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The most exciting phrase to hear in science, the one that heralds 
new discoveries, is not ' Eureka' (I found it!) but

'That's funny '

Isacc Asimov
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ABSTRACT

The thesis explores the effect of manipulation of the structures of lipid and 
surfactant vesicles (liposomes and niosomes). After an introduction to the 
microfabrication of delivery systems the thesis is divided into five chapters dealing 
with the fabrication from polyhedral niosomes of novel microtubules, some 
properties of extruded non-ionic surfactant micro tubules, the physico-mechanical 
properties of vesicular membranes, the micromanipulation of vesicular membranes 
and their tethers and finally some conclusion are drawn about the direction of future 
work.

Polyhedral niosomes (5 -  20 pm in diameter) prepared from different non-ionic 
surfactants were extruded under controlled pressure from glass capillaries (~ 1 pm 
in diameter), fusing into three distinct microtubule morphologies reflecting their 
plastic nature: simple microtubules, concentric (“whorl”) structures and vesicles 
inside microtubules. The formation of these structures is investigated, with further 
manipulative investigation of their robustness, polymerisation of monomers in 
tubules and act as model systems inter alia for the transport of solid latex particles, 
and of vesicles in capillaries.

The effect of extrusion on the loss of encapsulated carboxyfluorescein (CF) from 
giant polyhedral vesicles (5 -  20 pm in diameter) passing through micropipette 
apertures was investigated as a function of exit diameter ( 1 - 4  pm). Furthermore, 
the release of CF from various microtubules produced from two types of non-ionic 
surfactant vesicles with different diameters over a period of 5 h was studied. The 
effect of temperature on the release profile of the microtubules was also explored.

Physicomechanical studies on spherical liposomes and niosome membranes were 
carried out by deformation of spherical vesicles inside narrow micropipettes under 
defined pressures where the shear modulus of surface elasticity of the vesicles was 
obtained as a function of temperature.

Micromanipulation of the vesicle membrane bilayers allowed a systematic peeling 
of the outer bilayers of the vesicles. A more invasive micromanipulation of the 
vesicle bilayers allowed the separation of an entrapped vesicle from the parent 
vesicle yielding two separate vesicles. Furthermore, the effect of entrapped dye on 
the membrane viscoelasticity was also studied with liposomes containing 
carboxyfluorescein and Rhodamine B. The latter showed a rigidifying effect on the 
membrane after two weeks storage, to the extent that tether formation or systematic 
peeling of their membrane was no longer possible.

While studying vesicle tethers, the transport of the parent vesicle inside bipolar 
tethers formed from outer bilayers was observed, and serendipitously a novel 
mechanism of vesicle movement was discovered. Movement of vesicles within 
tethers is determined by the differences in the surface energies created in the tether 
propelling the vesicle in the opposite direction to tether retraction. Finally 
bifurcation of tethers into complex tether networks and tether rupture as well as 
tether adhesion to spherical vesicles and solid latex microspheres were phenomena 
also investigated.
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CHAPTER ONE

MICROFABRICATION OF DELIVERY SYSTEMS

This thesis addresses the potential for the micromanipulation of lipidic or surfactant 

vesicles, exploring how new structures may be formed. Some of these systems may 

be of interest in drug delivery; others may at present be only of academic interest. 

This introduction lays out some of the background to the work described in the 

thesis.

1.1. An ideal drug delivery system

Much research has been conducted in the quest to find ideal systems for drug 

delivery. The effectiveness of many drugs is directly related to the way in which 

they are administered. Some therapies require that the drug be repeatedly 

administered to the patient over a long period of time, or in specific amounts at 

given intervals to maximise drug effectiveness. As this can prove problematic to 

patients, it is of some considerable advantage to find a drug delivery device or 

system that is capable of controlled, pulsatile or continuous release of a wide variety 

of drugs and other therapeutic agents which can be safely administered. In order to 

achieve such ideal systems, work often has to be carried out on a micro-scale using 

materials which are not only biocompatible but also can be fabricated into 

functional devices which preferably add to the function of the system as well as 

acting as reservoirs for the drugs (LaVan et al, 2002). Hence microtechnology



could prove to be an invaluable tool in fabricating and assembling various forms of 

drug delivery systems which are otherwise not possible with the more traditional 

methods, e.g. of self-assembly of surfactant systems or normal production of 

liposomes.

Microtechnology relates to the ability to microfabricate materials, to mould 

materials of micro-sized scale into desired shapes, suited to carry out specific 

functions but also optimistically, to induce changes serendipitously in the properties 

of such materials (Moldovan & Ferrari, 2002). Microtechnology gives us the ability 

to experiment on a molecular level such as experimenting on single cells, their 

content or on a vesicular entity. Such level of control (for example on a cellular 

level), may provide us with the possibility of controlling the delivery systems more 

precisely than hitherto.

Nanotechnology deals with a deeper understanding and controlling structures of 

devices at atomic, molecular and submolecular levels so that materials and systems 

could exhibit novel and significantly improved physical, chemical and biological 

properties. The desired engineered macroscopic properties of the materials are not 

necessarily a direct consequence of the behaviour at the nanoscale.

1.2. Microtechnology: microfabricating novel drug delivery systems

In exploring tailor-made drug delivery systems where we can first test and 

determine useful properties of materials and their subsequent utilisation, we greatly 

rely on microtechnology. Microtechnology is not new, but nevertheless it is a 

rapidly expanding field that is causing revolutions on the scale that genomics and



proteomics have done in recent years for the biological sciences (Tao & Desai, 

2003). The interest in miniaturisation of drug delivery systems to offer suitable 

means of delivering both small molecular weight drugs and macromolecules such as 

proteins, or genes by either localised or targeted delivery to the tissue of interest has 

attracted significant attention. Microfabrication techniques which permit the 

creation of therapeutic delivery systems that possess a combination of desirable 

structural, mechanical, and perhaps electronic features may surmount challenges 

associated with conventional delivery of therapy. Microfabricated structures may 

provide significantly enhanced function with respect to a conventional device. 

Sometimes microfabrication can produce devices with novel capabilities such as 

improved heat and mass transfer due to the shear scale of the devices (Tao & Desai, 

2003). Even simple changes such as shape transformations can alter the properties 

of a vehicle used for drug delivery e.g. spherical niosomes have better flow 

characteristics than their polyhedral counterparts; in both cases, as the size is 

changed, their rheology changes (Florence, et al, 1999).

Microtechnology is an evolving discipline that is being driven by technological 

developments in the material, manufacturing, and engineering sciences. 

Consequently, new generations of computer chips, chemical processing and 

measuring sensors, and small, highly integrated analytical systems are continually 

appearing that are smaller in size, more powerful, and more versatile than their 

predecessors (Burtis, 1995).

The techniques developed for producing integrated circuits (ICs) are now being 

applied to the development of micro-scale device sensors and chemical analysers.



As a result, small motors, optical and electrochemical detectors, gears, bearings, 

pipettes, pumps, relays, solenoids, and valves have been produced (Kricka et al,

1994). Clinical applications for these devices are being developed and include 

those for testing of sperm motility (Kricka et al, 1993), immunoassay 

measurements (Briggs & Fanfiki, 1991), determining DNA content (Southern et al, 

1992), PGR analysis (Wilding et al, 1994), and for cell analysis (Wilding et al, 

1994a).

In addition, microfabrication using integrated-circuit manufacturing technology to 

create objects with dimensions in the range of micrometers to millimetres can 

produce miniature objects with moving parts, stationary structures, or both. 

Microfabrication has been used for many applications in biology and biochemistry, 

including tools for cell biology and medical devices. Some examples of such 

possible applications include micromachined silicon membranes to create 

implantable biocapsules for the immuno-isolation of pancreatic islet cells-as a 

possible treatment for diabetes and sustained release of injectable drugs (Honiger et 

al, 1994). Drug-loaded microfabricated particles with specific ligands linked to the 

surface have proposed for improving oral bioavailability of peptides (and perhaps 

proteins), and drugs (Chiu et al, 2003).

Microfabrication technology has not only been applied to the successful 

development of a variety of health care related products including diagnostics (“lab- 

on-a-chip”) systems but also for apparatus used for high throughput screening of 

new drug candidates (Figeys & Pinto, 2000; Wang, 2000). Although we are already 

in an era employing nanotechnology, drug delivery still remains an important



challenge in medicine (Breimer, 1999) and microfabrication techniques which may 

be used to develop novel drug delivery devices with novel capabilities are being 

continuously researched. The quest for comprehensive control over the fabrication 

of delivery systems continues.

1.3. Microfabrication technology

The microelectronic process engineering which was initially a discipline developed 

due to the rapid growth of the integrated circuit industry and was used for 

manufacturing of microelectronic chips, is now being used as a method of creating 

drug delivery platforms (Tao & Desai, 2003). Traditionally, 

microelectromechanical systems (MEMS) research has been used to produce 

functional devices on the micron scale throughout the integrated circuit industry. 

These devices are fabricated by the repeated application of unit process steps such 

as thin-film deposition, photolithography, and etching. Such microfabrication 

techniques allow for the precise control over surface microarchitecture, topography, 

and feature size (Chovan & Guttman, 2002).

An example of a microfabricated device is the production of micro-needles for the 

conventional transdermal drug delivery (Henry et al, 1998). These needles are 

made into identical sizes of 80 pm which allows their penetration through the 

stratum comeum (which is around 10-20 pm thick), yet they are made short enough 

not to stimulate the nerves causing pain. Such microneedles used as conduits for 

transport across the stratum comeum can be fabricated into precise sizes which are 

robust enough to allow multiple “stabbing” with minimal pain induced (Henry et 

al, 1998; McAllister et al, 2000).



Despite the rapid expansion of microfabricated devices for biomedical applications 

in the recent years, relatively few researchers have concentrated on therapeutic 

applications of microfabrication technology such as drug delivery. Such use of 

microtechnology to tailor the size, shape, reservoir number, reservoir volume, 

unidirectional openings and surface characteristics of the drug delivery vehicle in 

conjunction with appropriate surface chemistry are potentially influential in the area 

of controlled release (Chovan & Guttman, 2002; Tao & Desai, 2003).

As scientific and engineering disciplines uncover and elucidate more about the 

human pathologic condition, meanwhile there is also the race to find effective 

diagnostic and therapeutic tools with many challenges remaining for the future as 

we get closer to the clinical application of intelligent drug delivery devices. These 

challenges can be better and faster resolved by the convergence of microtechnology 

and biology which may also lead to new approaches in drug delivery and may 

provide advantages over existing technologies. By focusing efforts at the 

microscale, we have the unique ability to engineer control over the cellular 

environment, leading to novel ways of controlling molecular delivery and cell / 

tissue interactions (Tao & Desai, 2003).

An important future challenge lies in assembling and applying the collective 

knowledge to develop functional and clinically relevant therapeutic delivery 

devices.



1.4. Microtechnology in microfluidics

As in most areas of our lives, we are witnessing a movement towards smaller, 

simpler, smarter devices. Laboratory instrumentation and analytical devices are 

becoming smaller, simpler and “smarter”. This trend to miniaturisation extends to 

fluid handling and fluid analysis. The movement of clinical diagnostics towards 

micro-miniaturisation has been discussed in several publications (Kricka, 1998; 

Peterson et al, 1998; Kricka, 2001) where advances in technology have already 

been utilised. Miniaturisation has been enabled primarily by advances in 

electronics, electrochemical sensors, optics and other components. On 

miniaturisation certain elemental properties remain the same, for example the 

behaviour of electrons or photons. On the other hand, the properties of fluids 

however undergo a significant change with scale (Crowe et al, 2000). While the 

ratio between the momentum of the flowing fluid and the frictional forces imparted 

by the channel walls cause mixing of fluids (Reynolds, 1883), the former is minimal 

in micro-channels, hence turbulence is minimal and so is mixing, which is an 

integral part of microfluidics. This difference in mixing behaviour is one that has to 

be accommodated in the continuing drive to miniaturisation of liquid-based 

chemical and cellular assays.

Having a fluidic device capable of handling single molecules and colloid particles 

would be ideal but creation of such devices would require an unprecedented control 

over transport and mixing behaviours and in advancing current fluidics into the 

single-molecule regime, systems must have physical dimensions in the nanometer 

scale. Biological systems are systems which much knowledge can be drawn from 

in creating the ultimate fluidics devices capable of handling single molecular



entities (Roux et al, 2002). For example, the Golgi-endoplasmic reticulum network 

in eukaryotic cells has many attractive features for sorting and routing of single 

molecules, such as ultra-small-scale dimension, transport control, and capability to 

recognise different molecular species, and for performing chemical transformations 

in nanometer-sized compartments with minimal dilution. Mimicking these 

biological systems by using traditional microfabrication technologies and materials 

because of their small scale, complex geometries and advanced topologies is 

currently extremely difficult if not impossible. Furthermore, it is difficult to 

implement traditional flow regulation methods on nanoscale systems (Karlsson et 

a/., 2002).

In the past few years, interdisciplinary science and technologies have converged to 

create exciting challenges and opportunities, which involve a new generation of 

integrated mierofabricated devices. These new devices are referred to as Tab-on-a- 

chip’ or Micro Total Analysis Systems. Their development involves both 

established and evolving technologies, which include microlithography, 

mieromachining. Micro Electro Mechanical Systems technology, microfluidics and 

nanotechnology.

In biotechnology and biochemical processing, the need to manipulate fluids moving 

in narrow channels (Microfluidics) has stimulated several new research areas, such 

as the development of new microfabrication methods for fluidics systems and 

implementation of the fundamental behaviour of fluids in narrow bore channels 

(Whitesides & Stroock, 2001). Since the introduction of photolithographic 

techniques for the fabrication of chemical microdevices (Manz et al, 1992), the



number of applications has increased exponentially (Dolnik et al, 2000). Currently 

the microfluidic devices can handle the directed transfer of fluids within solid 

narrow channels. Such controlled transport facility is not yet possible to the best of 

our knowledge with flexible channels which could ultimately allow the transport of 

solid particles even allowing larger solid particles than the channels diameters to 

pass through. Such flexible system could offer many advantages over the existing 

solid-state microfluidic devices such as overcoming any problems of channel 

obstruction, but in addition, they could offer the possibility of creating curved 

channels or topologically complex channel networks capable of transporting fluids 

as well as solid particles.

1.5. Micromanipulation techniques

Micromanipulation has been applied to living cells. Manipulation and measurement 

of individual cells (Kennedy et al, 1989; Triller et al, 1993; Gilman & Ewing,

1995) and organelles (Prior & Tian, 1995; Chiu et al, 1998; Glavinovic et al, 

1998) has led to the realisation that biological components can exhibit a large 

distribution in content and activity where previously it had been assumed that 

among such population of cells (Gilman & Ewing, 1995) and organelles (Chiu et 

al, 1998) the contents were uniform. Experiments have also been successfully 

performed with biomimetic liposomes serving as femtolitre chemical containers 

(Chiu et al, 1999; 1999a; Stromberg et al, 2000). Liposomes have been 

manipulated in solution, their chemical contents have been controlled both during 

and after their formation, and they have been fused to other liposomes (Chiu et al, 

1999a) or cells (Stromberg et al, 2000) with the potential of serving as a chemical 

delivery system.



Technology currently utilised to manipulate single cells, organelles, and liposomes 

employs the use of contact methods (e.g., pipettes) and non-contact methods (e.g., 

optical traps and dielectropherosis). Non-contact methods allow for facile trapping 

and releasing on demand but rarely provide the force necessary to hold cells and 

liposomes in flowing media. Additionally, extended exposure to electric fields 

required for optical trapping can often lead to cell damage (Neuman et al, 1999).

Pipettes are excellent tools for biological manipulation because of their fine control 

of docking strength by pressure and their simple spatial manipulation. 

Micropipettes with pressure control were used to grab and hold microorganisms 

(Barber, 1904; Terreros & Grantham, 1982) and have since become widely used to 

manipulate or perform measurements on single cells for a variety of biological 

applications e.g., microinjection, (Silver, 1986) patch clamp, (Neher & Sackmann, 

1976; Hamill et al, 1981; Sackmann & Neher, 1995) and cell or liposome 

aspiration experiments (Mitchison & Swann, 1954; Rand & Burton, 1964; Evans, 

1973; Evans & Needham, 1987; Zhelev et al, 1994).

1.6. Soft matter

Synthetie vesicular systems which are the topic that this thesis addresses, fall under 

the umbrella description of “soft matter” which also covers polymers, liquid crystals 

and colloidal systems which are otherwise “ultra-divided soft matter”. “Soft” 

materials have two main features (De Germes, 1991), firstly complexity, which 

ranges from simple surfactant vesicles or simple model systems such as bacteria to 

more complex multicellular organisms such as plants. The second feature is 

flexibility, which can be explained by using a simple example which is that of
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rubber, where a simple mild chemical reaction induces a spectacular change by 

polymerising the flexible polymer chains, converting them from a liquid to a 

network structure. A drastic change in mechanical properties induced by a mild 

reaction produces a material which can withstand tension (De Gennes, 1991).

As stated by Seifert (1997), “Giant vesicles constitute a paradigmatic soft-matter” 

as any changes induced by external or internal stimuli can be studied directly and in 

real time under a light microscope. Although vesicles are considered to be simple 

models for cells, they can exhibit an amazing variety of phenomena which are 

difficult to explain quantitatively. However, due to the smallness of the special 

parameters of these systems, a fairly comprehensive elucidation of the equilibrium 

properties of vesicle shapes is becoming possible (Seifert, 1997).

1.7. Amphiphilic molecules

Amphiphilic molecules comprise two parts: a polar head or hydrophilic head group, 

and an aliphatic tail(s) or hydrophobic group(s). When these surfactants are 

dissolved in water at a low concentration they orient at the water-air interface with 

their hydrophilic heads immersed in water and their tails directed into the air in an 

attempt to avoid contact with water, as illustrated in Figure 1.1.

hydrophobic tail groups

W ater hydrophilic head groups

Figure 1.1: Diagram showing the orientation o f dialkyl amphiphilic molecules at the 
water/air interface. The orientation is such that the hydrophobic tails avoid the water 
phase by protruding into the air, while the hydrophilic head groups stay in contact with the 
aqueous medium.
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The formation of lipid vesicles occurs when lipid molecules, because of their 

amphiphilic membranes and geometry, associate in an aqueous environment to form 

membranes. Phospholipid membranes are typical lipid membranes in which an 

adequate contact with water is established by arrangement of their polar heads at the 

membrane surface, and subsequently their hydrophobic tails oriented in the 

direction of membrane interior. The bilayer membrane has a degree of 

thermodynamic stability because of the hydrophobic interactions as shown in Figure

1.2 .

bilayer edge bilayer edge

Figure 1.2: A typical bilayer whose hydrophobic tails are facing one another with their 
hydrophilic head groups exposed to water, an orientation relatively stable except for the 
end edges where the hydrophobic tails would still be in direct contact with the aqueous 
medium.

1.7.1. Vesicle formation: A thermodynamically stable process

Bilayer fragments such as that in Figure 1.2 have their hydrophobic chains at their 

ends still exposed to water, rendering the bilayers unstable in aqueous media. By 

forming closed entities, as in vesicles direct contact of the hydrophobic ends with 

water is avoided as there are no edges; consequently, vesicles are more stable than 

bilayer pieces (Figure 1.3).
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Aqueous
environment

Aqueous
medium

Figure 1.3: 2D schematic representation o f a spherical vesicle formed by a bilayer o f 
mono-alkyl amphiphilic molecules. The brown spheres and the brown cylinders represent 
hydrophilic and hydrophobic segments o f amphiphilic molecules, respectively. There is 
no direct contact o f the hydrophobic tails with the aqueous environment.

The spontaneous formation of such bilayers can also lead to self-assembly of non- 

spherical structures. Some of these non-spherical structures include tubular or 

cylindrical vesicles, disc-shaped structures and polyhedral niosomes (Uchegbu & 

Florence, 1995).

