 0.3 wt.% and 1 wt.% samples (in 

the absence of NaCl), Rv tends to remain constant however, a gradual increase in p as 

annealing temperature increases is observed (Figure 6.1.2.2b). We see the most 

significant effect of this with [NaCl] = 3mM and Cιp = 0.3 wt.% where polydispersity 

varies from 0.17, 0.24 to 0.31 when samples were annealed at 10 °C, 17°C and 23 °C 

respectively. In contrast, annealing temperature in the presence of NaCl has an overall 

effect on both the average vesicle size, Ry and the polydispersity, p where both increase 

gradually as annealing temperature increases. This is different from the case with no
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NaCl where no change in Ry was seen with annealing temperature. The most significant 

effect occurs at 23 oC where there is a significant increase in size and polydispersity, 

where Ry > 600 Â and p > 0.21 for Cip = 0.3 and 1 wt.% samples compared to the T-jump 

sample at Cιp = 1 wt.% with Ry ~ 300 Â and p ~ 0.15. These results are in agreement 

with our previous results where annealing rate had a greater effect on the lower charge 

density sample; the addition of NaCl has a similar effect in reducing repulsive forces 

between particles (Chapter 5).

6.1.2.3 Roie of Precursor Disk in ULV Formation

From the best-fit parameters of disk radius, Ra, and shell thickness, tbilayer (obtained from 

fitting with the core-shell disk model) the average absolute surface area of the disks 

(surface area of two planar faces) at each time interval is calculated (Adisk = 2π 

({Rd)+tbiiayeJ2) )■ We compare the average surface area of the disk, Adisk at the final time 

point measured, tfinal for each independent sample to the average surface area of the 

vesicle, AvesicIe (where Avesicle = 4π [(Ro) + (Ri) ]) to compare the role of the annealed disk 

in the end-state ULV. The average disk surface area at tfinal and average vesicle surface 

area determined from the best fit parameters are presented in Table 6.1.2.1. Of interest is 

that slow annealing of Cip = lwt.% samples formed smaller disks than the 0.3 wt.% 

samples at all temperatures, however the Cip = 1 wt.% samples formed larger vesicles. 

This indicates that at low total lipid concentration (Cip = 0.3 wt.%) at 10, 17 and 23 °C, 

the measured disk area at tfinal agrees with the formation of ULVs with similar surface 

areas at both 0 mM and 3 mM [NaCl]. However, in the case of high total lipid 

concentration (Clp = 1 wt.%) at 10 °C and 17 °C a significant amount of disk growth must 

occur after the measured annealing time. This is determined by comparing the difference 

in surface area between the last measured disk and the ULV, where there is a 9-11 fold 

increase in the absence of free salt and a 17-20 fold increase in the presence of free salt 

upon increasing temperature to 50 °C (Table 6.1.2.1).
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Table 6.1.2.1. Summary of the average surface area of final disk measured and average 
surface area of resulting vesicle. Number of approximate disks required to form vesicles 
from the last average radius measured is represented by the AvesiclelAdisk.

[NaCI]; Ctp Disc Surface Area (Â2) Vesicle Surface Area (Â2) Avesicle/Adisk

0 mM; lwt%

10-50 °C 1.29 x 105 1.42 x 106 11.0

17-50 °C 1.57 x 105 1.37 x 106 8.68

23-50 °C 5.33 x 105 1.27xl06 2.39

3 mM; 1 wt%

10-50 °C 1.72 x 105 3.41 x 106 19.8

17-50 °C 2.33 x 105 3.91 x 106 16.8

23-50C >1.83 x 106 >1.71 x 107 NA

0 mM; 0.3 wt%

10-50 °C 2.46 x 105 3.69 x 105 1.49

17-50 °C 2.88 x 105 3.54 x 105 1.22

23-50 °C 5.89 x 105 3.90 x 105 0.66

3 mM; 0.3 wt%

10-50 °C 1.95 x 106 6.67 x 105 0.51

17-50 °C 6.80 x 105 8.47 x 105 1.24

23-50 °C >2.44 x 106 >9.59 x 106 NA
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6.2 Discussion