1.7.2. Polyhedral vesicle formation

There are a large number of synthetic amphiphiles which can form vesicles 

(Fendler, 1982), but as most are ionic and relatively toxic, they are generally 

unsuitable for use as drug carriers. The self-assembly of non-ionic surfactants in 

aqueous media also results in closed bilayer structures similar to those of liposomes, 

hence, they are analogous to phospholipid vesicles and are able to encapsulate 

aqueous solutes and serve as drug carriers. Vesicle formation by some members of 

dialkyl polyoxyethylene ether non-ionic surfactant series was reported by Okahata
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(Okahata et al, 1981). The resultant vesicles, which have been termed ‘niosomes’, 

can entrap solutes, are osmotically active and are stable (Baillie et ai, 1984). 

Niosomes were first reported in the seventies (Vanlerberghe et al, 1972) and were 

featured in cosmetic formulations (Handjani-Vila et al, 1979) and have since been 

studied as drug targeting agents (Florence & Baillie, 1989) Niosomes behave in- 

vivo like liposomes, prolonging the circulation of entrapped drug and altering the 

organ distribution and the metabolic stability of the active agent (Azmin et al, 

1985).

Polyhedral niosomes (Figure 1.4) are formed in the low-cholesterol region of 

dialkyl polyoxyethylene (Ci6G2)-cholesterol-Solulan C24 (poly-24-oxyethylene 

cholesteryl ether) phase diagram characterised and drawn in Figure 1.5 (Uchegbu et 

ai, 1997). In contrast to the spherical vesicles, polyhedral-shaped vesicles possess 

flat membranes on the faces of polyhedrons and are sharply bent at the edges.

mum Aqueous 
environment^  %

0  Aqueous W  ^
^  ^  #  medium #  ^

%

Figure 1.4: A 2D schematic representation of a hexagonal unilamellar niosome.
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Solulan C24

Figure 1.5: The CieGi-cholestcrol-SoIulan C24 (poly-24-oxyethylene cholesteryl 
ether) ternary phase-diagram. Region I, polyhedral vesicles (2-10 pm); region 2, 
spherical, helical and tubular vesicles (0.5-10 pm); region 3, “discomes” (10-30 pm);, 
large vesicles (40 pm) and small spherical and helical vesicles (0.5-10 pm); region 4, 
discomes (12-60 pm) and possibly Solulan C24 micelles; region 5, cholesterol crystals; 
region 6, spherical vesicles (0.5-10 pm); region 7, a clear liquid (Solulan C24 micelles); 
region 8, mixed micelles formed at elevated room temperature. (Reproduced from 
Uchegbu e t a l ,  1997.)

There are different prescribed conditions for the spontaneous formation of 

phospholipid vesicles and non-ionic surfactant vesicles on dispersion with water 

(Lasic, 1993). The various conditions utilised in the preparation of such vesicles 

would result in vesicles with different sizes: ~ 20 nm for small vesicles, -0 .1  pm 

for large vesicles and -  10 pm for giant vesicles. Certain vesicle behaviour depends 

on vesicle size. For example the size influences both vesicle volume and membrane 

area which subsequently affects the characteristic time for transmembrane diffusion 

transport, or the ratio between the membrane thickness ( -  5 nm) and vesicle
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diameter. The sizes of giant phospholipids or non-ionie vesicles deserve special 

attention as their dimensions are comparable to the dimensions of cells. As such, 

they can also be visualised by an optical microscope.

The possibility of self-assembly and self-organisation at various levels is perhaps

the primary reason for the interest in surfactant systems. For example when a high
*

concentration of oleic acid is dispersed in water above its critical micelle 

concentration, spontaneous vésiculation takes place and an oleic acid-oleate giant 

vesicle is created. For a giant vesicle of this type having a diameter around 70 pm, 

a total of about 10̂  ̂ oleic aeid-oleate molecules are involved. This is self-assembly 

and self-organisation in its highest form, and unprecedented unless we consider 

crystallisation. It is important to remember such creation of order operates under 

thermodynamic control: ordered structures are built by a process which is 

characterised by a negative free energy change. Firstly the reason and secondly the 

way that these molecules manage to assemble rapidly (into perfectly spherical or 

polyhedral double-layered aggregates in the above example) is related to their 

thermodynamics and the kinetic pathway of formation respectively (Morigaki & 

Walde, 2002).

1.8. Vesicle shape transformation

Water dispersible, poorly soluble amphiphiles, including non-ionie surfactants are 

known to self-assemble into spherical uni- or multi-lamellar vesicles (Azmin et al, 

1985; Uchegbu & Florence, 1995). However, various tubular (Furhop & Helfrich, 

1993; Chiruvolu et al, 1994; Uchegbu & Florence, 1995), disk-like (Walter et al, 

1991; Lasie, 1992; Uchegbu et al, 1992) and toroidal (Lipowsky, 1995; Michalet

* pH dependent process
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& Bensimon, 1995) vesicle structures also form as a result of amphiphile self

association. Highly structured ‘geodesic’ multivesicular structures arising from the 

association of many small non-ionic surfactant vesicles have also been described 

(Sternberg et al, 1995). The specific shapes obtained are governed by the type and 

amount of surfactant used, which in turn is governed by the geometric shape that 

the surfactants possess. External factors such as temperature, which affect the 

properties of the components of the lamellar membrane also play a part in the form 

and dimensions of the vesicles as shown in Figure 1.6.

Membrane activation (eg. 
Heat above T„, sonication)

or Adding of Cholesterol

Restabilised membrane 
(eg. Cooling)

Symboh
^  C16EO5 
O Choieivterol 

^r^^olulan C24

Figure 1.6: The schematic represents the typical orientations o f amphiphiles giving rise to 
specific shapes o f polyhedral and spherical vesicles and also the factors affecting shape 
and molecular conformation o f polyhedral niosomes. For the polyhedral vesicles, the 
bilayer membranes exist in a “gel” state, where the fatty acyl chains o f the lipid or 
surfactant membranes are closely packed and relatively ordered, whereas for the spherical 
vesicles, the side chains are capable o f rotational motion existing in a “fluid” state. 
(Modified from Arunothayanun, PhD thesis. University o f London 1998.)
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Vesicles may be harvested after controlled swelling which gives rise to a broad 

spectrum of different sizes and shapes. Spherical shapes are most commonly 

encountered as these shapes have minimal bending energies (Deuling & Helfrich, 

1976) and the richness of all the shapes clearly indicate that lipid swelling and 

liposome detachment is a dynamic process. Changes in vesicle shape may be due to 

temperature or pressure changes, the addition of various amphiphiles or adsorbents, 

mechanical, electrical or magnetic treatments, or to adhesion (Deuling & Helfrich, 

1976; Kas & Sackmann, 1991; Lasic, 1993; Lipowsky & Sackmann, 1995). Since 

the discovery of these structures in the mid 1960s (Bangham & Home, 1964) 

studies on vesicle shape and changes in shape have constituted a considerable part 

of experimental and theoretical vesicle research. In the early days of lipid vesicle 

discovery, it was recognised that lipid vesicle shape behaviour reflects to a large 

extent the bilayer nature of lipid membranes (Helfrich, 1974). Further analysis of 

vesicle shape revealed some general features of lipid vesicle shape behaviour that 

depended on the layered membrane structure, and not on the structural and 

compositional details of the membrane monolayers (Svetina & Zeks, 1996; Seifert, 

1997).

The shape changes of a vesicle can be altered when certain conditions are applied. 

One of the factors which can affect the shape of a vesicle is the volume of solute 

enclosed. For example for a given area of the vesicle membrane (A), the vesicle 

volume (V), being practically equal to the volume of the internal solution, can have 

any value between zero and the volume of the sphere with radius Rg = (A/4ji)̂ ^̂ . 

The vesicle volume will be either as a result of the formation process or due to 

processes occurring during its subsequent history. It can also be monitored by the
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osmotic state of the internal and external solutions. For any vesicle volume smaller 

than the volume of the sphere, the vesicle is flaccid and can assume an infinite 

number of shapes (Svetina & Zeks, 1996), as seen in Figure 1.7.

Many cellular processes, notably endocytosis and exocytosis involve changes of 

membrane conformations and thus depend on membrane mechanical properties. 

The role of membrane mechanics is also indicated by characteristic cellular shapes, 

such as the disc shape of the red blood cell. It seems, therefore, natural to extend 

the concepts to develop in studies of lipid vesicles to analysis of the shape 

behaviour of cells and subcellular vesicles, as well as multicellular layered systems 

involving closed surfaces (Svetina & Zeks, 2002). However, cellular processes are 

in general highly controlled, and their successful performance depends on the 

intactness of many proteins and their complexes. The connection between the 

shape behaviour of simple vesicular structures, such as phospholipid vesicles and 

cellular systems may therefore be by chance; hence more complex studies could 

shed light on such matter while providing us with insight knowledge into cellular 

shape transformations.
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Figure 1.7: Reproduced from Svetina and Zeks who describe the figure as follow, ‘y4 
series o f  vesicle shapes as observed by phase contrast microscopy. This microscopy 
senses the parts o f  vesicles in which the path o f  the optical beam through the membrane is 
the longest; therefore, the equatorial contours o f  vesicles are seen representing the 
equatorial cross-sections o f  vesicles. In the firs t row are three shapes belonging to the 
cup-shape class (1-3) and a shape belonging to the disc-shape class (4). In the second row 
are shapes belonging to the cigar-shape (5) and pear-shape (6-8) classes. In the third row 
are some examples o f  shapes with a relatively small vesicle volume/membrane area ratio. 
Shape 9 is termed a codocyte, shape 10 is a torocyte, shape II  is a starfish, and shape 12 
is a worm shape. The fourth row shows shapes characterized by narrow necks connecting 
nearly spherical vesicle parts. Shape 13 has two invaginated spheres within a large 
sphere. Shape 14 is composed o f  a large sphere and two small evagi nated spheres. Shape 
15 has a small sphere in between two large spheres, whereas shape 16 has (in addition to 
a large mother sphere) five small spheres arranged in a row and a single small sphere 
connected to it at another position. Data are from: shapes 1-4, 13, and 14 (Kas & 
Sackmann, 1991), 5-8 (Kas et a l , 1993), 9 and 16 (Svetina et a i,  2001), 10-12 (J. 
Majhenc, unpublished data), and 14 (Farge & Devaux, 1 9 9 2 f\
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Research on soft matter can be very fruitful, mainly due to the fact that such 

materials have the capability to take on new shapes when exposed to external 

stimuli. The possibilities of simple experiments in inducing such changes make this 

type of research attractive. Once formed, vesicles can remain stable for a number of 

days if not weeks. Vesicles are also characterised by good mechanical stability; one 

can puncture a giant vesicle with a micro-needle, make microinjections and 

manipulate them, without destroying or transforming them (Fischer et al, 2002).

The formation of a vesicle can be tailored in such way that the size falls within the 

micrometer range, hence, manipulation of large vesicles can be carried out while the 

object is viewed live under a light microscope. Thus, this type of research does not 

depend on statistics and the average behaviour of a population but an individual 

vesicle. Nevertheless, each individual vesicle may behave differently, thus, one 

research aim is to produce equal individuals that behave reproducibly. The 

information obtained from visualisation of large vesicles would not necessarily 

apply to smaller vesicles in every detail, but visualisation is paramount and hence 

larger systems have to be employed. In the future new modes of microscopy might 

allow the study of sub-micrometer vesicles.

1.9. Vesicles as prototypes for cells

Ever since the discovery of the similarity between vesicle membranes and those of 

cells, in particular red blood cells, the original motivation to study vesicles in 

understanding the various shapes of red blood cells and their mutual 

transformations has been complemented by contributions from physics, chemistry 

and biology, for example the effect of composition of the membrane influencing the
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permeability and elasticity of the red blood cell membrane with all the concurrent 

processes taking place would all benefit when studied simultaneously by a 

multidisciplinary team where all aspects involved in such membranes can be 

examined (Needham & Nunn, 1990). Even though a red blood cell membrane is 

structurally more complex than a bilayer, a reductionistic approach focusing just on 

the lipid bilayer is expected to identify important physical mechanisms (such as 

the affect of membrane composition on its elasticity), present also in real cells. 

Interest in vesicles, cover a vast range, for example, from drug delivery to the use of 

vesicles as micro-reactors (Karlsson et al, 2002).

Vesicular self-assembly produces a closed species with an internal water core. Due 

to the geometrical analogy of these systems with the living cells, liposomes in 

particular have been viewed as precursors to the protocell (Deamer, 1986) which 

could be viewed as the structural element for a cell model. In addition, closed 

compartments such as cells or vesicles allow the possibility of defining an internal 

core that differs from the outside bulk medium, for example, through concentration 

gradients of special reagents or pH, e.g. differences in salt concentration between 

the internal and external domains. This closeness between vesicle 

compartmentalisation and the living cell, without the involvement of the complex 

skeletal structures such as proteins which are embedded in the cell membranes 

provides researchers with a model for experimentation (Deamer, 1986). Vesicles 

can be varied in size, shape, composition and complexity of the membrane and a 

choice of solutes can be enclosed within these vesicles. In addition giant vesicles 

engage in many cell-like activities such as aggregation, budding, and fusion. This
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behaviour of vesicles resembling cells is also referred to as a branch of 

“cytomimetic” chemistry.

In mimicking the cell activity, in particular the self-reproduction, Oberholzer et al, 

(1995), have demonstrated the replication of a RNA template catalysed by Qp 

replicase within the confines of oleic acid / oleate vesicles Simultaneously with the 

self-reproduction of the host vesicles themselves. Their experiment was the first 

approach to a synthetic minimal cell, in which the reproduction of the membrane 

and the replication of the internalised RNA molecules proceeded simultaneously.

For a number of years biologists have been microinjecting single cells and similar 

work can be carried out on giant vesicles. Chemicals can be injected inside giant 

vesicles using microneedles. The giant vesicle compartment can then become a 

microreactor and this can, in principle, be engineered to a state of considerable 

complexity. It is now possible to multiply puncture the same giant vesicle, to 

permit the addition of a series of different reagents in temporal succession (Bucher 

et al, 1998).

Manipulation using micropipettes is an incredibly versatile technique. Using this 

technique, it is possible to study a wide range of giant vesicle behaviour and 

properties, including the material properties of bilayers, their colloidal interactions, 

and the uptake and desorption of a variety of macromolecules. These direct 

measurements on single giant vesicles then help to characterise the properties of 

natural cell membranes and also provide essential information needed for the design

23



and ultimate application of lipid vesicle and lipid coated systems in biotechnology 

and medicine.

1.10. Tether formation

Molecular self-assembly has attracted considerable attention for its use in the design 

and fabrication of nanostructures leading to the development of advanced materials 

(Whitesides et al, 1991; Lehn, 1993). The directed self-assembly of biomolecular 

building blocks plays an increasingly important role in the discovery of new 

materials and scaffolds (Alivisatos et al, 1996; Mirkin et a l, 1996), with a wide 

range of applications in nanotechnology and medical tehnologies such as 

regenerative medicine and drug delivery systems (Langer & Vacanti, 1993). 

Meanwhile, the molecular self-assembly of vesicular structures when directed into 

desired structures may similarly offer huge potential in the development of 

advanced materials, owing to the malleable nature of the membranes of such 

vesicular structures.

The formation of bilayer nanotubes from membrane capsules is a common 

occurrence in cell biology. Even when a cell or a vesicle sticks to a foreign surface 

such as the base of a Petri-dish, on pulling the cell or vesicle away an optically 

invisible bilayer usually connects them to the surface even after displacements of 

many diameters (Hochmuth & Evans, 1982). A number of cellular processes 

involve deformation of membrane bilayers and the formation of small vesicles or 

tubo-vesicular structures. Similarly, when vesicles are dehydrated to create a large 

excess of surface area or when cytoskeletal structures are destroyed inside cells, 

spherical blebs appear and remain tethered to the outer membrane by invisible

24



bilayer tubes (Evans & Rawicz, 1990). Recent developments in the fabrication of 

meso- and nanoscale structures have included the self-assembly of carbon and other 

materials into nanotubes and quantum wires (Heath & LeGoues, 1993; Chopra et 

al, 1995) and the coalescence of lipid surfactants from solution into submicrometer 

tubules (Schnur, 1993). Due to the fluid properties of the vesicular biomembrane 

interface, it has been possible with an insight into the mechanics of biomembranes 

to develop nano-tubes of complex geometry which can be set as branched conduits 

in between vesicles or even cells (Evans et al, 1996).

Similar microtubule formation is also witnessed in the cell cytoplasm where they 

are involved in forming part of the cytotoskeleton structure providing the cell with 

rigidity and mechanical support. However, in contrast to a bone skeleton, the 

cytoskeleton is a highly dynamic system, enabling cells to regulate their shape, for 

example, during cell division. Microtubule assembly is such that their walls have a 

thickness of 5 nm and generally their hollow structure can have a diameter of 25 nm 

while their length can vary from tens of nanometres to hundreds of microns. 

Another interesting function of such microtubules is their role in intracellular 

trafficking where the molecular motors use these filaments as tracks to carry their 

load. Microtubules serve as tracks for the movement of motors of the kinesin and 

the dyein families. They are involved in organelle and vesicle transport, but also in 

the separation of chromosomes during cell division. Such a transport system 

(microtubule-kinesin) can be considered as one of the smallest nanomachines. 

Understanding the processes driving the microtubule-kinesin system will provide a 

powerful tool for nanotechnology making it possible to modify or build 

nanomachines with kinesin features (Hess & Vogel, 2001).
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Studies of the mechanical properties of thin membrane tubes are invaluable for 

understanding such processes in which membranes and membrane deformation play 

an active role. In addition, formation of thin membrane microtubes (tethers) from 

bilayer membranes under well controlled conditions provides a powerful physical 

approach for investigating the fundamental elastic and dynamic properties of lipid 

and surfactant bilayers (Calladine & Greenwood, 2002).

In microfluidics, the efforts are focused mainly on the development of soft 

microfabrication technologies for processing of fluid-state liquid crystalline bilayer 

membranes. These materials have unique mechanical properties allowing creation 

of nanoscale structures, such as spheres and tubes with extremely high curvature 

(Seifert, 1997). The geometry of such structures is governed by both self

assembling and self-organising properties of the lipid membrane material and can 

be changed on-line. These features used for the development of devices for 

transport and mixing of extremely small volumes of liquids (lO'^^-lO'^^ 1) 

containing different reactants (Karlsson et al, 2002). It has been suggested by 

Karlsson et a l (2002) that such systems can be used as generic platforms for 

fluidics devices with applications in, for example chemical kinetics, membrane 

mechanics and chemical analysis.

Karlsson et al (2001, 2001a) have recently demonstrated techniques for the 

formation of lipid nanotube-vesicle networks, consisting of surface-immobilised 

vesicle containers interdigitated with lipid nanotubes. A limitation with these 

techniques is the difficulty in controlling the connectivity of the networks, as they 

can be used only for the formation of structures terminated by a vesicle container.
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To form more complex structures of higher-ordered topologies, vesicles within the 

network must be connected by fusion. Fusion of lipid membranes can be stimulated 

by electric fields (Zimmerman, 1982) and has been performed at the single

cell/liposome level by the use of micro-elelctrofusion techniques (Chiu et a l, 1999). 

Karlsson et al (2002) have demonstrated a micropipette-assisted electrofusion 

protocol for the formation of nanotube-vesicle networks having complex geometries 

and higher-order topologies (Figure 1.8). Such structures include circular networks 

as well as fully connected networks with three-dimensional nanotubes layers as 

shown in Figure 1.9. In addition they showed that their protocol could be used for 

connecting biological cells to lipid membrane networks. The complexity of these 

structures i can be i increased by incorporating self-organising branching 

lipid nanotube networks. Also they have shown (Figure 1.9) how containers within 

these networks can be modified and differentiated independently with respect to 

interior contents by using a strategy for delivery of material based on the self- 

organising properties of lipid membranes under lateral tension.

* Karlsson et al (2002),
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Figure 1.8: Reproduced from Karlsson et al. (2002) who describe the figure as follows: 
^^Schematic sequence showing the formation o f  lipid nanotube-vesicle circuits. Surface- 
immobilized vesicles are marked with an X, and satellite vesicles that are “f r e e ” in 
solution are drawn as open circles. (A) The membrane o f  a giant vesicle is penetrated by 
a combination o f  mechanical force (F) applied from  the micropipette and anodic electric 
pulses (+V) from  a low-voltage pulse-generator (V). As a counter electrode a 5-pm 
carbon fiber is used. (B and C) A nanotube is created by pulling the micropipette away 
from  the mother vesicle, and a small satellite vesicle is created a t the end o f  the nanotube 
by injecting buffer solution into the nanotube orifice. (D) The satellite vesicle is 
positioned in close contact to another vesicle container within the network. Fusion o f  the 
vesicle containers is stimulated by application o f  one or several transient rectangular dc- 
voltage pulses and mechanical force (E and F). The micropipette is withdrawn from  the 
daughter vesicle. Lipid tubes adhering to the pipette tip after removal from  the daughter 
vesicle were detached by applying one or several cathodic electric pulses. ”

28



B

Figure 1.9: Reproduced from Karlsson et al. (2002) who describe the figure as follows: 
‘̂‘Formation o f  fu lly connected networks. (A) A fluorescence micrograph o f  a four- 

container H opf eld-type network constructed by using a combination o f  micropipette- 
assisted daughter vesicle formation and microelectrofusion. The lipid membrane is 
stained with the fluorescent dye DiO (0.5 mol%). (Scale bar: 10 pm.) (B) Schematic 
illustration o f  the procedure. The intersecting nanotubes in the middle o f  the network do 
not represent a nanotube four-way junction; the paths o f  two nanotubes are instead 
crossed in an overlaid fashion as illustrated in C ”
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The networks were made by a micropipette-assisted technique from giant 

unilamellar, or thin-walled, vesicles attached to multilamellar vesicles (Karlsson et 

al, 2001a). With such methods, networks could be produced with controlled 

nanotube length, angle between nanotube extensions, and vesicle container 

diameter.

The protocol presented by Karlsson was not limited to connection of vesicle 

containers within a network. Figure 1.10 shows an example where a surface 

immobilised vesicle stained with the fluorescent dye DiO was connected through a 

nanotube to an adherent cell. The capability of connecting cells and synthetic 

vesicles opens up interesting possibilities in integrating and probing biological 

functions in biohybrid networks. In particular, using methods for delivery of 

materials in lipid nanotubes (Karlsson et al, 2001; 2001a) exchange of material 

between cells and vesicles can be controlled. For example, small cytoplasmic 

samples can be taken from the cell and delivered through the nanotubes to a vesicle 

containing a reporter system in sensor applications, or cell-affecting agents can be 

delivered from a vesicle to a cell, according to these authors.

The potential use of tether nanotubes on the other hand may provide us with a 

system where transport of finite volumes of solutions or solid particles may be a 

possibility which would be a step forward in creating miniaturised micro- or nano

machines. Under such circumstances the microfabricated structures may posses 

new inherent properties unseen on larger scale.
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Figure 1.10: Reproduced from Karlsson et al. (2002) who describe the figure as 
follows: '"Integration o f  biological cells. A surface-immobilized giant vesicle was 
connected through a nanotube to an adherent cell by using a combination o f  
micropipette-assisted daughter vesicle formation and electrofusion. (A) A differential 
interference contrast micrograph o f  the cell-vesicle system. (B) The corresponding 
fluorescence micrograph is shown and is pseudo-colored fo r  enhanced visibility. The 
liposome membrane was stained with the fluorescent dye DiO (0.5 mol%). Both images 
are composed o f  a z-directional stack o f  16 video frames, explaining the bent 
appearance o f  the nanotube. (Scale bar: 10 pm)."'

~ 5, 3 c-dioctadecyloxacarbo-cyanine percholate-
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1.11. Potential use of vesicles as model systems in microcirculation

Micromanipulation of vesicular systems can potentially provide us with a tool to 

experiment on individual vesicles which can highlight the physico-mechanical 

properties of such vesicles and in doing so enabling the improved design of such 

vesicles to suit specific needs. One example of such model system could be the 

capillary blood system. The capillary blood vessels are the smallest blood vessels 

of the mammalian circulation system. Their diameters are the same of that of the 

red blood cells. Some are even smaller as in the retina. Some are larger, as in 

mesentery. Most capillary vessels are thin tubes embedded in tissues. Some, 

however, form very dense sheet-like networks, such as in the lung. Therefore, the 

path through which red blood cells or white blood cells travel is not always straight 

forward. The material flowing in such networks are of various sizes and shapes. 

The diameter of red blood cells can exceed that of the capillary vessels as shown in 

Figure 1.11, but the elasticity of the cells permits flow. Size and elasticity are thus 

important. The topic has not been addressed in vivo, or even much considered for 

vesicular or nanoparticle delivery vectors.

Figure 1.11: Schematic representation o f a eapillary vessel with red blood eells, 
vesicles or nanoparticles flowing within. The shape, size and elastieity o f  such entities 
would affeet their disposition along the capillary network and hence their destination -  
important in targeting.
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Hollow tubes of specific diameters can be produced. The formation of lipidic or 

surfactant vesicles and their movement in tethers*can provide an in vitro model 

system for the movement of vesicles in narrow capillaries in vivo, a topic addressed 

in this thesis. Through such model systems it might be possible to gain insight into 

the dynamics of the flow of the red or white blood cells in the circulation. Also 

such studies can be carried out on drug delivery systems where an insight into the 

fate of such drug carrier systems and their entrapped drugs administered 

parenterally can be surmised.

OUTLINE OF WORK IN THESIS

The application of micropipette techniques is used to fabricate new microstructures 

from pre-formed polyhedral niosomes in Chapter 2. The effect of extrusion in 

producing these new morphologies was studied. The effect of extrusion on 

depletion of the entrapped solute from the parent vesicles was investigated in 

Chapter 3, in which also the release profile of these structures was studied. The 

focus was then turned to spherical vesicles, where in Chapter 4 the 

physicomechanical properties of niosome and liposome membranes of varying 

compositions were investigated with emphasis on their modulus of elasticity. The 

physico-mechanical studies were followed by micromanipulation of the membrane 

of such vesicles in Chapter 5, where attempts were focussed on the ability of such 

vesicular membranes to be formed into new structures of interest. Conclusions and 

suggestions for future work are then presented in Chapter 6.

* a tether is a nano-lipid tube generally pulled from vesicle bilayers as discussed in Chapter five.
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CHAPTER TWO

MICROFABRICATION OF MICRO-TUBULES 

FROM POLYHEDRAL NIOSOMES

While liposomes and niosomes are recognised as suitable carrier systems in drug 

delivery it is nonetheless useful to utilise some of their established properties by 

extending the horizon with new morphological structures. The new shapes or 

structures obtained could extend the use of such systems for certain drugs or for 

certain routes of administration. In this Chapter polyhedral niosomes have been 

manipulated to form new shapes which may offer advantages over existing 

polyhedral or spherical niosomes. Their manipulation into novel morphologies 

could also provide us with new applications as well as model systems, interesting in 

their own right.

2.1. INTRODUCTION

The concept of carriers to deliver drugs to target organs and modify drug 

disposition has been widely discussed and is well documented (Gregoriadis, 1981). 

Many such reports have concerned the use of phospholipid vesicles, or liposomes 

(Poste et al, 1984). These exhibit certain disadvantages, one of which relates to 

their chemical instability. Because of their predisposition to oxidative degradation, 

phospholipids must be stored and handled in a nitrogen atmosphere. The cost and 

variable purity of natural phospholipids are other considerations militating against
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wide spread adoption of liposomes as drug delivery vehicles. Alternatives to 

phospholipids are thus of interest from the technical viewpoint and could also allow 

a wider study of the influence of chemical composition on the biological fate of 

vesicles.

Non-ionic surfactant vesicles (niosomes) like liposomes, their phospholipid 

counterparts, are of interest as vectors for drug and gene delivery (Uchegbu, 2000). 

They can be formed as spherical unilamellar or multi-lamellar systems, as geodesic 

arrays (Sternberg et al, 1995) and as toroidal (Seifert, 1991) or polyhedral 

structures (Uchegbu & Florence, 1995) in aqueous media, in addition to the inverse 

structures apparent in non-aqueous solvents (Murdan et al, 1999). This 

morphological versatility is important as it allows exploration of carrier systems of 

different shape and properties and of optimal capacity for therapeutic agents, 

required for delivery to different sites in the body, such as the deeper layers of the 

skin where elasticity and flexibility are the features required (Cevc et al, 1998). 

Extrusion through narrow capillaries of polyhedral forms of non-ionic surfactant 

vesicles formed with low levels of cholesterol can, as we describe in this Chapter, 

result in the permanent loss of primary shape leading to the formation of stable 

surfactant tubules and related structures. The interest in such micromanipulation of 

vesicular systems (see e.g. Karlsson et al, 2001) rests not only in creating new 

structures for drug and gene delivery, but also for templating to create new forms by 

polymerisation of entrapped monomers, and for production of model systems for 

the study of particle flow in flexible capillaries (as discussed in Chapters 3 and 4).
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The membranes of polyhedral-shaped niosomes are in the gel phase (where the 

hydrophobic chains of the surfactant membranes are closely packed and relatively 

ordered); triangular, pyramidal or prism-shaped non-ionic surfactant vesicles exist 

at low levels or in the absence of cholesterol. The membranes are flat on the faces 

of polyhedrons and are sharply bent at the edges (Figure 2.1). Because the bending 

modulus is very large in the gel phase, polyhedral vesicles would be more stable 

than spherical vesicles as the free-energy loss at the defects at the edges of 

polyhedral vesicles would be less than the loss of the equal bending of membranes 

on the sphere. Information on the edge structure is needed to rationally control the 

morphology of the polyhedral vesicles. As the bending modulus increases, so too 

does the number of faces of the polyhedrons. Hexagonal packing of molecules 

should stabilise the triangular and hexagonal faces (Noguchi, 2003).

Figure 2.1 depicts the orientation (tilt) of the surfactant molecules at the defect 

points which would be the comers of the vesicle bilayers. The crack or the tilt of 

the inner monolayer occurs with respect to the boundary surfaces of two 

monolayers where usually the outer monolayer is less tilted than its corresponding 

inner layer. Similar deformations to the inner monolayer are seen in our daily 

experience e.g. when a rubber hose is strongly bent, one side of the hose deforms, 

while the other surface smoothly bends.
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Figure 2.1: Schematic of a typical line defect for polyhedral niosomes showing the 
deformation of the inner monolayer which, as a result of its high bending modulus, 
favours polyhedral rather than spherical geometries (Modified from Noguchi, 2003).

The manipulation and control of the morphology and properties of carriers suitable 

for drug, gene and vaccine delivery is increasingly a major theme in research. 

Extrusion of individual synthetic non-ionic surfactant or phospholipid vesicles 

intact from glass capillaries has been suggested to be a simple form of biomimetic 

system (Arunothayanun et al ,  1999) allowing some simulation of natural vesicular 

delivery. However, the work emphasised the problems faced in forcing an array of 

individual vesicles intact through capillaries, because of their tendency to deform, 

flocculate or assume new shapes.

Polyhedral non-ionic surfactant vesicles may be formed from two surfactants in the 

absence or presence of low amounts of cholesterol (Figure 2.2). As part of an 

investigation into the flow properties of spherical and polyhedral niosomes, 

(Florence et al,  1999) an interest developed in the ability o f niosomes to deform 

when passing through capillaries with diameters exit smaller than the mean 

diameter of the vesicle population.
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Figure 2.2: Differential Interference Contrast videomicrographs o f multi-lamellar 
polyhedral niosomes formed by (A) Polyoxyethylene-5-cetyl ether (C16EO5), Poly-24- 
oxyethylyene cholesteryl ether (Solulan C24) and cholesterol (90:9:1) in de-ionised 
water, (B) CieEOs and Solulan C24 (91:9) in PBS, pH 7.4 and (C) Polyoxyethylene-5- 
stearyl ether (CigEOg) and Solulan C24 (91:9) in de-ionised water. Bar = 10 pm.

Observation of polyhedral niosomes on a slide such as those shown in Figure 2.3 A 

and B, suggest the importance of the flat faces of such structures dictating their flow 

behaviour and the manner in which they align themselves along the boundaries of 

air/water interface (border) and flow through narrow paths.

Figure 2.3: Photomicrographs o f multi-lamellar polyhedral niosomes (A & B) displaying 
slight deformation when forced to flow through constricting air bubbles on a microscope 
slide Bar = 10 pm.
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MATERIALS AND METHODS

2.2. MATERIALS

The materials used in the various experiments in this Chapter (and throughout the 

thesis) are as given in Table 2.1 and the surfactant structures are represented in 

Figure 2.4. All reagents and chemicals were of analytical grade, unless otherwise 

stated. All materials were used as obtained from suppliers without further 

purification and the water source was from an ultra high quality reverse osmosis 

water purifier (Elgastat UHQPS -  Elga, UK).

Table 2.1: Materials and sources of materials.

MATERIALS SOURCE
5(6)-carboxyfluorescein (CF) Sigma Chemical Company 

(UK)
CieEOs (polyoxyethylene-5-cetyl ether) Sigma Chemical Company 

(UK)
CigEOg (polyoxyethylene-5-stearyl ether) Sigma Chemical Company 

(UK)
Cholesterol Sigma Chemical Company 

(UK)
Chloroform Sigma Chemical Company 

(UK)
DMPC (Dimyristoylphosphatidylcholine) Lipoid GmbH (Germany)
Isopropanol Sigma Chemical Company 

(UK)
Rhodamine B Sigma Chemical Company 

(UK)
Solulan C24 (poly-24-oxyethylene cholesteryl 
ether)

Donated by Ellis & Everald 
(UK)

Span 60 (sorbitan monostearate) Sigma Chemical Company 
(UK)
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CifiEOs (polvoxvethvlene-5-cetyl ether)

0— GH;—CH;—0— H

CisEOs (polvoxyethvIene-5-stearvl ether)

G H 2 - G H 2 - O — •H

Cholesterol

HO

Figure 2.4: Molecular structures o f vesicle forming surfactants and phospholipids used 
in this work.
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Solulan C24(polv-24-oxvethylene cholesteryl ether)

CH2— CH2— o H

24

Span 60 (sorbitan monostearate)

DMPC(Dimvristovlphosphatidvlcholine)

,0— 0

Figure 2.4: continued.
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2.3. METHODS 

2.3.1. General methods for preparation of polyhedral niosomes

Surfactant mixtures were dissolved in 5 ml chloroform, and the solvent was

removed under reduced pressure at 30°C in a 250 ml round bottom flask (Buchi

model Rotavapor-R) at 60 rpm. Residual organic solvent was removed by drying

the lipid film under a stream of nitrogen for 15 min. The obtained lipid/surfactant

film was then hydrated, with either de-ionised water, 15 mM CF in phosphate

buffered saline (PBS; NaCl 140mM, Na2HP0 4  0.18mM, NaH2P0 4 .2 H2 0  3.2mM,

KCl 2.7mM, pH adjusted with IM NaOH, generally at pH 7.4, unless otherwise
*

stated) or Rhodamine B dissolved in de-ionised water or 0.1 % w/v acrylamide 

monomer, at 10°C above surfactant transition temperatures, with constant mild 

shaking on a mechanical shaker (Griffin). Niosome dispersions, with a final 

lipid/surfactant concentration of 60 mM, were left to cool at room temperature in a 

dark place for 2 h and kept overnight at 4°C before experiments.

2.3.2. Separation of unencapsulated material and determination of 

encapsulation efficiency of polyhedral niosomes

Niosomes were prepared loaded with CF as described in section 2.3.1. 1 ml of the 

niosomal dispersion was washed by dilution with 7 ml of water or PBS (pH 7.4) and 

ultracentrifuged at 200,000 g (Sorvall Combi Plus, UK.) at 4°C for 45 min. The 

supernatant was discarded and the niosome pellets were resuspended with 1 ml of 

water or PBS (pH 7.4) and placed in the fridge (4°C) for 5 min. 0.1 ml of the 

dispersions was added into the 10 ml volumetric flask. To the flask was added 1 ml 

of isopropanol to disrupt the niosomes. The volume was then made up with water

* Rhodamine B concentration = 5 mM.
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or PBS (pH 7.4). Further dilutions may be prepared in the case of the solution 

being too concentrated. A calibration plot was produced by diluting stock solutions 

of CF with water or PBS (pH 7.4) whilst ensuring that final dilutions contained 10 

% v/v isopropanol. The fluorescence of these solutions was measured (Perkin 

Elmer LS-3 fluorescence spectrometer - excitation 486 nm, emission 514 nm). 

Encapsulation efficiency was calculated and expressed as a percentage of the 

available hydrating solute encapsulated.

2.3.3. Niosomes with entrapped polystyrene latex particles

Niosomes entrapping 0.5 pm Fluoresbrite “plain” microspheres (Polysciences , UK)

were prepared using Reverse Phase Evaporation (RVE) method (Szoka et ai,

1978). Into 2 ml of surfactant solution, 0.1 ml of distilled water was injected using

a 23 gauge needle and the mixture probe sonicated for 2 min using a Soniprep 150

(Sanyo MSE UK; setting 5) to form a water-in-oil emulsion. The emulsion was 
*

converted to a gel using the rotatory evaporator at room temperature, after which a 

stream of nitrogen was used for 15 minutes. The gel was vortexed after the addition 

of 2.9 ml suspension of fluorescent particles in distilled water to achieve a milky 

suspension, which was then hydrated at 34°C for 1 h. Niosome dispersions, with a 

final surfactant concentration of 150 pM, were left to cool at room temperature and 

then kept overnight at 4°C before use.

2.3.4. Separation of unencapsulated polystyrene latex particles

Niosomes were prepared encapsulating polystyrene latex particles as described in 

section 2.3.2. The niosome suspension (5 ml) was then centrifuged at 10,000 rpm 

for 5 min using a Heraeus Sepatech centrifuge (Megafuge 13 model). The resultant 

* by evaporation of solvent.
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pellet was then discarded and the above procedure was repeated five times in total 

to ensure complete separation of the unencapsulated latex particles.

2.3.5. Preparation of Micropipettes

Borosilicate glass capillaries (inner diameter of 1.17 mm; outer diameter of 1.5 mm) 

were obtained from Harvard Instruments, UK. The glass capillaries were pulled 

into 1 |im to 2 pm exit diameter tips using a Narishige pipette puller (model PC- 

10). The pulled micropipettes were made into a variety of shapes with different exit 

angles, as shown in Figure 2.5, in order to examine the effect of the micropipette tip 

on the production of microtubules.

e

i
1

Figure 2.5: Types o f micropipettes individually prepared to produce tips o f  varying sizes, 
shapes and angles, in order to investigate their effect on the properties o f extruded 
extrusion o f polyhedral niosomes. (a & b) flat tips, (c) slightly angled tip, (d) large tip (e) 
sharply angled tip and (f) excessively angled tip.

The micropipettes were manoeuvred within a Petri dish under the lens of a 

microscope by means of three micromanipulators (Narishige, Japan, Model Mo- 

203) which came with distant hydraulic control dials, providing movement of the 

pipette(s) in the x, y and z directions.

2.3.6. Extrusion process

Compressed nitrogen gas was used as the driving force for the extrusion of vesicles 

through micropipettes. The compressed gas was controlled using a piezo-electric
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pump (Figure 2.6) built in-house and capable of fine control (range 6.9 Nm’̂  to 2.1 

X 10"* Nm* )̂. The applied pressure can be made to be continuous or intermittent at 

variable intervals. Micropipettes were filled with niosomes and connected to the 

electric pump which controlled the frequency and the duration of the nitrogen pulse 

(controllable from 6.9 Nm'^ to 2.1 x 10"̂  Nm'^) used to drive the vesicles from the 

micropipettes into a Petri dish containing the chosen media. A minimum pressure 

of 3.45 X 10̂  Nm'^ was required for fusion of the polyhedral vesicles to occur, 

forming tubular structures.

digital pressure ® 
rea

pressure output

O  pressuré tiltput controlsO ,oop„ w i
C|« W:

Ü Ü U U

Ü Ü Ü u

9

p ressu re  
out uiulei 
pie/o 
control

Nitrogen

Piezo Vaiv Micromanipulator

Figure 2.6: Piezo-electric pump built at The School o f Pharmacy (Mr C. Courtice, 
Department o f Pharmacology). The pressure from the nitrogen cylinder is accurately 
controlled from the control box which in turn digitally reads and controls the flow  
frequency o f the gas into the micropipette attached to a micromanipulator.
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Phosphate buffer saline (PBS), distilled water, NaCl and sucrose solutions, and 

sodium carboxymethyl cellulose (NaCMC) solutions, were used as media into 

which the vesicles were extruded, allowing variation of ionic strength (pH 4-10), 

viscosity (12.6) and tonicity (0.9 % to 10 % NaCl).