6.2.1 Bicelle Growth

This study is an attempt to quantify bicelle growth as a function of time under different 

experimental conditions. In solution these particles collide and in the correct orientation, 

they stick together forming larger disks which are irreversible in size. This process can be 

visualized in Figure 6.2.1.1. These larger clusters continue to diffuse, collide and form 

even larger clusters up to a certain critical point, where they then become unstable and 

fold into ULVs with increasing temperature. Previously, two regimes; diffusion limited 

aggregation and reaction limited aggregation have been used to describe colloid 

aggregation [60], both of which we use to better comprehend the bicelle system under 

investigation. For simplicity, we assume the bicelle system to be comparable to colloids 

that in both cases the particles in solution undergo Brownian motion and experience 

inter-particle forces.

&

Figure 6.2.1.1. Bicelle coalescing at the edge-to-edge orientation where a loss of DHPC 
on the rims edge (gray lipids) contributes to the disk instability

The first regime describes the case of rapid aggregation where aggregation is limited by 

the time between collisions due to diffusion of particles. In this type of system, 

aggregation occurs immediately on contact and is a very fast process occurring over the 

course of seconds. Our experiments quantify bicelle growth over a period of hours, 

indicating that aggregation is not solely a result of diffusion and demonstrating a need for 

a more complex model to better understand the kinetics at hand [55, 57].
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The slow aggregation rate we observed may imply that either the growth process is not 

completely diffusion controlled or multiple collisions may have to occur before two 

particles stick together. From Figure 6.2.1.1, it can be seen that only collisions in certain 

relative orientations (edge-to-edge) between bicelles are inelastic and lead to growth. 

This would result in a lower growth rate due to a decreased sticking probability as a 

function of the relative angle of collision. Lin et al. (1990) described this as being 

reaction limited aggregation where a number of collisions are needed before the particles 

bind due to interparticle forces [60, 61].

6.2.1.1 Temperature Dependent Growth

Previously it was assumed that below Tc, disks formed a stable state, with a constant disk 

radius (i.e. no growth). It was proposed that disk growth occurred solely upon increasing 

the temperature above Tc, entering the gel-liquid phase and leading to an increase in 

solubility of the DHPC in solution. This increase in DHPC solubility is said to result in a 

loss of the ‘stabilizing’ lipid on the edges of the disks, leading to coalescence with other 

disks [15]. Our results show bicelle growth to occur at temperatures less than and equal to 

Tc, indicating that in contrast to the previous hypothesis, destabilization of the edge from 

DHPC loss with increased solubility above Tc may not be the only possible mechanism to 

disk growth. The kinetic energy of the system even below Tc may be sufficient to 

destabilize the disks leading to disk growth.

Overall, temperature affects both the rate of particle diffusion as well as the repulsive 

energy of the system. It is noted that as temperature increases collision frequency also 

increases, (Figure 6.1.1.3). For samples of high lipid concentration (Cip = 1 wt.%) both 

with and without the addition of free salt, we observe a significant increase in 

aggregation rate, most likely due to the decrease in the repulsion barrier or increase in 

collision frequency with increasing temperature (Figure 6.1.1.2). At Cιp = 0.3 wt.%, in the 

absence of free salt the principal role of temperature in controlling the rate of coalescing 

holds true, where we see an increase in growth rate with each increment of temperature. 

However, upon increasing the ionic strength of the solution the repulsion barrier is 

reduced by the free salt in solution and we observe a weaker temperature dependence at
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lower temperatures of 10°C and 17oC where attractive van der Waals forces dominate the 

system as can be seen in Table 6.1.1.2 ([NaCl] = 3mM; Cip = 0.3 wt.%).

6.2.1.2 Total Lipid Concentration Dependent Growth

Total lipid concentration affects two rate determining parameters controlling disk growth: 

collision frequency (result of diffusion) and disk stability. Under constant ionic strength 

and constant temperature conditions, the probability of two disks colliding will vary 

depending on interstitial disk spacing. With increasing total lipid concentration there is a 

decrease in spacing between disks, leading to an increase in the probability of disk 

collision. The increased disk collision frequency would result in an increase in disk 

growth; however our results indicate a slower growth rate and smaller disk size (Table 

6.1.1.2). This can be understood in terms of the effect of Cιp on disk stability.