2.3.7. Image capturing

Events were followed using a video camera attached to the Nikon- Microphot-FXA 

light microscope utilising a distant lens with Nikon UV light (model HB-10101AF), 

as shown in Figure 2.7. Sequences of events were captured as MPEG video clips on 

computer using Hauppage capturing software (Win TV model No. 404). Individual 

frames were further captured using Power DVD3 software and edited using Adobe 

Photo Shop.

Camera connecting to TV-

Inverted microscope Micromanipulators positioned on 
the stage or free stand near the j 
stage

hydrolic controls 
micromani

inbpilt antah-inbration table supported by tennis balls on a wood frame

Computer
wortkstatioiTV& Printers

Video

Figure 2.7: Photo showing an inverted microscope placed on an in-built anti-vibration 
table, and distant control micromanipulators. The images are captured as video clips 
directly to an attached TV-video. The clips are subsequently converted to single images 
for publication or short digital clips for presentations.
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2.3.8. Cryo-scanning electron microscopy (Cryo-SEM)

Micro-tubules prepared from polyhedral niosomes in water were plunge-frozen in 

liquid nitrogen slush, transferred to a Philips XL20 scanning electron microscope

ed by sublimation at -40°C for 1 0  min. Samples were 

ation, gold coated at -180°C and imaged at 10 kV.

)somes c j \  ( X X  L

omes prepared with diameters ranging from 500 nm to ^ 

a MasterSizer X (Malvern Instruments, Malvern, UK).

CLvL ^  ' t-

? Ktruded as intact entities which tend to regain their

spherical shape upon extrusion. When extruding a polyhedral vesicle (Figure 2.8) 

the structure deforms permanently taking the diameter of the micropipette aperture, 

perhaps with some slight expansion.

Figure 2.8: Photomicrographs showing the extrusion o f a single polyhedral niosome 
which displays the deformation characteristics at the beginning o f  microtubule formation. 
In the absence o f  other vesicles with which to fuse, the tubule formed is a short one. Bar 
= 5 pm.
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However, we found unexpectedly that polyhedral vesicles, when extruded under 

certain conditions into aqueous media, having lost the visco-elasticity of spherical 

niosomes and liposomes, fuse to produce long, continuous stable tubules with an 

approximate diameter of the exit capillary (e.g. 1 pm), as well as other forms 

discussed below.

2.4.1. Tubules, Whorls and Vesicles within Tubules

By controlling factors such as the pressure used to extrude the vesicles (in the range 

3.45 X 10̂  Nm'^ to 2.07 x 10"̂  Nm'^) and both vesicle and medium composition, as 

well as the tip size of the micropipette (tip sizes less than 2  pm gave rise to more 

defined micro-tubule structures in terms of producing permanent and reproducible 

structures), we can reproducibly form a range of structures, of which the most 

common are the tubules and tubule “whorls”. New structures also include vesicles 

which are ejected into the tubules and, as a result, the movement of the inner vesicle 

in the tubule can be monitored.

Figure 2.9 shows clearly the long tubules extruded from a suspension of polyhedral

surfactant vesicles similar to those in Figure 2.2. The diameter is of the order of 1

pm; the wall thickness can be estimated to be of the order of 50-100 nm.
(from photomicrograph).
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(A)

Figure 2.9: A) Elongated multi-lamellar tubules formed by extruding polyhedral 
niosomes through a glass capillary at pressures ranging from 3.45 x 10̂  Nm'  ̂- 2.07 x 
10“̂ Nm'^. These can grow to the length o f between 50 to 80 pm, as shown in B hence 
representing the fusion o f  many polyhedral vesicles. Bar = 5pm

Figure 2 . 1 0  also shows whorl formation, caused by the extrusion of the exiting 

tubule into a primary spherical cap. Graphical segmentation of such structures 

revealed tubules of up to 80 pm in length which must be as a result of the fusion of 

as many as 2 0  polyhedral vesicles into a continuous whorl.

l» s

m m

Figure 2.10: A concentric tubular whorl, arising from the extrusion o f tubules into a 
primary spherical cap which guides the tubule. The typical structure shown here has a 
diameter o f 17pm. Calculations show that this example is the result o f fusion o f around 
20 vesicles. The cap is an initial bubble form of extmdate. Bar = 10 pm.
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The structures formed are stable, but by manipulation with micropipettes these 

coiled structures can be unravelled, as illustrated in Figure 2.11, indicating the 

strength and flexibility of the tubules. Alternatively the whorl structures can be 

drawn back into the micropipette, unfolding the concentric circles.

Figure 2.11: Photomicrographs showing a whorl structure extruded from a micropipette 
which is then opened up by two other micropipettes. The whorl structure is first unrolled 
and then unravelled. The unravelling o f the whorl by micromanipulation illustrates the 
strength o f the component tubule. These structures can also be drawn back into the 
capillary intact (not shown here).
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Figure 2.12 shows a captured sequence of a vesicle formed inside of the tubule on 

continuous extrusion. From live imaging it is evident that the vesicles within 

tubules evolve as empty containers initially as indicated by the arrow in clip g, but 

upon continuous extrusion the vesicle is then filled with moving bilayers.

4 secs

17 secs 32 secs 35 secs

empty vesidc 
within tubule

vesicle filled with
mner bilayers
sliding along the
inside of the
microtiihiile

42 secs 44 secs 47 secs

Figure 2.12: Evolution and movement o f  the vesiele within a tubule system as a function 
o f time. The vesicle, which has an elongated shape due to its visco-elasticity, has its small 
axis greater than the radius o f  the tubule. It can be seen moving down the tubule at an 
average rate o f 1.7 pm sec '.
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The forces exerted on the vesicles lead not only to their deformation but also their 

fusion producing long microtubules (up to 80 pm) of varying diameters depending 

on the aperture size of the micropipette used. Additionally we have observed 

movement of smaller vesicles into larger vesicles. This is due to the dynamics of 

the flow within the pressurised micropipette as well as within the microtubules on 

extrusion. The flow of materials is faster at the centre of the micropipette, which 

causes the more central bilayers to slide along the outer bilayers at a faster speed. 

This, in effect, causes bilayers of different vesicles to penetrate and to flow along 

the bilayers of other vesicles in the process of deformation and results in tubular 

formation at the point of extrusion. This effect also occurs within the formed 

tubules still being extruded, which gives rise to microtubules of various 

morphologies i.e. concentric tubules and vesicles inside tubule structures.

Figure 2.13 is a cryo-SEM photomicrograph of a collection of microtubules which 

have formed a meshwork structure after extrusion into an aqueous medium. It is 

possible to observe the long tubule structures, some of which contain tiny nodules 

which may be evidence of vesicles within the tubules, as shown in Figure 2.12.

52



Det WD I------------------- 1 20 um
SE 18 8 Centrif Cryo-SEM 1 W3/02 ref 111 2

^ c c . V  S p o t  Magn 
- 1 0  0 k V 2 0  lOOOx

m

b
structtlte

20 pm
[ref 108 6 )I 4 /0 2 /0 2

\c c .V  S p o t  Magn  
0 0 kV 2 0 IBOOx

Figure 2.13: Cryo-SEM photomicrographs showing (A) a mixture o f micro-tubules at 
high concentration forming a mesh network perhaps as a result o f cryo- preparation 
(xlOOO) and (B) microtubules after sonication, still maintaining their structure and shown 
here at a higher magnification (x 1500). All microtubules formed due to extrusion.
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2.4.2. Vesicles containing microspheres

Polystyrene latex microspheres were incorporated into the polyhedral vesicles by 

the method described in section 2.3.3. Upon extrusion, as seen in Figure 2.14, the 

beads are aligned within the microtubules. When the direction of the tubule is 

changed, clearly the beads follow suit. This experiment shows that the channels 

within the tubes formed are hollow and that collective and individual movement of 

latex spheres occurs. It shows the possible utilisation of such tubules as model 

systems in investigating flow of particles within narrow microcapillaries, an area of 

research of considerable complexity (Boryczko et al, 2003), which includes the 

study of the movement of vesicles confined as shown in Figure 2.14c and 2.14d i.e. 

in close arrays.

Figure 2.14: The extrusion o f 500 nm fluorescent polystyrene latex particles (entrapped in 
the parent polyhedral niosomes) within the surfactant tubules, a sequence showing the array 
o f latex beads in the tube as extruded and then directed by micro-manipulator.
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2.4.3. Polymerisation within tubules

Figure 2.15a shows a tubule containing acrylamide (0.1%). The subsequent 

photomicrographs show the effect of the polymerisation of the acrylamide when 

exposed to NaOH added to the medium. We believe that, as a result of selective 

polymerisation of the internalised acrylamide in the presence of NaOH, the tubule 

forms a contorted structure. From the photomicrographs it is possible to also 

conclude that these tubules are also “rigidifying”. The study was intended to show 

the possibility of using such tubules as templates.

a)

S

medium at 
pH 7.4

tubule coataMag 0.1% 
w/v acrylamide

b)
medium pH raised by 
addition of S M NaOH

C)
^  selective pii^r^erisation 
 ̂ of acrylamide entrapped 

 ̂ ! within tubules giving rise 
i j to contoured Agpes

Figure 2.15: Vesicles containing 0.1 w/v o f acrylamide monomer were extruded into a 
Petri dish containing 5 M NaOH. The figures depict the tubules that were formed during 
the interaction o f NaOH with acrylamide contained in the tubule. The curvature occurs 
presumably because o f the penetration o f  NaOH selectively into the tubule, 
polymerisation causing local expansion o f  the acrylamide and hence bending.
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2.4.4. The effect of micropipette exit shape on extruded microtubules

The effect of micropipette shape on the resultant extruded tubule was also examined 

using a range of pipette shapes as shown earlier in Figure 2.5. The differences in 

the angle of the convergence or use of “slanted” micropipette tips produced no 

observable effective changes in the shape of the microtubules.

2.4.5. The effect of the medium on the extruded microtubules

The tubules formed in aqueous medium are relatively robust. When media of 

varying tonicity or ionic strength in which to extrude the vesicles were used, the 

structure of the extruded microtubules seemed unaffected. However, extrusion into 

highly viscous media altered the structure and integrity of the system, causing 

unusual morphologies to form, as seen in Figure 2.16 where the straight 

microtubules are relatively thinner in diameter (in relation to the capillary exit tip) 

or the expected “whorl” structures are forced into unusual shapes. Tubule 

deformation was not evident at 0.25 % sodium carboxymethylcellulose (Na CMC) 

concentrations and only evident above 0.5 % Na CMC, when the viscosity relative 

to water rises to around 1 2 .6 .
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microtubules produced are 
thinner than the width of 
the capillary exit

m

NaCMC 
0.5% w/v

a **whorr structure 
distorted under the

Figure 2.16: Photomicrographs showing the effect o f  the medium’s viseosity upon the 
extruded microtubules in NaCMC (0.5% w/v) which in effect results in thinner 
microtubules as seen in (A) or incomplete development o f a whorl structure as seen in 
(B).
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2.5. DISCUSSION

Formation of pre-designed microstructures is important for the construction of 

many mechanical devices. A number of materials including semiconductors, 

metals, polymers have been used in previous work (Kim et a l, 1995). However the 

use of self-assembling amphiphilic molecules in this area is relatively rare (Schnur 

and Shashidhar, 1994). The appearance and form of the structures which can be 

formed relies greatly on the properties of amphiphilic molecules themselves.

Cholesterol is the key factor which liquefies the gel state membranes into liquid 

crystalline state, increasing the mobility of the amphiphiles in the membranes 

(Demel and De Kruyff, 1976), hence the difference in flexibility of the polyhedral 

(cholesterol-poor) and spherical (cholesterol-rich) niosomes or liposomes. 

Although spherical niosomes deform on extrusion, they are able to return into 

spherical vesicles. Polyhedral niosomes possess a faceted structure with their 

membrane in the gel state at room temperature (Arunothayanun et a l, 1999a). The 

phase transition temperature of polyhedral niosomes (CieEOs and Solulan C24, 

91:9) used is 29 °C, which prevents the vesicles when extruded reforming into 

separate vesicles. The microtubules appear to be slightly wider than the exit 

diameter of the capillary tips due to some structural elasticity. The membranes of 

polyhedral niosomes are, however, not sufficiently flexible to heal themselves 

following extrusion. This allows them to be shaped as required. Defects shown 

diagrammatically in Figure 2.1, maintain the angularity of polyhedral niosomes. 

These are permanently broken or rearranged when extruded through small diameter 

pipettes.
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A diagrammatic representation of the events leading to the production of the 

elongated structures is shown in Figure 2.17. Here it is assumed that there is fusion 

of the parent multi-lamellar structures. There is also differential flow of the 

multilamellar cylinders as they move through the constrained diameter of the 

capillary tube (Clerc & Thompson, 1994), perhaps leading to "stripping" of some 

of the outer lamellae of the original vesicles. The formation of very long tubules is 

therefore due to the fusion of such vesicles into a uniform array of microtubules. 

This is most likely to be part of the explanation for the formation of vesicle in 

tubule structures, diagrammatically represented in Figure 2.17 A, where the outer 

layers form the tubule walls and the inner lamellae form the vesicle flowing in the 

tube. Estimations from a large whorl structure (Figure 2.10) indicate that a total of 

2 0  polyhedral vesicles could be involved in formation of such a structure. 

Extrusion of small polyhedral vesicles slightly larger than the micropipette exit size 

produced deformed structures which were able to regain their shape upon extrusion 

due to the insignificant amount of deformation undergone by them. These could 

also in turn contribute to the formation of vesicles within tubules. The relative 

movement of inner bilayers in relation to each other is also the driving factor in the 

production of the concentric structures. Surface area estimation of a typical large 

tubule confirms the proposal that around 2 0  polyhedral vesicles fuse together.

Figure 2.17 B depicts the relative movement of bilayers resulting in the inner 

bilayers sliding along and exiting the micropipette at a faster rate, due to their 

positioning as flow is faster in the central core of a cylinder than at the surface of 

the inner micropipette. However, upon reaching the outer bilayers at the leading
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surface, they proceed by curling inwards as seen, which may give rise to the 

production of the “whorls”.

(A)
Outer bilayer

Capillary

Relative dififerential 
movement of bilayers 
into the adjoining 
vesicles upon extrusion

iin

Innermost bilayers 
or an inner vesicle

iv) The innermost vesicle is compressed least. v) The inner vesicle regains its original 
dimensions after extrusion giving rise to 
this shape.

(B)

Differential flow of the 
bilayers with the fastest 
movement in the centre

The whorling process is 
initiated upon reaching the end 
wall.

Figure 2.17: Diagrammatic representation o f the processes involved in the formation o f  
various microtubules from detailed observation o f  video sequences. The multi-lamellar 
polyhedral vesieles under pressure form multi-lamellar tubules; the differential pressures 
within the capillary lead to the fusion and ultimately the extrusion o f  vesicles into the tubule 
to provide (A) the tubule and the vesicle-in-tube or capillary model as well as (B) formation 
o f concentric structures.
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Vesicles can exhibit a variety of morphologies and shape transformations, as 

observed in biomembranes, since the molecules in the bilayers can move laterally 

along the membranes. Membrane fluctuations can be induced by various factors 

such as temperature, bilayer asymmetry, or applied external forces. Shape 

transformations have been studied by exposing vesicles to various physical stresses. 

For example, cylindrical vesicles can be split into a number of smaller vesicles 

when manipulated by optical tweezers (Lipowsky, 1995). Theoretical studies of 

axisymmetric vesicles flowing down narrow capillaries showed that a vesicle 

experiences a shape transformation, from a sphero-cylindrical shape to a bell shape 

on increasing of pressure gradient, as observed with red blood cells (Bruinsma, 

1996). A similar transition was observed when the “whorl” structure discussed 

briefly in this chapter was produced in a viscous medium (Figure 2.17). The effect 

of gravity has also been studied from a theoretical stance, showing the variety of 

shapes a vesicle can exhibit (Kraus et al, 1995). Application of a micropipette to 

manipulate cells (Artmann et al, 1997) or vesicles allows one to observe their 

behaviour, individually, and gain more understanding of membrane behaviour 

under physical stress (Evans & Kwok, 1982; Lasic & Needham, 1995; Needham & 

Zhelev, 1996). Menger and Gabrielson (1995), for example, found that an 

oligolamellar giant vesicle can be ruptured layer by layer using a sharp 

micropipette, which results in a smaller vesicle.

Changes in the shape of niosomes following extrusion prompt questions on the 

behaviour of vesicular systems being delivered in vivo. It has been known that 

vesicles with sizes less than 5 pm can remain at intramuscular sites of injection for 

a longer period than small spherical vesicles (Zuidema et a l, 1994). However,

61



whether the vesicles can retain their integrity when they are sheared in muscles 

following injection is a moot point. Such stresses may reduce the ability of the 

vesicles to retain the drug at the site of injection. Also vesicle dispersions with a 

diameter larger than the diameter of blood capillaries which can be as little as 2  pm 

in diameter may be safely injected intravenously if the vesicles can be deformed. 

Insight gained from the studies of niosomes with diameters larger than the exit 

diameter of the micropipettes used in this work also offer an understanding of the 

means of construction of microstructures from lipid / surfactant self-assembling 

systems, which themselves can act as templates for manufacture of more permanent 

structures (Arunothayanun, 1998).

Blood capillaries found in the body can range in diameter from 1 pm to 8  pm, 

hence the introduction of large carrier systems into such confined dimensions could 

ultimately change their shape and flow behaviour. This could result in some 

unexpected behaviour, such as their accumulation in narrow channels or stress 

causing the loss of content, a phenomenon studied in Chapter 3. There is some 

theoretical work on the movement of spheres in capillaries where dsphere>dcapiiiary 

(Chen & Skalik, 1970), but to our knowledge there is no experimental work in v/vo, 

due to the difficult task of visualisation and tracking. The incorporation of 0.5 pm 

diameter polystyrene latex beads into the polyhedral vesicles produces by their 

extrusion an ordered array of beads within the tubular structures as can be seen in 

Figure 2.14. Following the dynamics of bead transport may provide a model 

system for the capillary movement of microspheres, such as those used in drug 

delivery and for chemoembolism.
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The possibility of using the extruded tubules as templates for polymerisation or 

biomineralisation presents itself. Figure 2.15 shows structures formed from 

polyhedral niosomes containing 0.1% acrylamide. On contact with the sodium 

hydroxide solution diffusing from the external phase the acrylamide polymerises: 

differential access of the NaOH perhaps causes the unequal swelling of the polymer 

and leads to the contorted shapes seen. A wide variety of monomers could be used; 

polymerisable lipids or surfactants could also be used to make the system more 

durable, as well as more controllable in terms of achieving desirable shapes.
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2.6. CONCLUSION

Our interest in the rheology and flow of polyhedral vesicles in small capillaries 

resembling those in vivo has given us an insight into their fate if administered. 

Their fate will depend to some extent on their flexibility, which in turn is governed 

by their composition. This interest has also led to a study of a different nature, 

namely the fabrication of new forms of vesicular carriers, which relied on the forced 

extrusion of individuals and groups of vesicles through microcapillaries. Spherical 

vesicles due to their more elastic nature regain their shape on extrusion, although a 

small quantity ruptured on exiting the capillary, whereas polyhedral niosomes lost 

their original shape forming novel morphologies. The possibility of polymerisation 

within the microfabricated tubular structures which could act as templates exists 

and the potential of such structures not only in drug delivery but their potential as 

guides in tissue engineering, fabrication of novel materials and models for complex 

processes such as the movement of vesicles in flexible tubules, becomes clearer.

In Chapter 3 we discuss the properties of some of the extruded microtubules formed 

from polyhedral niosomes.
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CHAPTER THREE

SOME PROPERTIES OF EXTRUDED NON-IONIC 

SURF A CTANT MICRO-TUB ULES

3.1. INTRODUCTION

Extrusion of polyhedral vesicles through a capillary (Arunothayanun et a l, 1999a) 

showed that polyhedral niosomes, unlike spherical niosomes, being less visco

elastic do not retain their integrity and that they can be extruded into elongated 

structures. It has since been shown by the work described in Chapter 2 that by 

controlling the extrusion process, it is possible to obtain elongated structures of 

defined shapes forming narrow and hollow tubules up to 80 pm in length with a 

diameter approximately that of the capillary exit diameter (~ 1 pm), as a result of 

the fusion of a large number of original (parent) vesicles. As many as 20 vesicles 

are estimated to form a typical microtubule.