With an increase in total lipid concentration we see an increase in disk stability due to a 

greater amount of the stabilizing, short chain lipid (DHPC) coating the disk rim. This is 

better explained in terms of the critical micelle concentration (CMC) of the stabilizing 

lipid, DHPC (CMC =1.4 mM). At Ctp = 0.3 wt.% the concentration of DHPC is below 

the CMC leading to increased solubility in D2O. In contrast, at Cιp = 1 wt.% the DHPC 

content is well above the CMC indicating a greater amount of the short chain lipid at the 

disks’ edge. Our results illustrate the dominant role of edge coverage (disk stability) in 

determining the growth rate which was previously identified in a similar system by Leng 

et al. (2003). Under fixed temperature conditions (17 and 23 °C) and at increased ionic 

strength (3 mM) the lower lipid concentration (Cιp = 0.3 wt.%) experiences significantly 

faster growth and is larger in size than the higher lipid concentration (Cip = 1 wt.%), 

(refer to Figure 6.1.1.2a and 6.1.1.2b). The role of total lipid concentration in varying 

disk stability is further demonstrated by the fact that Cιp = 0.3 wt.% samples fold into 

ULVs sooner than Cιp = 1 wt.% samples. At tfinal, for Cιp = 0.3 wt.% samples we see that 

disks are already in a state of instability transitioning to vesicles with comparable surface 

area (Avesicles) to the precursor disk (Adisk) (Table 6.1.2.1). Furthermore, the increased disk 

stability for 1 wt.% samples contribute to further coalescing following the measured 23 

°C tfιnai before closing into vesicles. Leng et al. (2002) and Egelhaap and Schurtenberger 

(1999) both report on the role of rapid dilution in the transformation of vesicles in a bile 
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salt system [16, 62]. They report that at greater dilutions (lower lipid concentration) the 

disks more readily fold up into vesicles of smaller radii than of lower dilutions (higher 

lipid concentration).

Furthermore we observe disk growth to slow down as disk size increases with time. This 

is best described by the decrease in total number of disks in solution and increase in 

amount of spacing between disks with growth.

6.2.1.3 Ionic Strength Dependent Growth

The screening effect of varying salt concentrations on Coulombic interactions on self

assembled charged systems has been previously reported with respect to the end-state 

vesicle properties where an increase in Ry is correlated with increasing free salt content 

[18, 63]. Our results are in accordance with these where we see a larger Ry with increased 

[NaCl] (from 0 to 3 mM) for both 0.3 and 1 wt.% samples at all annealing temperatures. 

Previously this effect was described by Winterhalter & Helfric (1988) where the addition 

of free salt decreases surface charge density and Debye length, resulting in a small, 

positive bending modulus and a negative Gaussian modulus, leading to a negative total 

elastic energy - favoring spontaneous vesiculation more readily [64]. In terms of bicelle 

interactions, we find that the rate of disk growth and the relative size of disks at a given 

time point is increased with increased ionic strength. Therefore the decrease in Debye 

length and surface charge density in the lower temperature regime favors more rapid 

aggregation. An even greater effect is seen in the low lipid concentration sample (0.3 

wt.%) which is an already less stable system as discussed above.

6.2.2 Effect of Annealing on End-State ULV

Following the low temperature growth period all samples were heated to 50 °C and the 

disk-like morphologies closed to form vesicles. This disk-to-vesicle transition has been 

previously described to occur when the line tension at the disks rim increases with an 

increasing bending modulus and Gaussian modulus in the central region of the disk [65]. 