The purpose of the investigations described in this chapter was to determine the 

effect of mechanical forces (as applied during the extrusion process) on polyhedral 

niosomes in terms of their ability to maintain entrapped solute, and to use this 

information to draw some parallels with the in vivo situation where vesicle-carrying 

drugs would often be exposed to similar stress conditions, travelling through veins
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and capillaries under systolic pressure. The pressure in the veins and the capillaries 

in the body ranges from 5 mm Hg to 30 mm Hg ( 7x10^  Nm'^ to 4 x 10̂  Nm'^) 

which could ultimately affect the behaviour of carrier systems in vivo. Even topical 

preparations are exposed to shear forces during application.

We have also investigated here the effect of temperature on non-ionic surfactant 

microtubules, observing shape transformations and the behaviour of microtubules at 

temperatures nearing or rising above their Tm compared with non-ionic polyhedral 

surfactants vesicles.

Finally the release profiles of solutes entrapped in non-ionic microtubules were also 

investigated. Release of solute was studied over a time period of 5 h, and the effect 

of temperature also studied.

MATERIALS AND METHODS 

3.2. MATERIALS

The materials used in this chapter are those given in Chapter 2, Table 2.1.

3.3. METHODS

3.3.1. Preparation of polyhedral niosomes

Polyhedral niosomes were prepared from polyoxyethylene-5-cetyl ether (C16EO5 )

or polyoxethylene-5-stearyl ether (CigEOg) and poly-24-oxyethylene cholesteryl
*

ether (Solulan C24) in molar ratios of 91:9 and 98:2 respectively, using the hand 

* mole%
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shaking method as described in Chapter 2, section 2.3.1. However the rehydration 

of the CigEOs preparation was carried out at 55°C (slightly above the transition 

temperature of the surfactants as vesicle formation requires the surfactant molecules 

to be in their liquid phase, which is the ease at temperatures above Tm). Niosome 

dispersions, with a final lipid/surfactant concentration of 60 mM, were left to cool 

at room temperature and kept overnight at 4°C before use.

3.3.2. Separation of unencapsulated material and determination of 

encapsulation efficiency

The method used was that given in Chapter 2, section 2.3.2.

3.3.3. Preparation of micropipettes

The glass capillaries were pulled into a range of tip exit diameters (0.4 to 4 pm) as 

described in Chapter 2, section 2.3.5.

3.3.4. Extrusion process

The extrusion process used in this chapter is described in Chapter 2, section 2.3.6 

where it was found that a minimum pressure of 3.45 x 10̂  Nm'^ (when extruding 

through 1 pm to 2  pm micropipette tips) was required for fusion of parent vesicles 

to occur to form tubules. Hence to ensure effective fusion using micropipette tips 

ranging from 0.4 pm to 4 pm, a constant pressure of 1.9 x lO"̂  Nm'^ was used.
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3.3.5. The release of carboxyfluorescein from microtubular niosomes after 

extrusion

In each experiment a defined volume (0.1 ml) of a CF containing polyhedral 

niosome suspension was placed into the capillary micropipettes and extruded under 

defined pressure (1.9 x lO"̂  Nm'^) into 1 ml PBS contained in a mini-Petri dish. 

After completion of extrusion, the inside of the micropipette was washed free from 

expelled and adsorbed CF by flushing with 0.1 ml of PBS three times. The depleted 

CF was then collected by centrifugation at 10,000 rpm for 8 min and the 

supernatant separated from the pellet. This process was repeated three times. The 

supernatant was diluted accordingly with PBS and analysed fluorimetrically to 

obtain the extent of CF release due to extrusion. The remaining entrapped solute 

inside the pellet was calculated and used for the follow on release studies. The 

pellets were placed in dialysis bag (MW cut off = 12-14 kDa) suspended in 100 ml 

of PBS. The dialysate was collected and analysed fluorimetrically over a 5 h period 

first at room temperature and also at controlled temperatures. The temperature of 

the suspension was raised a few degrees above the transition temperature of the 

respective microtubules for a period of 15 min in order to investigate the release 

rate changes due to temperature fluctuations.

3.3.6. Hot stage microscopy

The shape transformation of tubules was observed by attachment of a video camera 

to the microscope. The temperature was manipulated via the temperature controlled 

stage and the relevant videos captured at designated temperatures.

* After centrifugation o f extrudate the supernatant was measured for any CF which may have 

been depleted due to extrusion process.
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3.4. RESULTS

3.4.1. Formation of microtubules by extrusion

Video photomicrographs (Figure 3.1) show intact polyhedral niosomes in (A) which 

on extrusion (as shown in B) under constant pressure through a capillary of exit 

diameter of 1-4 pm form microtubules of varying lengths. A selection of such 

microtubules is shown in C. The polyhedral vesicles deform on extrusion, losing 

their shapes and permanently converting into cylindrical morphologies. At higher 

magnification, it is possible to see the perfect cylindrical structure of such 

mierotubules as in image D.

The mierotubules formed show hollow cylindrical structures capable of retaining 

solute. The CF entrapped inside the parent polyhedral vesicles can be seen in the 

photomicrographs (Figure 3.1).

69



(A)

\ *

(B) : li'

Figure 3.1: (A) Intact polyhedral niosomes entrapping CF before extrusion; (B) extruded 
microtubule tubule during the process o f extrusion; (C) a collection o f extruded 
mierotubules, and (D) a typical microtubule (all under light microscopy).
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3.4.2. Formation of unstable mierotubules

As we have seen, the extrusion process produces mierotubules of varying diameters 

depending on the aperture size of the micropipette. When using micropipette tip 

diameters above 3 |im there is a tendency for mierotubules to be less well defined 

and to have short lengths, as well as to have a tendency to disaggregate within 

minutes of production, as seen in Figure 3.2. This is as a result of a lower resultant 

force (pressure) being exerted on the polyhedral niosomes during the process of 

extrusion, hence the lower extent of vesicle fusion and compaction. Once extruded 

the resultant tubules expand, falling apart within hours of production.

disaggregating 
h Vesicles of 
\ microtul^ulesshort and 

inconsistent 
mierotubules

f  111

Figure 3.2: (a) Mierotubules produced via a 4 pm aperture micropipette tip; (b, c) more 
clearly there is less fusion, hence, even after extrusion the mierotubules disintegrate into their 
original polyhedral niosomes. The broken lines in (b) show the uneven outer boundaries o f  
the microtubule which is expanding rapidly unable to hold the vesicles within.

3.4.3. Depletion of entrapped CF due to extrusion

The behaviour of polyhedral niosomes under pressure inside glass capillaries may 

be related to their behaviour in the capillary blood supply or in their movement 

through complex organs. We first investigated the effect of shear stress on vesicle
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integrity in retaining their entrapped solute and, by narrowing or widening the 

aperture size of micropipettes, the rate and extent of shear could be controlled. The 

initial release of CF as a result of shear is shown in Table 3.1 and this data is 

represented in Figure 3.3. The initial amount of CF recovered from the medium 

increases as the size of the micropipette aperture becomes smaller, i.e. as shear 

forces rise. Similar trends occur with both microtubule preparations where there are 

compositional differences, both showing similar extents of solute loss on extrusion.

Table 3.1: The depletion of CF from two preparations as a percentage of total CF 
concentration on extrusion from different micropipette tips.

Micropipette tip 

diameters 

(pm)

Ci6£Os : Solulan C24 

(91:9)

CigEOs : Solulan C24 

(98:2)

% Initial CF loss *
(%  S.D.)

0.4 27.47 (±0.68) Not determined

0.5 27.63 (±0.84) 27.94 (± 0 .86)

1 18.98 (± 1.02) 20.15 (±0.80)

2 13.35 (±0.41) 15.22 (±0.37)

3 9.03 (± 0.09) 8.55 (± 0 .88)

4 1.95 (±0.07) 4.06 (± 1.40)

n =  5

Percentage of the total entrapped in each system
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3 0 i CiéEOsiSolulan C24 (91:9)

CigEOsiSolulan C24 (98:2)

25-

2 0 -

1 0 -

0 1 2 3 4 5

Micropipette tip sizes (pm)

Figure 3.3: Graph showing the initial carboxyfluorescein (CF) loss as a result o f  
extrusion o f niosomes via differing micropipette aperture sizes for preparations CieEOs : 
Solulan C24 (91:9) and CigEOs : Solulan C24 (98:2). The CF depletion from both 
preparations show similar trends, n = 5.
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3.4.4. Entrapment properties of extruded mierotubules

The release of CF from mierotubules entrapping CF previously extruded via 

different micropipette sizes was analysed over a period of 5 h. Figure 3.5 represents 

the data obtained in percentage release of CF from mierotubules of different sizes 

which also includes the release from a sample of the parent polyhedral niosomes 

used in extruding these mierotubules. The two graphs in Figure 3.4 represent the 

CF release profile for the two preparations: C16EO5 :Solulan C24 (91:9) and 

CigE0 5 :Solulan C24 (98:2).

Results show that for both preparations, the release of CF from the mierotubules is 

lower than from their parent polyhedral niosomes. In addition results also show that 

the narrowest mierotubules from both preparations, release the least CF over the 5 h 

period while the largest mierotubules (4 pm) show the highest rate of CF release. 

In both preparations the 4 pm mierotubules display similar extent of CF release to 

their corresponding polyhedral niosomes.
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Release Profile of CF from Ci^EOg:Solulan C24 (91:9)

R}lyhedrai hèosom es

□
Time (h)

Release Profile of CF from CigEOs:Solulan C24 (98:2)

«Ü 25

s
" 5L.
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FWyhedral M osom es
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Figure 3.4: Percentage cumulative release profile o f  two types o f  mierotubules (A) for 
CiôEOs systems and (B) CigEOs systems prepared by extrusion via varying sizes o f micro
pipette apertures (0.5 pm -  4 pm). Release from a suspension o f  intact polyhedral 
niosomes is shown for comparison. The initial loss o f CF o f course decreases the 
concentration gradient and influences release rate as discussed in the text, n = 5 -7 .
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Table 3.2 shows the average percentage rate of CF release from mierotubules of two 

varying compositions extruded from different micropipette aperture sizes and 

compared to intact polyhedral niosomes. These values are calculated from the graph 

in Figure 3.4. In order for the diffrision values to normalise and to have a 

comparable scale the calculations are made from the time point 1 h to 5 h.

As shown the average percentage of CF release per hour is higher for the polyhedral 

niosomes than for the mierotubules. The difference seen between hourly release 

rates for the 0.5 pm and the 4 pm mierotubules can be as much as 10 times for the 

CiéEOs preparations and 6 times for the CigEOs preparations. Immediately it is 

possible to predict a difference in difrusion rates due to different initial 

concentrations of entrapped CF, but also due to the diffemces in the surface area of 

the tubules, which makes the analysis of the data difficult.

Table 3.2: The percentage release o f  CF by passive diffusion from polyhedral niosomes and 
their extruded mierotubules over a 5 h period.

Micropipette
tip

diameter
Oim)

CieEOs : Solulan C24 (91:9) CigEOs : Solulan C24 (98:2)

Average Percentage Release of CF Per H our
(% S.D.)

0.5 0.26 (±0.92) 0.38 (± 0.34)

1 0.46 (±0.54) 0.22 (±0.27)

2 0.61 i(±0.18) 0.89 ,(±0.19)

3 1.33 !(±0.32) 1.07 !(± 0.22)

4 2.55 (±0.35) 2.27 (±0.63)

Polyhedral Niosomes 2.77 ,(± 0.23) 1.80 (±0.39)

n = 5-7
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Table 3.3 shows the relative surface area ratio and the relative volume ratio of each 

individual microtubule size assuming that the microtubule is a perfect cylinder and 

also they are all of the same length (80 pm). The table also shows the initial CF 

^percentage concentrations for the mierotubules and polyhedral niosomes. These 

values are less than 1 0 0 % for the mierotubules as the extrusion process causes loss 

of the entrapped CF (section 3.4.3) which in itself is of interest. The last column in 

Table 3.3 shows the relative percentage of CF diffusion over 4 h, calculated 

taking into account the initial entrapped CF concentrations for each size 

microtubule. These initial concentration values for the respective mierotubules are 

equal, to the percentage of CF concentration entrapped within polyhedral niosomes 

minus the depleted CF on extrusion for each microtubule size. Therefore, while the 

polyhedral niosomes would have a relative CF percentage of one, the mierotubules 

(due to extrusion) would possess lower fraction content.

The area and volume ratio columns are calculated on the assumption that all the 

mierotubules are perfect cylinders of 80 pm length and their corresponding 

diameters assume the exit diameters of the micropipettes. The difference in surface 

area ratio of a single 0.5 pm microtubule to a 4 pm microtubule is 8  fold whereas 

the volume ratio difference of the same two is 64 fold, hence, although a single 0.5 

pm microtubule may possess a lower surface area than a 4 pm microtubule, there 

will be more of the smaller mierotubules available from the same weight of parent 

vesicles, which effectively means that the resultant surface area of the smaller 

mierotubules as a whole would be approximately eight times more.

* relative
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Another factor is the fact that the initial CF contents of the tubules vary between 

various sizes because of the difference in loss during extrusion. The relative 

percentages of passive diffusion give an indication of the percentage fraction of the 

CF diSused from each microtubule sizes over a period of 4 h taking the initial loss 

into account.

Table 3.3: Calculated values for the relative surface area and relative volume ratios of a 
single microtubule. The relative percentage of passive difrusion is also shown.

Mkrotobiile 

diameter Oim)

Relative 

surface area 

ratio

Relative 

volume ratio

Initial entrapped 

CF concentration 

*

Relative passive 

diffusion over 4h 

(%)#

CiftEOs

Prep.

CisROs

Prep.

CiéEOs

Prep.

CigEOs

Prep.

0.5 1 1 0.71 0.72 1 2

1 2 4 0.81 0.80 9 7

2 4 16 0.87 0.85 6 9

3 6 36 0 . 8 8 0.91 9 13

4 8 64 0.98 0.96 19 17

P ol^edral

Niosomes

not determined not determined 1 .0 1 .0 2 2 18

* The initial entrapped CF concentration of mierotubules is the initial CF 
concentration in the intact polyhedral niosomes minus the CF lost during extrusion 
for that particular diameter size o f microtubule.

# The relative passive diffusion values are calculated for mierotubules taking * as 
the original concentration. These values are only for time point 1 h to 5h.

Calculations:
For * = 100% - /̂oCfIoss on extrusion)
For # = Percentage release over 4 h / *
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3.4.5. Temperature induced shape transformation of polyhedral vesicles

As can be seen in the series of photomicrographs in Figure 3.5, the shape of 

polyhedral niosomes changes as the temperature is increased. The contoured edges 

start losing their rigidity, transforming into curved boundaries. The polyhedral 

vesicles transform into spherical morphologies as the temperature rises towards the 

transition temperature. On cooling, these structures regain their straight edges, 

reverting to polyhedral vesicles. The membranes of polyhedral niosomes are in the 

gel state at room temperature. On raising the temperature to above the Tm of the 

polyhedral niosome, they lose their angular shape transforming into spherical 

morphologies in which their membranes exist in the liquid-crystalline state, a less 

rigid and more disorganised state (Arunothayanun et al, 1999a).

Figure 3.6 captures under ultraviolet light four fluorescent vesicles transformed into 

spherical vesicles above their Tm- The fluorescence of these vesicles reduces over a 

period of 2 h until only one vesicle eventually can be seen to fluoresce. By 

following the images it is possible to see the fading of the CF. It seems that the 

shape transformation as a result of temperature rise may affect the permeability of 

such vesicles (Uchegbu et al, 1997).

In Figure 3.7 the temperature is raised 10 °C above the Tm of the preparation. This 

seems to result firstly in the transformation of the polyhedral niosomes into 

spherical vesicles, and is followed by budding of spherical vesicles. Here the 

structure is elongated and the system eventually splits into two unequal size 

vesicles. This series displays what is a typical budding phenomenon of vesicles 

(Svetina & Zeks, 1983).
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m

33 °C 25 °C

Figure 3.5: Photomicrographs (a-b) showing the shape transformation o f  CF-containing 
polyhedral vesicles into spherical vesicles on heating and subsequent cooling (f) where 
the vesicles revert to polyhedral shapes. The shape transformation occurs when the 
temperature nears the Tm o f  the vesieles. The intermediate stages (c-e) show the formation 
of spherical niosomes.
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four
stationary
fluorescent
vesicles

5 pm

only two vesicles 
still fluorescing

Figure 3.6: Fluorescent light microscopy showing the fading o f CF in entrapped vesicles 
which may be as a result o f  the effect o f increased temperature on the release o f solute 
(CF).
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Figure 3.7: Photomicrographs showing the initial transformation o f  polyhedral vesicles 
into spherical vesicles (a-d) and subsequent budding o f those vesicles. There is prolate 
vesicle formation (f) leading to pear shape formation (g) and budding o f a new vesicle 
where the parent vesicle relaxes back into a spherical shape and the neck with the new bud 
is quickly closed down (h-k). This process repeated (1-n) and the last image (o) shows the 
vesicle when cooled down regaining a polyhedral shape, while showing a relatively lower 
amount o f  CF within (in comparison to (a).
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3.4.6. Temperature induced shape transformation of mierotubules

The process of shape transformation was also investigated with extruded 

mierotubules, as shown in Figure 3.8. This shows not a typical microtubule but one 

containing subsidiary vesicles inside. On temperature rise, this transforms into one 

large spherical vesicle, which appears here to have a multi-vesicular form. From 

these studies it was seen that unlike the more typical hollow mierotubules, the more 

dense mierotubules with visible vesicles or mierotubules inside, undergo a 

particular shape transformation. The walls expand slightly on temperature rise 

perhaps due to the vesicles inside transforming in shape, followed by loss of their 

straight edges in forming a single globular shape.
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Figure 3.8: Photomicrographs showing a microtubule with some internalised vesicles and 
more mierotubules inside, prepared from CigEOs and Solulan C24 (98:2), on heating to 55 
°C The increase in temperature transforms the microtubule in (a) into a spherical vesicle 
(e), containing subsidiary vesicles. In the process (b-d) the vesicles inside the microtubule 
also transform in shape and fuse causing the microtubule to expand and become a large 
spherical entity.

On the other hand the more typical (hollow) mierotubules (Figure 3.9) exhibits a 

slightly different pattern of transformation where the straight edged cylindrical 

structure firstly shows softening of the stem, which causes a slight bending 

followed by formation of interconnected spherical chains.
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Figure 3.10 is another example of a hollow microtubule entrapping CF. The heat 

induced transformation is similar where a chain of inter-connected structures 

appear. On continuous heating the newly formed spherical vesicles further 

transform into smaller vesicles by the process of budding. On cooling they 

maintain their overall connection with each other, re-forming contoured shapes.

From these micrographs it is clearly seen that shape transformation of hollow 

mierotubules starts from the extremities of the structure and then moves towards the 

middle of the mierotubules. The mierotubules are able to transform into a number 

of interconnected chains rather than one whole spherical vesicle as seen by the non

hollow microtubule. In Figure 3.10, where the mierotubules contain CF, near the 

transformation temperature, the entrapped solute apparently starts moving towards 

the end of the micro tubule and concentrates in one area within the microtubule.

The pattern of transformation seen for hollow mierotubules is similar in both types 

of mierotubules prepared from CieEOs or CigEOs and it could be due to the 

difference in thermal expansivity of the bilayer membranes as suggested by Svetina 

& Zeks (1983) model hence allowing a consecutive swelling along the tubule 

whereas when the tubule is filled with vesicles the relative swelling of the entrapped 

vesicles dominates the shape transformation, transforming the tubule into one large 

spherical vesicle.
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Figure 3.9: Shape transformation o f  mierotubules made from CigEOs and Solulan C24
(98:2) on heating to 55 °C. A chain o f vesicles is seen to form starting from (a) and 
increasing in number in (d).
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Figure 3.10: (legend see page 87)
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cooling

Figure 3.10 continued: Shape transformations o f  a single mierotubule (CieEOs and 
Soluian C24) (a,b) which on heating, movement o f  the CF entrapped is evident (c-e). 
Shape transformation into a chain o f  spherical vesicles on heating progressively 
continuous (f-i). On cooling (j-o) multifaceted structures start forming below 35°C.
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3.4.7. Thermal analysis

Figure 3.11 is a DSC trace of a typical microtubule ( C16EO5 :Soluian €24, 92:8) 

which shows a main endothermie transformation at 33 °C on heating followed by an 

exothermic transformation at 30 °C on cooling. The Tm obtained for these 

microtubules corresponds with the Tm for polyhedral niosomes of the same 

composition (Arunothayanun, 1998) which are the parent vesicles used in forming 

these microtubules, hence indicating that despite the morphological transformation 

undergone (from polyhedral to microtubule), the surfactant molecules maintain their 

integrity.

E

I

I

Temp [°C]

Figure 3.11: A DSC trace o f a non-ionic surfactant microtubule suspension 
(C16EO5:Soluian C24: 92:8) which shows a main endothermie transformation at 33.2°C 
on heating, with an exothermic transformation detected on cooling at 30.07°C.
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3.4.8. Effect of temperature on CF release from microtubules

Figure 3.12 represents the release profile for two microtubule preparations 

entrapping CF where the release of CF is monitored over a 5 h period at room 

temperature and also with the application of heat at 45 min over a period of 15 min. 

The graph shows the pronounced effect on the release profile of microtubules 

prepared with C16EO5 ; Soluian C24 (91:9) where the release percentage is almost 

doubled on heating. A similar trend, which is less pronounced, is also displayed by 

the microtubules prepared from CigEOs : Soluian C24 (98:2). For both 

preparations, once the heating (at the 1 h point) is stopped, the release rate continues 

to rise until the 2  h mark after which it plateaus again.
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Figure 3.12: The release o f CF from microtubules prepared from C 16EO5 : Soluian 
C24 (91:9 mol ratio) and CigEOs:Soluian C24 (98:2 mol ratio) at room temperature 
and above their transition temperatures. Arrows at the 45 min time point indicate the 
application o f  heat and subsequently, the respective T^ o f each preparation is reached 
within the 15 min heating period, n = 5.
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3.5. DISCUSSION

Polyhedral niosomes are formed in the absence or very low cholesterol levels with 

nonionic surfactants. Soluian C24 with its long polyoxyethylene chain is added to 

maintain the suspension as stable entities without flocculation. Polyhedral vesicles 

can encapsulate aqueous solutes such as CF. The vesicle membrane is in the gel 

phase (La) (Uchegbu ei al., 1997), meaning that the hydrocarbon chains enjoy 

minimum mobility (Figure 3.13). This gives the vesicles their unusual angular 

shape.

mm mm msm mmi
(A) L„ (B) Lp (C) Lp

Figure 3.13: A schematic representation o f  lipid bilayer polymorphic phases. The Lp and 
Lp-phases the chains are in gel (frozen) state, whereas in the L  ̂phase is a liquid crystalline 
(melted chain) bilayer phase with fluid acyl chains.

3.5.1. Formation of stable and non-stable microtubules by extrusion

Our approach in producing microtubules was based on our finding of the propensity 

of polyhedral niosomes to undergo complex and permanent shape transitions as a 

result of mechanical stress. The extrusion process at high concentration and 

pressures overcame the defects which gave these niosomes their angular shape and 

as the molecules are in the gel phase with minimum freedom of movement, along 

with the membrane’s overall high bending modulus, the tubule structures obtained 

are relatively stable.
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The microtubules produced mostly show defined cylindrical structures which are 

stable for periods up to 14 days stored at ~4 °C. However, microtubules produced 

from relatively wider micropipette exit tips tend not to have such defined walls and 

disintegrate (Figure 3.2) within hours of their extrusion. This could be as a result of 

lower compaction forces exerted on the polyhedral vesicles leading to a lower 

extent of fusion of these vesicles in the process of tubule formation.

According to the flow dynamics inside a cylinder, the deformed vesicles exiting the 

micropipette in the centreline tend to flow faster. This is evident in Figure 2.12 (g -  

i) in Chapter 2 (page 51), where an empty vesicle placed inside a microtubule is 

filled with the incoming flow of bilayer material through the centreline of the 

microtubule. Such relative movement of bilayers according to their radial 

positioning brings greater density and intermixing of fused vesicle materials, which 

could effectively add to the strength of the microtubule structure as discussed in 

Chapter 2. This phenomenon was not as evident in the wider micropipettes where 

the resultant pressure on the extruding vesicles was less. This could also contribute 

to the low structural integrity of microtubules extruded from the 4 pm pipettes.

3.5.2. Depletion of entrapped CF due to extrusion

The initial depletion of CF from polyhedral niosomes during their extrusion when 

forced through relatively small orifices may be due to a number of processes 

occurring simultaneously:
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• the pressure exerted on the polyhedral vesicles, compacting them against 

each other, as well as against the walls of the micropipette. This compaction 

force may lead to the forced expulsion of their content.

• vesicles have to pass through the aperture, transforming them from their 

polyhedral shape into long tubules. This transformation in shape under high 

pressure may reduce the relative size of the vesicle in comparison to the 

original size while they are being compacted, hence this could contribute to 

the immediate loss of some of the CF from the vesicle.

• the fusion of the vesicles which results in the production of microtubules 

many times larger in the long axis than the parent polyhedral niosomes. We 

find video evidence of the relative movement of bilayers within the 

microtubules, but, perhaps, more importantly in the outer bilayers against 

the micropipette walls, all of which would cause friction and subsequent loss 

of outer bilayers. The attrition and the subsequent damage to the outer 

hi layers could also contribute to the loss of entrapped solute.

The depletion of entrapped solute is governed mostly by the applied forces causing 

mechanical deformation and attrition rather than by an osmotic phenomenon or 

compositional differences (i.e. different surfactants as well as varying amount of 

surfactants used). The latter do not seem to have any profound effect on the extent 

of depletion of entrapped solute as seen in Figure 3.3 where microtubules prepared 

from surfactant C16EO5 as well as CigEOs both show similar solute loss. These 

factors are accentuated as the size of the micropipette aperture is reduced, leading to
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a greater depletion of the entrapped solute. As seen in Figure 3.3, there is a five 

fold increase in the CF loss when extruding tubules from the < 1 pm pipette exit 

diameters compared with the 4 pm capillaries.

3.5.3. Entrapment properties of extruded microtubules

Values in Table 3.2 show the passive diffusion of CF from microtubules and 

polyhedral niosomes. The values indicate that the release rate of CF for 

microtubules is slower compared to their constituent polyhedral niosomes from 

which the CF escapes at a higher rate. In addition, there are also differences seen in 

the release rate of microtubules with different diameters. There is a pattern shown 

by both preparations where the narrowest microtubules display a lower rate of CF 

release than their larger counter parts.

In order to explain some of these differences, it is important to refer to Fick’s law 

(Flynn & Yalkowsky, 1972) of diffusion since the normal (unstressed) release of 

CF from polyhedral and microtubule niosomes is governed by passive diffusion. 

Passive diffusion is entirely dependent on the presence of a concentration gradient, 

the concentration of CF within compared to the lower relative concentration outside 

the vesicles or microtubules. The transfer of CF across the vesicle and microtubule 

membrane should obey Fick’s law in the form:

dQ _ DA(Co -  Ci) 

dt h

where Q = the amount of drug on the donor side 

D = diffusion coefficient
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A = area of the membrane surface

Co = concentration of CF in the donor phase of membrane

Ci = concentration of CF in the recipient phase of membrane, and

h = thickness of the membrane.

To explain the differences seen in the diffusion rate between the polyhedral

niosomes and the microtubules, there are two main reasons for the lower diffusion

rate for microtubules. Firstly, the surface area of the microtubules is reduced 

significantly. Surface area is directly related to passive diffusion. If we assume the 

polyhedral niosomes to be square cubes and their fusion product, to be a rectangular 

prism then the surface area of a 1 pm diameter cube would be 6  pm^ and under the 

assumption that up to twenty such square cubes can fuse to produce a cubicle 

cylinder, hence the collective area of twenty cubes is almost four times more than 

the cubicle cylinder as shown in Figure 3.14. Although it must be said that the area 

of a polyhedral niosome would still be more than a square cube assumed in the 

figure. In effect as a result of fusion of twenty square cubes, thirty six cubical 

faces are lost.

Total Surface area for twenty square cubes; 20 x 6 pm = 120 pm^

Total Surface area for one cylindrical cube: 82 pm^

20pm

\  
two cubical
faces
disappearing 
once fused

.......... ' .......................... ' ...................... ........... -  — 0
Figure 3.14: Schematic presentation o f microtubules obtained with varying diameters. 
Assuming the same length (80 pm) for all the microtubules, the number o f microtubules 
obtained from the same amounts o f extrudate shown which effectively influence the 
effective surface areas obtained.
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Secondly, the initial concentrations in the microtubules are effectively lower 

because of loss which directly influences the diffusion rate in the favour of the 

polyhedral niosomes.

Now considering the differences found between different sizes of the microtubules, 

Figure 3.15 demonstrates some of the differences between the smaller and larger 

microtubules which can effectively influence the passive diffusion of CF from such 

microtubules. The assumption in this figure is that the microtubules are perfect in 

shape and are all of the length 80 pm.

Primarily, the surface area of one cylindrical microtubule bearing a diameter of 0.5 

pm would be approximately 8  fold less than that of a 4 pm diameter microtubule. 

However, as the same amount (1 ml) and concentration (300 mM) of surfactants 

were used in producing such microtubules, the number of smaller microtubules 

produced would in effect be more due to the volume differences (in the order of 64 

times) in such microtubules as indicated in Table 3.3. Therefore, the effective 

surface area presented by the smaller microtubules is in fact approximately eight 

times greater (as indicated in Figure 3.15). This surface area difference should 

result in the smaller microtubules exhibiting a higher passive diffusion of their CF 

content, but this is offset by the lower CF content of the smaller vesicles.
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Figure 3.15: Schematic presentation o f twenty square cubes representing polyhedral 
niosomes and their fusion into a cylindrical cube.
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The initial concentration of CF is higher in the larger radius microtubules since the 

smaller microtubules extruded from narrower micropipettes displayed a higher 

amount of CF loss on extrusion.

From photomicrographs (Chapter 2; Figure 2.12, page 51) as discussed in Chapter 

2, there seems to be internal flow of bilayers in the microtubules therefore without 

any other evidence, the results may also be partly determined by the microtubule 

wall properties. The smaller microtubules would posses more compacted 

membranes but also perhaps as mentioned earlier, due to a higher extent of bilayer 

movement especially within the centre of the extruding microtubules; effectively 

the outer membranes may even be thicker. Therefore, the thickness of the 

membrane should also be considered as observational results indicated a large 

extent of relative movement of inner bilayers along the outer bilayers, which may 

result in a thicker overall membrane. As seen from Ficks law, the diffusion of CF 

would be indirectly proportional to this thickness (h), hence the diffusion of CF 

would be through a number of microtubule bilayers.

In summary we can conclude that the microtubules formed as a result of fusion of 

polyhedral niosomes (Chapter 1) possess smaller surface areas than the intact 

polyhedral niosomes. There is video evidence of relative bilayer movement within 

the extruding microtubules which could in effect add to the density or breadth and 

so the permeability of such microtubules. These factors may well render them less 

permeable than the original polyhedral vesicles. The task of comparison between 

parents and offspring is however a difficult if not impossible one, except insofar as 

the data can be taken at face value.
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3.5.4. Temperature induced shape transformation of polyhedral and 

mierotubule niosomes

Freshly prepared polyhedral niosomes are first formed as spherical vesicles which, 

on cooling, transform into polyhedral structures (Arunothayanun et al, 1999a). On 

heating these vesicles above their phase transition temperature (Tm), the angular 

shape is lost and a spherical morphology is observed (Florence et al, 1999), which 

on cooling results in an altered morphology. It appears that the heating and cooling 

cycle causes irreversible changes to the membrane.

Giant vesicles are useful in the study of the dynamics of lipid membranes which 

ultimately govern the resultant shape. For example, the shape changes of spherical 

vesicles, such as formation of projections, budding (Figure 3.7), or invagination, 

which resemble cell deformation or endocytosis, have been observed by light 

microscopy. Figure 3.7 shows an example of the so called budding transition where 

a small satellite is formed from a larger vesicle. Vesicle shapes are not static 

entities but show quite pronounced thermal fluctuations due to the extreme softness 

of their fluid membranes (Schneider et al, 1984; Engelhardt et al, 1985; Milner 

and Safran, 1987; Faucon et al, 1989; Duwe et al, 1990; Evans and Rawicz, 1990). 

Thus, it is necessary to understand the interplay of equilibrium thermal fluctuations 

with the mean shape determined by the membrane material parameters and vesicle 

geometry (Seifert, 1995; Heinrich et al, 1997). We therefore studied the 

morphological changes of these polyhedral structures using the hot stage 

microscope as shown in Figure 3.6 - 3.8. On increasing the temperature, these 

polyhedral vesicles undergo a reversible shape transformation into spherical 

structures which were found to develop polyhedral structures again on cooling. The
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temperature at which the shape transformation occurs was found to depend on the 

type of surfactants and their transition temperature.

The shape of an individual fluid bilayer vesicle is obtained by minimizing the 

bending energy given the geometrical parameters, spontaneous curvature and 

preferred differential area. When these parameters are tuned externally, the shape 

changes. For large effective differential area, vesicles show generally an outward 

curved morphology, such as the budded shapes consisting of two spheres (as shown 

in Figure 3.7, page 82), whereas for small values of the effective differential area, 

shapes are predominantly curved inward (Kraus et al, 1995). Figure 3.7 is a clear 

example of such a process. The unstable prolate shape fluctuates until budding 

occurs and finally, on lowering the temperature, the vesicle reverts to a polyhedral 

shape with a lower amount of CF remaining within the vesicle (photographic 

evidence).

The mechanochemical properties of membranes will be different depending on their 

polymorphic state (Evans & Kwok, 1982; Needham & Zhelev, 1996). The 

reversible shape transformation induced by temperature was similarly displayed by 

the microtubules, where like their polyhedral counterparts, they underwent a 

reversible shape transformation into a chain of spherical structures, giving rise to 

budding. On cooling they develop into polyhedral or altered morphologies (Figure 

3.10).

The increase in temperature towards the Tm of the mierotubule preparations caused 

a transformation in shape. However, there was a distinct difference in the way that
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the more typical hollow microtubules transformed in shape compared to the more 

dense microtubules. In all preparations (CjôEOs or CigEOs), when the microtubules 

contained vesicles or bilayers inside (Figure 3.8), upon increase in temperature the 

enclosed vesicles also showed shape transformation into their corresponding 

spherical shapes forcing the parent mierotubule to be transformed into one globular 

vesicle normally starting at a defect end (e.g. where the mierotubule wall was 

slightly deformed due to a relatively larger vesicle within) and this moved along the 

tubule enclosing the whole mierotubule into one spherical vesicle. On the other 

hand the hollow microtubules (Figure 3.9 and 3.10) showed softening of their 

membranes by displaying bending motions, all of which transformed into a chain of 

spherical vesicles interconnected at their ends.

3.5.5. Thermal analysis of polyhedral and mierotubule niosomes

The temperatures at which the two microtubules preparations display these 

characteristics is also in the same temperature range as their polyhedral parents. 

The DSC studies on microtubules produced from C 16EO5:Soluian C24 (91:9) show 

almost identical results to the polyhedral niosomes of the same composition. Figure 

3.11 on page 8 8  shows a DSC trace of non-ionic microtubules prepared from 

C16EO5 and Soluian C24 (91:9) exhibiting a main endothermie transformation at 

30.7°C on heating, not far removed from the value of the parent polyhedral 

niosomes (i.e. 29 °C). This in effect shows that the surfactant molecules within the 

bilayers of the microtubules maintain their chemical integrity and the bilayer 

composition is not affected despite the mechanical forces applied and consequent 

new morphologies obtained.
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3.5.6 Thermoresponsive behaviour of microtubules

Polyhedral niosomes have been found to be thermo-responsive which we can 

photographically see for example in Figure 3.6 (page 81), where the fluorescence 

fades along the sequence of the micrographs, even completely disappearing from 

two of the vesicles. The thermoresponsive behaviour of the microtubules is shown 

graphically in Figure 3.12 (page 89). It is evident that as temperature nears the Tm 

an increase in solute release occurs. These results suggest that the thermo

responsive features observed with these non-ionic microtubules are a result of the 

changes in bilayer permeability caused by temperature-mediated alterations in 

membrane-packing characteristics between polyethylene-5-cetyl

ether/polyethylene-5-stearyl ether and Soluian C24 similar to those of polyhedral 

niosomes. This explanation also extends to the difference seen in the extent of the 

thermo-responsiveness from the microtubules prepared from two different 

surfactants compositions. The CiôEOs-Solulan C24 (91:9) composition displays 

more sensitivity to temperature than the CigEOs-Solulan C24 (98:2) composition, 

where in the latter, there is an insignificant change in rate of release of solute. 

Since Soluian C24-free polyhedral niosomes do not exhibit this thermo-responsive 

behaviour (Uchegbu et al, 1997), the underlying reason could be due to a decrease 

in the interaction of the polyoxyethylene groups of the Soluian with water at these 

temperatures (due to decreased hydrogen bonding) as identified by viscometry 

(Florence et al, 1999). We can therefore tentatively attribute this difference in the 

thermal behaviour of the two non-ionic microtubules to the Soluian C24 content in 

each preparation rather than to the different polyoxyethylene compounds used. 

Hence, where there is the higher amount of Soluian C24 (9%), the preparation
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displays a more significant increase in CF release when exposed to higher 

temperature.

3.6. CONCLUSIONS

Novel structures can be fabricated from niosomes, possessing the same constituents, 

but different morphology (i.e. spherical, polyhedral, toriodal, etc). We have 

demonstrated the effect of shear stress (which may occur in vivo) which ultimately 

affects carrier integrity. The controlled process of compaction leading to the 

tubular structures can alter their physico-mechanical characteristics, resulting in 

large microtubules, perhaps in a form suitable for depot systems with potential uses 

in ophthalmic, dermal, subcutaneous or intramuscular administration, where their 

asymmetric shape could perhaps help to maintain residence at the site of 

administration (Figure 3.16) either directly or because of the viscous nature of their 

suspensions caused by their shape. The presence of low transitional temperatures 

nearing body temperature at which point these structures display a shape 

transformation as well as thermo-responsive behaviour similar to their polyhedral 

counterparts may provide these microtubules with a potential use in temperature 

induced release.

Budding, where a small satellite is expelled from a larger vesicle, is a paradigm of a 

morphological transition. During the last decade, the budding phenomenon has 

attracted much interest (Dobereiner et al, 1993; Lipowsky, 1995; Menger, & 

Gabrielson, 1995). The theoretical and experimental efforts to describe and
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characterise this transition have considerably improved our understanding of vesicle 

shapes and the theory of bending elasticity in general.

There is a fascinating interplay of the physical chemistry and the statistical physics 

of membranes. The detailed study of the bending elasticity of fluctuating 

membranes can bring order into the zoo of vesicle shapes and could enable these 

shapes to be used as morphological probes for general interactions of the membrane 

with aqueous environments. In turn, this activity could spur further understanding 

of membrane elasticity which govern the shape of vesicles. Continuing 

investigations into the various mechanisms for spontaneous curvature of 

amphiphilic interfaces will improve our ability to control the morphology of 

supramolecular surfactant aggregates. In these studies we have observed the shape 

transformation from novel structures which with an in depth investigation, they 

could shed more light on the mechanism of such phenomena.
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Figure 3.16: Schematic depicting the potential use o f microtubules as an ophthalmic 
preparation where the large size and geometry o f  microtubules may contribute to their 
prolonged residence in the conjunctival cavity. The soft and flexible tubules with their 
relatively large size could provide for comfortable apphcation and a residence time 
greater than conventional spherical systems.
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CHAPTER FOUR

PHYSICOMECHANICAL PROPERTIES OF 

VESICULAR MEMBRANES

4.1. INTRODUCTION

The lipid bilayer membrane is a truly remarkable engineering material. It surrounds 

every cell, providing a mechanical, chemical, and electrical barrier for the cell. It 

also acts as a two dimensional solvent for the protein and other lipidic components 

of the cell membrane. Shown in Figure 4.1, in order of increasing complexity of 

composition and structure, are video micrograph images of four membrane-bound 

capsules: a non-ionic surfactant vesicle, a lipid vesicle, an erythrocyte, and a 

neutrophil.