This depends on the size and energy of the disks where closure becomes more favorable 

as disk size increases. Here we attempt to explain the varying parameters and resulting 

disk closure based on the low temperature behavior studied.
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Cip and end-state vesicle: In the absence of NaCl, a larger end-state vesicle radius is 

observed with Cιp = 1 wt.% (R, ~ 200 Â) in contrast to Cιp = 0.3 wt.%, (Ry ~ 100 Â). This 

effect of total lipid concentration on Ry is previously identified and discussed in the 

literature [18, 39, 62] where with increasing dilution disks close earlier, and smaller 

vesicles form. We find that for both Cip = 0.3 wt.% and 1 wt.%, annealing temperature 

has no affect on Rv where the same sample annealed at 10, 17 and 23 °C are comparable 

in end-state vesicle size, indicating Ry to be independent of disk growth rate. We 

previously discussed the importance of disk stability and disk spacing in controlling disk 

growth rate which are also important in understanding disk closure. In the case of Cιp = 

0.3 wt.% the final measured disk is comparable in surface area to the vesicle, Avesicle 

formed (Table 6.1.2.1). This indicates that even with an increase in sample temperature 

(following low temperature annealing), minimal disk interaction occurs prior to folding. 

We identify disk spacing to play a critical role where for Cιp = 0.3 wt.% disk spacing is 

already large, decreasing their chance to coalesce before folding. However, in the case of 

Cip = 1 wt.% we see that Avesicle is significantly larger than Adisk at tfinal in the case of 10 

and 17 °C and 23 °C. We observe that for Cιp = 1 wt.% temperature is a limiting factor on 

disk size achievable where disk growth slows in the first few hours of annealing in all 

conditions (Figure 6.1.1.2). However further disk growth is known to occur after the 

measured time point due to the fact that disk spacing may not be at a maximum and 

neighboring disks may still be able to interact as temperature increases as is determined 

from the discrepancy in surface areas for Cιp = 1 wt.% samples (Table 6.1.2.1).

Ionic strength and end-state ULV: For constant dilution, electrostatic repulsion between 

disks is progressively screened upon increasing salt content, leading to faster growth [16]. 

Disks will thus grow further before they close which is what we observed where the 

addition of NaCl slightly increases the end-state ULV size. Furthermore we see that 

vesicle size slightly increases with increasing annealing temperature with the most 

significant effect seen at 23 °C annealing. This is best explained by the reduction in 

screening length between neighboring disks leading to an increase in the critical disk 

spacing where effective collisions are occurring at even further distances than in the case 

of no NaCl in which temperature can further facilitate growth.
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Effect of Annealing on Polydispersity: When comparing the dependence of ULV 

polydispersity on sample composition we see a trend where lower lipid concentrations, 

increasing ionic strength and increasing annealing temperature slightly increases the 

polydispersity of the system, while for the most part still forming systems of relatively 

low polydispersity (Figure 6.1.2.2b). In general, the effect of polydispersity is most 

closely related to growth rate where increased growth rates are correlated with higher 

polydispersity systems. This indicates that faster growth rates may be correlated with 

non-uniform disk growth, which my lead to earlier vesiculation, especially at higher 

annealing temperatures, which would result in larger polydispersity.
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Chapter 7 
Conclusions, 

Future Work 
& Recomendations

7.1 CONCLUSIONS

This thesis focused on the formation, optimization and characterization using SANS of 

ULVs.

The first section (Chapter 4) confirmed the formation of nano-sized vesicles composed of 

natural phospholipids in water under the following preparation conditions: low lipid 

concentrations (< 2 wt.%) and temperatures greater than Tc. Their spontaneous formation 

was successful. SANS results confirmed the formation of the precursor low temperature 

bicelle phase (~ 10 °C) and narrow size distribution of vesicles, Rv ~ 75 ± 5 nm and p — 

0.13 (~ 50 °C). Images obtained using cryo-TEM served as direct visualization of ULV 

formation and confirmation of the SANS results.

The second portion of research described in this thesis (Chapter 5) focused on controlling 

the size and size distribution of ULVs through varying the charge density and heating 

rate. Furthermore, the stability of the system was investigated as a function of total lipid 

concentration, Cip to simulate environmental changes following intravenous injection. 