Figure 4.1: Videomicrographs o f  a “giant” polyhedral niosome, a giant lipid vesicle 
(liposome), a red blood cell and a neutrophil. All these capsules are bounded by the lipid 
bilayer membrane. Some information about the material properties, in particular bending 
stiffness and intrinsic curvature may be obtained from microscopic observation o f  
membrane undulations, but the full range o f material behaviour can be obtained by 
aspirating individual vesicles or cells by micropipette (Bar = 1 0  pm). Source for cells is 
from NHC site (http://science.nhmccd.edu).
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The membrane of the flaccid lipid vesicle when viewed in real time is seen to 

undulate due to thermal motion. These thermally driven displacements have been 

used to characterise the mechanical stiffness in bending of otherwise nonstressed, 

flaccid bilayers (Servuss et al, 1976; Schneider et al, 1984; Duwe & Engelhardt, 

1987; Milner & Saffran, 1987; Faucon et al, 1989). The red blood cell membrane 

despite containing an underlying superficial skeleton structure, shows undulations 

in much the same way as the lipid vesicle. It, too, is a “soft” material, yet is strong 

enough to survive 1 2 0  days in the blood stream, maintaining a discoid shape with 

excess area above that for a sphere of the same volume. The neutrophil jiggles in 

Brownian motion, but its composite membrane interface does not appear to move. 

Direct observation of these microscopic capsules bounded by just 5 nm thick lipid 

membranes provides a limited amount of information about their material 

properties.

In order to completely characterise the material properties of such capsular 

structures, ideally a tool is required which can be used to probe their mechanical 

properties - an ability to manipulate individual giant lipid vesicle membranes and 

cells, that can not only apply well defined stresses for each of three basic modes of 

deformation, (dilational, shear, and bending), but can also measure the strain 

resulting from the applied stress, and therefore characterise the material behaviour 

in terms of elastic moduli and viscous coefficients. The micropipette technique, 

initiated by Rand and Burton (1964) and later perfected by Evans and Hochmuth 

(1978), provides such ability. It has been used extensively since the late 1970s to 

measure and characterise the material properties of red cells, white cells and giant
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vesicles as reviewed in several publications (Evans, 1989; Needham & Zhelev, 

1996).

Bending elasticity is a long-standing concept which has been used mostly to deal 

with solid rods and plate. More recently, it has been applied to fluid membranes, 

especially the lipid bilayers of giant vesicles, to understand their equilibrium shapes 

and shape fluctuations. Continuum theory generally applied to bilayer membranes, 

considers the bilayer membranes as a connected or compact set whose properties 

are as a result of the collective surfactant molecules within and any discrete 

properties of the molecules may be ignored. For continuum theory to be applicable, 

the membranes should be reasonably smooth or, in other words, not fluctuate too 

much (Englehardt et al, 1985).

Whether a vesicle membrane behaves like a solid or a liquid depends on the 

magnitude of the normalised force (force per unit width) that deforms the 

membrane. For a relatively small force and a short time, the membrane behaves as 

a solid. That is, an applied force causes the membrane to deform elastically, to 

some degree. An increase in the magnitude of this force causes additional elastic 

deformation, whereas removal of the force results in the membrane recovering its 

initial shape. Thus, the membrane has a “memory” and it behaves as a solid. On 

the other hand, a relatively large force causes the membrane to undergo a 

continuous deformation (flow). Removal of the force results in the cessation of the 

deformation without a concomitant return of the membrane to its initial shape. The 

membrane has lost the memory of its undeformed shape so it behaves like a liquid 

(Hochmuth, 1982). This latter property was seen to be exhibited by polyhedral
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niosomes as discussed in Chapter 1 where the application of appropriate force 

induced a permanent deformation and the formation of new structures.

The characterisation of the solid and liquid behaviour of the membrane is based on 

the classical macroscopic view of the deformation and flow of materials. In this 

view, the material is treated as a continuum (i.e. as a compact and connected set of 

lipids or surfactants), and constitutive (i.e. from material where the physical 

property of the membrane depends on the structure of the molecules within the 

membrane) equations are formulated to describe the relationship between the 

normalised force and the resulting deformation and flow (Hochmuth, 1982). 

Polyhedral niosomes prepared with no or very low amounts of cholesterol as shown 

in Chapter 1, when exposed to large forces (during extrusion), tend to lose their 

visco-elasticity and behave more like plastics, deforming after extrusion into tubule 

structures. On the other hand spherical niosomes or liposomes containing 

cholesterol recover their shape once the pressure is released, hence, displaying an 

elastic memory.

When characterising the elastic properties of vesicle membranes, experiments must 

be devised in such a way that the force applied onto a membrane is measurable 

which in effect produces a measurable deformation. As the phospholipid or 

surfactant vesicles are closed surfaces that contain a liquid interior, often whole- 

vesicle deformation is measured (e.g. the membrane deforming at constant surface 

area). The ability of the vesicle to deform must not be influenced by the size or 

shape (extrinsic factors) of the vesicles so that it is the inherent or intrinsic material 

properties of the membrane only which govern the deformation state when the 

membrane is acted on by a known force. When extrinsic factors such as vesicle size
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and shape influence the deformation of the vesicle, then a vague property called 

“vesicle deformability” (Hochmuth, 1982) is measured. Such a measurement often 

depends on many different intrinsic (membrane material properties, entrapped 

solute viscosity) and extrinsic (vesicle size, shape) factors (Hochmuth, 1982).

Red blood cell membrane have been observed by many investigators to exhibit 

large deformations. Krogh (1959) noted that mammalian red cells in 4-5 pm 

capillaries can achieve a length that is more than double the normal, undeformed 

diameter of the cell, shown diagrammatically in Figure 4.2. Weed and LaCelle 

(1969) show a cell with a length of 13.9 pm in a 3 pm tube. These observations 

indicate that the distance between two diametrically opposite points on the red cell 

rim can increase significantly as cell is pulled into a small capillary (Figure 4.2). 

Thus, the membrane is stretched and deformed, but in a very specific way (i.e. at 

constant membrane surface area). When the cell is expelled from a small capillary, 

it rapidly recovers its undeformed biconcave shape (Hoeber & Hochmuth, 1959) 

and in this way demonstrates the elastic memory of the membrane (since the 

internal haemoglobin solution is a Newtonian liquid, it is not responsible for the 

shape of the cell).

Extension Ratio (X%) =

Figure 4.2: Depiction o f the aspiration o f  a biconcave red cell (or vesicle) into a small 
capillary. Two hypothetical points are shown on the red cell or vesicle rim. Note the 
longer distance between these two points when the cell is in the capillary. The relative 
increase in distance between these two points represents an overall “extension ratio,” 1% = 
(Do + D ,) / Do.
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In order to quantitate the elastic behaviour of the red cell membrane or vesicle using 

fluid shear force (Hochmuth & Mohandas, 1972) to deform the red cell within a 

narrow tube where the surface area of the cell remains constant as the cell is 

elongated in the direction of flow, it was proposed (Evans, 1973 and 1973a; Skalak 

et al, 1973) that the membrane be treated as a two-dimensional, incompressible 

material (i.e. a material that deforms at constant surface area and constant 

membrane thickness) which is capable of large elastic deformations. In particular, 

Evans proposed the following equation to describe the two-dimensional 

hyperelastic extension of an elemental strip of red cell membrane:

Tx — H  ̂)

where Tx is the normalised force (force divided by width) in the x direction and A,x 

is the extension ratio (deformed length divided by original length) in the x direction. 

The constant \i characterises the hyperelastic extension of the red cell membrane at 

constant surface area and is called “the shear modulus of surface elasticity.” 

Experiments indicate that p  remains constant over a wide range of deformations 

(1.5 < 1 > 4). Extension ratios smaller than 1.5 are difficult to measure with the 

micropipette aspiration technique. However, a study of the osmotic swelling of red 

cells has led to the suggestion that the value for p  may decrease as X approaches its 

limiting value of one (Fischer et al, 1981).

Focusing on the giant lipid vesicles, these membranes are both fragile and 

inherently difficult to resolve optically as they do not contain any refractory internal 

structure or light-absorbing macromolecules. Direct measurements of the full range
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of material and interactive properties of lipid vesicle membranes have only been 

possible by the development of sensitive micropipette manipulation techniques and 

the creation of appropriate preparative procedures that provide the investigator with 

large (20-30 micron) single or multi-walled lipid vesicles that can be seen in the 

optical microscope.

There are a number of experiments which could be utilised in measuring the 

mechanical properties of vesicular membranes as illustrated in Figure 4.3. The 

micropipette aspiration technique utilises the pressure difference of the micropipette 

interior to the outside medium giving rise to dimensions shown in Figure 4.3(A) 

which are used in calculations of area, volume and tension (Olbrich, 1997). The 

compression technique between two flat surfaces (Figure 4.3 B) was first used in 

the 1930’s (Cole, 1932) on sea urchin eggs and since then it has been extensively 

used.

i

Figure 4.3: Schematic illustrations o f three examples o f mechanical experiments in 
which a normalised force applied to vesicular membranes can be used in determining 
some o f  the mechanical properties o f the membrane; (A) micropipette aspiration, (B) 
compression between two flat surfaces, and (C) deflection o f the surface by a rigid 
spherical particle (Modified from Evans & Skalak, 1980).
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The technique of using a magnetic particle (Figure 4.3 C) to deflect the surface of 

vesicles was developed by Hiramoto (1969). This experiment involves impinging a 

solid magnetic particle against the membrane, where the force is produced by a 

magnetic field and, in a similar fashion to the other two methods, the extent of 

deformation is measured.

In this chapter, parallel glass capillaries with defined diameters were used as shown 

in Figure 4.2 and the elongation ratio of a vesicle as a result of defined force, with 

the application of the Evans equation to calculate the shear modulus of surface 

elasticity for a range of niosome compositions at different temperatures.

Earlier studies on liposomes prepared from PC/Cholesterol showed that cholesterol 

plays an important role in determining membrane mechanical properties (Needham 

& Nunn, 1990; Chen & Rand, 1997). Temperatures nearing the bilayer Tm have 

also shown significant affects on the mechanical properties of vesicles as well as 

cell membranes (Hianik & Haburcak, 1993). We have utilised these parameters in 

comparing the value for p  of niosomes and observing their effect on the mechanical 

properties of the niosomal membranes.
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M A T E R IA L S A N D  M E T H O D S

4.2. MATERIALS

The materials used in the various experiments in this chapter are as given in Table

2.1. All reagents and chemicals were of analytical grade, unless otherwise stated. 

All materials were used as obtained from suppliers without further purification and 

the water source was from an ultra high quality reverse osmosis water purifier 

(Elgastat UHQPS -  Elga, UK). Borosilicate glass capillaries, with an inner 

diameter (I.D.) of 1.17 mm and outer diameter (O.D.) of 1.5 mm, were obtained 

from Harvard Apparatus, UK.

4.3. METHODS

4.3.1. Preparation of spherical niosome and liposome filled micropipettes

Niosomes (60 mM Cholesterol/surfactant) and liposomes (32 mM 

DMPC/Cholesterol) were prepared by the hand-shaking method in water, as 

described in section 2.3.1. The surfactant solution in chloroform was probe 

sonicated using a Soniprep 150 (Sanyo MSE UK; setting 5) for a total period of 5 

min (at 30 s intervals; allowing the solution to cool by submerging the beaker in 

ice) to ensure complete mixing of surfactant and cholesterol or lipid and cholesterol. 

The solutions were then re-hydrated above their respective constituent transition 

temperatures (30 °C for liposomes and 60 °C for niosomes). The resultant 

dispersions were centrifuged to obtain the largest fraction of vesicles. Aliquots 

were diluted with water in order to obtain the minimum number of giant vesicles in 

a 0.1 ml volume of water to avoid blockage of the micropipette.
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4.3.2. Preparation of Parallel Micropipettes

Borosilicate glass capillaries (inner diameter of 1.17 mm; outer diameter of 1.5 mm) 

were obtained from Harvard Apparatus, UK. The glass capillaries were pulled into 

parallel shape of approximately 5 pm diameter (Figure 4.4) in a two step operation 

using a Kope pipette puller (model 730). The first step involved the heating of the 

micropipette while pulling the pipette which produced slight parallel tubes of about 

10 pm to 15 pm diameter. The second step involved the repeat of the above 

procedure with the micropipette re-centred and drag force (i.e. solenoid) set higher.

Step 1 produces 
converging

*  I  micropipçttes

!
step 2 pulls tbemicropipette 
into a parallel slâpe as seen

Figure 4.4: Superimposed photomicrographs showing the primary micropipettes obtained 
after the primary pull and the parallel micropipette obtained after the second pull.
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4.3.3. Deformation of vesicles within parallel micropipettes

A micropipette filled with 0.1 ml of diluted vesicle dispersion was connected to the 

piezo-electric pump via non-expandable tubing (back filled with water) and the 

pressure was measured to give a low speed of flow within the parallel micropipette. 

The content of the micropipette was constantly observed before the narrow position 

of the parallel pipettes. Once a vesicle was in view, the pressure was turned off. 

The uncompressed vesicle image was captured using a camera with video attached. 

The pressure was gradually raised and the vesicle was forced into the narrow part of 

micropipette where the deformed vesicle was videoed and the pressure applied 

registered.

This procedure was carried out on a range of vesicles with various membrane 

contents and compositions as well as at various temperatures. The temperature 

range used was from 10 °C to 42 °C. Cooling to a lower temperature was not 

possible due to apparatus limitations and temperatures above 42 °C were 

abandoned.

The measurements carried out for each series of experiments were repeated five to 

six times and average values and standard deviations calculated.
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4.4. CALCULATION PARAMETERS 

Pressure conversion to S I. units

The piezo-pump measures the force outlet in pounds per square inch (psi) units. 

This is converted to SI units (Nm’̂ ) as outlined below. The SI unit of pressure (the 

Pascal, Pa) is one Newton per square metre (Nm'^)*.

Some of the measurements required for calculating the modulus of elasticity of the 

vesicle membrane using the Evans formulae [T% = p  ( - Xx  ̂)] are obtained from

the photomicrographs captured in the experiment as shown in Figure 4.5. T% is the 

normalised force which is the applied pressure in N m'  ̂divided by the width of the 

extended vesicle at the point where the pressure is being exerted as shown in Figure 

4.5 by the letter w. The extension ratio Xx, is the extended diameter D2 divided by 

the original diameter Di.

mM

Figure 4.5: Photomicrographs showing a) an undeformed vesicle where the diameter is 
measured (D,) from the outside eontour as shown by the broken lines at zero pressure and b) 
the deformed vesicle with the extended diameter o f  D2 and the normalised force on the 
width o f  the deformed vesiele (w). Graticule superimposed on (b) shows distance marks set 
at 5 pm whieh are used initially to obtain the distance relationship on the picture.

* The relationships between the Pascal and other pressure units are;

1 Pa = 1 N m'  ̂= 10̂  dynes m'  ̂= 10 dynes cm'^
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4.5. RESULTS

The simple application of positive pressure to a giant vesicle flowing inside a 

micropipette narrower than its own diameter induces a well defined deformation in 

the vesicle membrane and shape. Figure 4.6 shows a typical liposome (A) and 

niosome (B) at room temperature. The extension ratios measured from the change 

in length of the vesicle at recorded pressures have been substituted in the Evans 

two-dimensional hyperelastic extension formula in calculating the shear modulus of 

surface elasticity (p) of the vesicle membranes and for all the systems studied 

containing variable cholesterol content or measurements made at different 

temperatures, the results are shown in Table 4.1 and 4.2.

*

##3I s *n A.

0

Figure 4.6: Photomicrographs showing (A) a typical liposome (DMPC:Cholesterol, 60:40) 
at relaxed state and under compression, (B) niosome (Span 60:cholesterol: Solulan C24 
47.5%:47.5%:5%) at relaxed and compressed state.
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Table 4.1, shows the values of the shear modulus of surface elasticity (^) for 

liposomes of varying cholesterol composition at room temperature and presented 

graphically in Figure 4.7. Results show values for p of around 20 x IC^ N m'^ in 

the cholesterol molar range 40 -  75 % but falls below 10"̂  N m"̂  at 20 % 

cholesterol.

This first series of experiments on liposomes were carried out in order to find the 

accuracy and sensitivity o f our apparatus and to provide values for comparison with 

literature values. The effect of cholesterol content is clearly seen. The value of ]i is 

in the order of 17 x 10^ N m'^ for a 50:50 molar percentage concentrations of 

DMPC and cholesterol composition at room temperature.

The value for p obtained in our hands was higher than values quoted by Hianik & 

Haburcak (1993). This difference in results may be due to the difference in the 

methods used as their group used the micropipette aspiration technique and for this 

study we have used the forced deformation of vesicles by positive pressure in a 

micropipette. However, the sensitivity of our method indicated by the response to 

variable concentrations of cholesterol as seen in Figure 4.7, where the p values 

obtained show an upward trend as the cholesterol levels increase.

Table 4.1: Shear modulus of surface elasticity (p) for liposomes (DMPC:Cholesterol) of 
varying cholesterol content at 25 °C.

Cholesterol(Mole%) 20 40 50 60 67.5 75

(S.D.) 7.2
(±0.08)

15.2
(±0.02)

18.0
j(±0.02)

20.0
(±0.06)

20.6
(±0.06)

19.0
(±0.09)

n =  10-12

1 1 8



"o

E

08

w
O)

I
s

(/i

s
3■oo

u
sÆ

%

25

20

15

10

20 40 50 67,5 75
Cholesterol Mole % Content

Figure 4.7: Shear modulus o f  surface elasticity ]i (Nm'^) for liposomes
(DMPC : Cholesterol) as a function o f  cholesterol content (mol%) at 25 °C. n = 10-12.
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Table 4.2 shows the values of for niosomes prepared with variable cholesterol 

composition, exposed to temperatures ranging from 10 °C to 42 The values in 

Table 4.2 are represented graphically in Figures 4.8, 4.9 and 4.10. The niosomes 

were prepared with molar cholesterol percentages ranging from 10 % to 70 %. 

Each series was studied at three temperatures (except for the 47.5% molar 

cholesterol system which was studied at five temperatures).

Figure 4.8 represents the shear modulus of surface elasticity for niosomes of 47.5% 

cholesterol membrane composition as a function of temperature. The values of \i 

for the niosome membranes show sensitivity to temperature where it is reduces with 

rise in temperature.

Table 4.2; Shear modulus of surface elasticity (p) for niosomes (Span 
60:Cholesterol : Solulan C24) with increasing cholesterol levels and variable 
temperatures.

Cholesterol nClO'^Nm^)
(S.D.)

Mole % 10 c 20 °C 25 °C 35 C 42 °C

10 3 .2
(±0.15)

1 .9
(±0.07)

1.8
(±0.34)

20 3 .3
(±0.09)

2 .3
(±0.05)

1.9
(±0.03)

40 3 .7
(±0.03)

3 .2
(±0.05)

3 .2
: (0.05)

45 4 .6
(±0.06)

3 .9
1 (±0.04)

3 .8
(±0.02)

47.5 8 .7
|(±0.27)

6.4
|(±0.45)

6 .4
(±0.37)

16.3
j(±0.24)

6.1
(±0.59)

60 4 .3
(±0.42)

3 .2
(±0.04)

3 .0
(±0.61)

70 4 .1
(±0.24)

2 .7
|(±0.51)

2 .5
(±0.63)

n =  10-12.

1 2 0



Figure 4.9 represents the results for shear modulus of surface elasticity for niosomes 

containing variable cholesterol content as a fimction of temperature and Figure 4.10 

represents niosomes and liposomes shear modulus of surface elasticity as a function 

of cholesterol content.