Spontaneously formed ULVs with low polydispersities (p < 0.3) were found in samples 

of [DMPG]∕[DMPC] = 0.8 % and 1.5 %. Also a minimum charge density was necessary 

for the formation of ULVs, especially in the case of [DMPG]∕[DMPC] = 0.3% samples, 

otherwise MLVs were formed. In addition, ULV size was shown to strongly correlate 

with bicelle folding which was controlled either through the amount of charge or the 
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period of time in which bicelles were permitted to coalesce into larger bicelles. 

Furthermore, through the interplay of charge density and thermal annealing protocol, 

ULV size is found to vary by as much as a factor of 6, revealing the possibility for the 

formation of a range of ULV sizes - depending on their application. Once formed, ULVs 

were stable following high temperature dilutions, verifying their insensitivity to Cιp.

The final portion of research described in this thesis (Chapter 6) involved a detailed study 

of the bicelle growth phase and its role in predicting the end-state ULV. These results 

demonstrated the dependence of bicelle growth on annealing temperature, ionic strength 

and total lipid concentration, all of which provided insight into the end-state properties of 

vesicles. It was found that the size of these nano-disks present in the low temperature 

regime increases continuously where their coalescence can be described by a power law 

model with time, based on the assumption of diffusion limited aggregation. The disk 

growth can be better explained conceptually by natural diffusion of particles in solution 

as well as interactive forces present, both of which affect collision frequency and 

collision efficiency. Overall, growth rate increased with increasing annealing temperature 

(10, 17 and 23 °C) and increasing ionic strength (0 versus 3 mM). A trend of increasing 

ULV size upon heating samples to 50 oC was also observed. However, this was not the 

case when comparing varying total lipid concentration where a decrease in bicelle growth 

rate and an increase in ULV size was associated with increasing Cιp (0.3 versus 1 wt.%), 

indicating that the rate of disk growth is not the only predictor of end-state properties but 

that disk spacing is also a critical factor.

This thesis shows that DMPC, DMPG and DHPC mixed in aqueous solution 

spontaneously form uniform, bilayered nano-disks (bicelles) below a critical temperature 

(Tc ~ 23 °C) which ‘fold’ into unilamellar vesicles (ULVs) upon elevating the 

temperature {T > Tc) which can be controlled effectively to meet various applications in 

drug delivery. The current method for creating self-assembled ULVs may be useful when 

it comes to producing these structures in industrial relevant quantities, which can then be 

used to great advantage in pharmaceutical applications.
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7.2 Future Work And Recommendations

This work contributes to the basic research of spontaneously formed ULVs enhancing the 

general understanding and introducing novel methods for controlling their end-state 

properties. To date, research based on this system is focused on understanding and 

controlling the formation of the ULVs with little development towards their applications 

in the treatment of disease.

In order to validate this system as an effective drug delivery vehicle several more tests 

and experiments are required. One of the major experiments would be encapsulation of a 

molecule into the ULV core. As this work demonstrates, due to the self-assembling 

nature of these ULVs the formation may be affected by the inclusion of a new molecule. 

Therefore, it is recommended to confirm earlier results of size and polydispersity and 

potentially re-optimize the parameters for formation. Furthermore, determination of 

encapsulation efficiency and optimizing this is necessary. Following this, identifying the 

release kinetics as a function of temperature in a controlled environment, investigating 

cellular uptake, and the release kinetics in vitro are recommended.

Some common problems faced during drug delivery are rapid removal from the body 

prior to effectively treating desired regions of the body or failed delivery as previously 

mentioned in the literature review. The use of functionalization of the vesicle wall with 

PEG and/or with cell targeting ligands would be of great clinical relevance for improving 

circulation time and treatment efficacy - required for making a fully functional drug 

delivery vehicle.

In vivo experiments using an animal model are necessary to investigate the ability to 

control the release into specified areas of the body and further improve the specific 

treatment under investigation. Localized heating or cooling would be used to target 

release in the desired area. In summary, the specific areas of study should include: (1) 

circulation time of the encapsulated versus non-encapsulated molecules; (2) tracking of 

released agents in the body to verify if they are indeed localized by the use of a 

temperature trigger and (3) compare treatment efficacy as a function of dose rate when 

using ULVs.
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