From these results it is clear that niosomes also display sensitivity to composition as 

well as temperature.
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Figure 4.8: Shear modulus of sur&ce elasticity p  (N m^) of niosomes (Span 60 
cholesterol : Solulan C24) as a function of temperature (°C). I  (cholesterol mol% = 47.5).
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4.6. DISCUSSION

4.6.1. The modulus of surface elasticity (̂ i)

The coefficient, ]jl, is a shear modulus (also known as coefficient of elasticity or 

elasticity modulus), intrinsic to the membrane structure. The shear modulus 

represents the energy storage and static resistance to extensional deformations of 

the membrane surface. This is a property peculiar to solid or semi-solid materials; 

liquids have zero shear (elastic) moduli.

The measured value for the red cell membrane shear modulus is in the order of 10 

Nm'^ (Evans and Hochmuth, 1978). Measurements (Waugh and Evans, 1978) have 

shown that red cell membrane shear modulus decreases as temperature increases. 

Reported (Hianik & Haburcak, 1993) values for liposomes prepared from DMPC 

and Cholesterol (50:50) lie around 12 x 10'  ̂Nm'^ at room temperature, using the 

aspiration technique. The higher values of p of red blood cells have been attributed 

(Needham & Nunn, 1990) to the relatively incompressible transmembrane proteins 

which confer enhanced compressibility on the composite structures of the red blood 

cell membranes.

4.6.2. Effect of temperature on the modulus of surface elasticity of niosomal 

membranes

Figure 4.8 shows the value of p for niosomes (Span 60 : Cholesterol : Solulan C24 

in the molar percentage concentrations of 47.5:47.5:5) as a function of temperature 

ranging from 10 °C to 42 °C where the value of p is at its highest for the vesicles at 

10 °C and begins to plateau after 20 °C. A similar trend is also displayed for
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niosomes of variable cholesterol content as shown in Figure 4.9. The highest values 

of p. are observed in the low temperature region. At 10 °C, the bilayers could be 

nearing the temperature at which its surfactant molecules transform into the solid 

phase from their gel phase, hence showing more reluctance to deform and as 

previously mentioned, the modulus of elasticity is the static resistance to 

extensional deformation, and hence it is expected to rise with temperature 

decreasing. The values for p are relatively close in the temperature ranges from 25 

°C to 42 °C. It would be expected for vesicles to show more “softening” at higher 

temperatures, hence displaying a lower value of p, an effect not significantly 

displayed. This may be explained by considering the Tm values of the niosomes 

used which lies around 60 °C (for this composition) which is not reached in any of 

the experiments. At the Tm temperature of this composition the surfactant 

molecules would transform from their gel state to their liquid state which would 

then affect their values of p. This may explain the relative constant value of shear 

modulus of surface elasticity for the vesicle membrane over this temperature range. 

It has been noted (Hianik & Haburcak, 1993) that liposomes containing DMPC can 

have twice the modulus of elasticity when in their gel state than when in their liquid 

state.

4.6.3. Effect of cholesterol content on the modulus of surface elasticity of 

niosomes

Figure 4.10 shows the shear modulus of surface elasticity of niosomes of Span 

60 : Cholesterol : Solulan C24, plotted against cholesterol membrane concentration. 

The observed affect of cholesterol on the shear modulus of surface elasticity of the 

system shows the value of p increasing with cholesterol content, to a plateau at
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around 50 mol%. From results it can be concluded that the cholesterol content does 

affect the membrane elasticity, making the membrane more rigid. This effect 

continues up to cholesterol molar percentage of 50% after which the effect is 

surprisingly reversed. Other investigations (Finean, 1990; Needham et al, 1998) 

using the X-ray diffraction studies have pointed out the non-uniform lateral 

distribution of cholesterol in phospholipids bilayers existing in the gel state, while 

in the liquid state crystalline state the membranes behave like a homogenous phase. 

This finding may extend to niosomal membranes containing cholesterol, and may 

explain our data.

At all temperatures there is a peak in the value of p at a 47.5 mol%. In liposomes a 

cholesterol concentration of 50 mol% corresponding to a cholesterol to lipid molar 

ratio of 1:1 , has been suggested to represent a special situation in the membrane 

where at this ratio the liposomal membranes exhibit the most effective stabilisation 

of phospholipid-cholesterol complexes (Hianik & Haburcak, 1993). Finean (1990) 

has suggested that an interaction occurs between the glycerol oxygen at position 2 

on the phospholipid head group and the P-OH group of cholesterol. The graph in 

Figure 4.10 may also be suggesting the same scenario occurring in the niosomal 

membrane of this preparation.

Figure 4.11 is a schematic showing the possible interaction between cholesterol and 

Span 60 within the bilayers of the niosome membrane. As shown the P-OH group 

of the cholesterol could form a hydrogen bonding with the oxygen at the ester group 

of the Span 60. However, it is also possible to form hydrogen bonding at the other 

oxygen functionalities of Span 60. There is only one possible hydrogen bonding
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from the cholesterol moiety. Therefore the 47.5% molar concentration could be a 

critical point where the two compounds can have extensive interaction at any of the 

mentioned sites.

Cholesterol
0 —H

HQ QH

OHSpan 60

Figure 4.11: Schematic showing the possible hydrogen bonding interaction between the 
P-OH group o f the cholesterol and the oxygen primarily at the ketone group and also 
weaker interaction at the ester group.

It is important to note that our method is only one way of measuring the modulus of 

elasticity of niosomes and since mechanical properties of membranes are 

characterised by considerable anisotropy (Passechnik & Hianik, 1991), it is 

therefore important to measure the membrane deformation in different directions. 

Needham and Nunn (1990) for example, have demonstrated the monotonie growth 

of volume modulus compressibility of large liposomes made from 

stearolyloleoylphosphatidylcholine (SOPC) with increasing cholesterol 

concentration in lipid bilayers in the gel state.
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4.7. CONCLUSION

Niosomal membranes prepared from Span 60, cholesterol and Solulan C24, exhibit 

certain mechanical characteristics which differ from those of their liposomal 

counterparts with regards to their cholesterol content and the effect of temperature. 

Although it is important to note that the values of shear modulus of surface 

elasticity obtained in these experiments are apparent values and the experimental 

methods can have an influence on the results.

The information gained from the direct measurements made on a single large 

vesicle not only characterises the membrane and its intermembrane interactions 

from a fundamental materials science perspective, but also provides essential 

materials property data required for the successful design and deployment of lipid 

vesicle capsules in applications such as drug delivery (Needham et al, 1999).

The hyperelasticity exhibited by flaccid red blood cells as well as phospholipid 

vesicles (liposomes) or non-ionic vesicles (niosomes), would ease their flow 

through small capillaries in the microcirculation and through other small apertures, 

for instance, in the spleen and bone marrow.
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CHAPTER FIVE

MICROMANIPULATION OF VESICULAR 

MEMBRANES

5.1. INTRODUCTION

The material properties of bilayer membranes and the morphology of closed 

bilayers or vesicles have captured the imagination of scientists ever since it was 

discovered that the boundaries of living cells are composed of lipid bilayer 

membranes. Early studies on red blood cells (Rand, 1964; Canbam, 1970; Evans et 

al, 1976), which have a two-dimensional protein network anchored to the 

membrane, have been superseded by studies of cell-sized artificial vesicles of 

controlled lipid compositions and no protein skeleton (Lipowsky, 1991). In such 

pure systems it has been possible to quantitatively reproduce biological phenomena 

such as budding and fission using distinctly non-biological changes in temperature, 

pH, and membrane composition (Bemdl et al, 1990; Farge & Devaux, 1992; 

Dobereiner et al, 1993). Technological advances in direct manipulation of single 

vesicles using micropipettes (Evans & Rawics, 1990; Song & Waugh, 1990) and 

optical tweezers (Bar-Ziv et al, 1995) has focused attention on surprising material 

and dynamic properties and away from the complications of biological relevance, 

such as membrane embedded proteins.
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The cell membrane is composed of a phospholipid bilayer in which proteins are 

embedded. At a given volume, the cell shape of a mature mammalian red blood 

cell, which does not contain internal structures, is determined solely by the 

properties of its membrane (Canham, 1970). This provides a convenient system for 

the study of cell shape transformations for observation of the changes in membrane 

features and interactions between the membrane and the surrounding solution. 

These features can be studied on an even simpler system -  phospholipid or 

surfactant vesicles. Both systems can therefore be subject to the similar general 

principles, although it should be taken into account that in red blood cells, the 

phospholipid bilayer contains embedded cytoskeletal structures such as proteins or 

lipopolysacharides (Steck, 1989).

It has been observed that giant phospholipid vesicles once formed are often 

connected to each other by narrow tubular structures of different lengths, called 

“tethers” (Mathivet et a l, 1996; Dobereiner et al, 1997). It was indicated by 

Mathivet et al (1996) that as tethers are difficult to visualize and are also very 

fragile that they may have been overlooked in biological systems, although they 

could have an important role in the fimction of the Golgi system and other transport 

systems involving vesicles. Tethers have been reported to occur also between red 

blood cells (Lelkes & Fodor, 1991), but visual evidence for their occurrence seems 

to be lacking.

Giant unilamellar vesicles (GUVs) are spherical shells, 5-200 pm in diameter, 

composed of a single lipid bilayer. In contrast to their smaller counterparts (i.e. the 

30-50 nm small unilamellar vesicle), the GUV can be seen under the light
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microscope, and therein lies it’s most important attribute (Gregoriadis, 1993). Since 

GUVs are visible, various morphological changes (such as budding, healing, 

endocytosis, and other ‘cytomimetic’ processes) can be viewed and monitored 

directly. In addition a systematic control on the membrane composition of GUVs 

offers an advantage over living cells. One can, for instance, ask how the rate of 

healing of a damaged membrane depends upon the cholesterol content of the 

bilayer, a question that is, for all practical purposes, unanswerable when dealing 

with living systems (Menger & Gabrielson, 1995).

The multilamellarity of vesicular systems has been overlooked as most studies have 

been focussed on unilamellar vesicles and their behaviour under stress. In this 

chapter we explore the possibilities of micromanipulation of multilamellar spherical 

niosomes or liposomes and polyhedral niosomes using various techniques and 

compare the behaviour of the two types of vesicles with regards to desquamation 

(i.e. the stripping of outer bilayers) and tether formation. We report on various 

experiments in which a force is directly or indirectly applied to an individual vesicle 

and the vesicle behaviour in terms of shape transformation is observed. We also 

observe the solute content of the vesicle once the membranes are compromised by 

manipulation. Aspiration of the vesicle surface allows the formation of tethers, or 

tubules which may be unilamellar but are usually multilamellar. We describe the 

behaviour of multilamellar vesicles suspended between tethers drawn from the two 

poles of the vesicles to construct conditions to achieve a “vesicular shuttle” in 

which vesicles can be persuaded to move rapidly along or, more accurately, inside 

the tethers. Bifurcated tethers and more complex tether junctions were also formed
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and the robustness and behaviour of individual tethers investigated by observations 

of their rupture.

MATERIALS AND METHODS

5.2. MATERIALS

Reagents and chemicals including 5(6)-carboxyfluorescein (CF), Rhodamine B, 

Span 60 (sorbitan monostearate) and cholesterol were obtained from Sigma, UK. 

DMPC was obtained from Lipoid GmbH, Germany and Solulan C24 (poly-24- 

oxyethylene cholesteryl ether) was donated by Ellis and Everald (UK). All materials 

were used as obtained from suppliers without further purification. Water was from 

an ultra high quality reverse osmosis water purifier (Elgast UHQPS- Elga, UK).

5.3. METHODS

5.3.1. Preparation of Niosomes (Spherical and Polyhedral) and Liposomes

Multilamellar liposomes (PC: Cholesterol, 50%) and niosomes (Span 

60: Cholesterol : Solulan C24, 47.5:47.5:5) were made by the hand shaking method 

(New, 1990) using Rhodamine B or carboxyfluoreseein as the entrapped solute. 

The vesicles obtained were in the size range 0.5 to 20 pm. Vesicles larger than 5 to 

10 pm diameter were selected for the micromanipulation experiments. Polyhedral 

niosomes were prepared as described in Chapter 2.
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5.3.2. Micromanipulation of vesicular systems

Borosilicate glass capillaries (Harvard Instruments, UK) were pulled into 

micropipettes with approximately 1 pm exit diameters using a pipette puller 

(Narishige model PC-10). The micropipettes were back filled with distilled water 

and attached to air tight tubing connected to the ends of the syringes used for 

aspiration. The micropipettes were mounted onto micromanipulators (Narishige 

Model Mo-203) used for manoeuvring vesicles inside a Petri dish. The vesicles 

were kept stationary by gentle and constant suction with a micropipette while 

another micropipette was attached to the outer bilayers by suction. On retraction 

from the vesicle maintaining suction, a tether would form. Suction via

micropipettes would be maintained constant once a permanent connection with the 

vesicle had been achieved, providing a constant negative pressure and avoiding any 

further inward aspiration of the vesicle bilayers.

5.3.3. Microscopy and imaging

Events were followed using a video camera attached to a light microscope (Nikon 

Microphot-FXA) utilizing a distance lens with Nikon UV light (model HB- 

lOlOlAF). Events were captured as MPEG video clips on a PC using capturing 

software (Hauppage model No. 404), which was also used for capturing individual 

frames.
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5.4. RESULTS

The malleability of vesicular membranes has allowed their manipulation into 

different shapes and morphologies. The viscoelastic nature of such bilayers 

provides a membrane for the vesicle which can be deformed permanently and 

reversibly. Such manipulation may provide us with new insights into the nature of 

these bilayers. The properties displayed by these bilayers raise questions as to their 

behaviour in the processes involved in their production, but also, just as 

importantly, their behaviour in vivo where they may be subjected to a number of 

stresses.

5.4.1. Stripping of outer bilayers (Desquamation)

The vesicles under study were multilamellar liposomes or niosomes entrapping de

ionised water or dye solutions. Occasionally, one encounters an oligolamellar 

vesicle in which the concentric bilayers are sufficiently well-spaced that they are 

visible individually as seen in Figure 5.1. The entrapped solute is always mostly 

situated in the central core of the vesicle which provides the highest volume for 

entrapment. Entrapment can also be in between the bilayers, however, under light 

microscope this would be rather difficult to visualise as this space is only a few 

nanometres wide.

The so called desquamation of vesicles is an important study, partly to observe their 

behaviour under stress such as might be found not only in production by extrusion 

but also in vivo.
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(A)

B
#

Figure 5.1: Photomicrographs showing the multilamellar structures o f  liposomes 
containing (A) CF and (B) Rhodamine B.

In order to investigate the physicomechanical properties of vesicle bilayers, various 

approaches to membrane manipulation of vesicles were investigated by which it 

was determined the possible types and magnitude of force, or form of manipulation, 

which would only induce membrane damage and ultimately membrane puncture. It 

was found that a number of possibilities existed in manipulating a vesicle 

membrane some of which are discussed below.

Various manipulation approaches were used to “peel” the outer bilayers of the 

vesicles. The aim was to find ways in which these vesicles could be manipulated 

into slightly different forms but also to investigate their robustness in maintaining 

the vesicle overall structure and protecting the vesicular content on assault.

For example, it is possible to spin the vesicle, setting it into a rotational spin while 

suspended at the same point in solution. This is achieved by holding the vesicle in
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the same position in an aqueous medium by application of light suction pressure 

from a holding pipette where the vesicle although kept at a point, it would still be 

able to rotate once a positive or negative pressure is applied from another 

neighbouring pipette as shown in Figure 5.2.

holding
micropipettes

1/

positive
pressum̂
applied
sets
vesicle
into
motion

suction 
keeps 
vesicle in 
place

Figure 5.2: Photomicrographs show the spinning o f a niosome containing Rhodamine B 
which is set in motion by relatively fine suction from the holding pipette (to keep the 
vesicle at one point) and simultaneous application o f  positive pressure from the other 
pipettes.
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Simple prodding of a multilamellar vesicle being held by a holding micropipette 

under slight suction can lead to physical damage to the outermost bilayer, where 

sometimes a smaller vesicle is produced or simply the vesicle becomes smaller as 

the layers are peeled off (Figure 5.3) when the rotating vesicle is “chiselled”.

vesicle
exposed

\
^  las the rotating 

 ̂ y  vesicles spins
against the
leaning pipette, 
the outer
bilayers are
chiselled off

« %

Figure 5.3: A) Simple prodding o f  the outer bilayers leads to their damage and an 
eventual peeling where the vesiele sheds some outer hi layers and subsequently is 
reduced in diameter; B) Outer bilayers are peeled off, revealing the dense inner core o f a 
multilamellar/multi-vesicle niosome.
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One can master the finer points of such a technique and extract fewer bilayers as 

demonstrated in Figure 5.4 in which the bilayers are pulled slowly from a vesicle, 

exposing the inner bilayers. Such micromanipulation demonstrates the

multilamelarity of the vesicles, normally impossible to view distinctly under the 

light microscope.

gradual 
unthreading of 

the bilayers

holding
micropipettes

I

on continuous pulling of 
the bilayers the vesicle 
membrane is gradually 
depleted hence becoming 
more pale in colour as 
seen.

outer bilayers 
sucked inside 
the
mkropipette

Figure 5.4: Photomicrographs show the controlled peeling o f the outer bilayers o f a 
spherical niosome where the pipette on the right continuously pulls away the layers 
creating a thinner vesicle membrane. As the outer layers are peeled away the dark and 
dense vesicle membrane becomes more opaque.
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Finally, the holding pipette itself may be used for peeling the vesicle by the 

application of suction pressure from this pipette while the upper pipette pushes the 

rotating vesicle onto the tip of the lower pipette and the bilayers are drawn inwards 

into the pipette (as shown in Figure 5.5).

Rhodamiiic B

vesicle With 
relatively 
thinner 
bilayers

outer bilayers 
sucked in

Figure 5.5: Showing the desquamation o f a multilamellar Rhodamine B containing 
liposome. The vesicle is pushed gently by the upper pipette into the holding pipette 
(lower micropipette) as shown in b, where the negative pressure within the holding 
pipette sets the vesicle in rotation. This subsequently leads to the outer bilayers being 
pulled into the pipette.
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With the bilayers of the vesicles removed the inner content is then exposed. In 

Figure 5.6 where the vesicle appears to contain a smaller vesicle inside, the dye 

content is released catastrophically and ultimately drawn into both pipettes. The 

inner vesicles are then pulled apart resulting in the formation of an unravelled 

vesicle membrane extending between the two micropipettes.

vesicle

Figure 5.6: A niosome with entrapped vesicles. The outer membrane is sucked into the 
upper pipette exposing the inner content (entrapped vesicles) which surges out as seen in 
b. As the entrapped vesicles are attached to the parent vesicle outer membrane, a tether is 
produced when the two are pulled apart as seen in d.

Similarly Figure 5.7, shows Rhodamine B entrapped in the bilayers of a liposome, 

which on extreme assault on the bilayers, the outer membrane ruptures thus 

releasing the dye. However, with a more careful technique (Figure 5.8) it is 

possible to apply slight suction to the outer bilayer. Once some of this layer is 

pulled into the pipette, the outer vesicle can be pulled apart very slowly. 

Effectively, the entire outer bilayer can be scooped off and separated from the inner 

bilayers or the inner vesicles. In this case, the inner vesicle contains Rhodamine B 

which makes viewing clear. The structures retain their integrity after desquamation.
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It is possible to see two separate vesicle entities created. The ability of the liposome 

to allow the withdrawal of its inner vesicle while retaining its own structural 

integrity shows the extent of healing that vesicles can undergo, somewhat similar to 

cells in vivo.

Rodamine
B
entrapped^ 
within t #  
iai^er g empty

vesicle
within

outer f’ 
bilayers o f |
the paren^^ 
vesicle

mner
vesicle
freed

Rhodamine 
B poured

Figure 5.7: A liposome containing Rhodamine B which is released once the outer 
bilayers are ruptured.

Rhodamine i  
entrapped in 
the central 
core of 
Vetide

Figure 5.8: Photomicrographs showing the careful separation o f a vesiele from its inner 
vesiele (containing Rhodamine B) leaving the entrapped dye intact. Despite the 
withdrawal o f a relatively large vesicle from inside o f  the parent vesicle, the latter is able 
to reform into an intact vesicle.
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Figure 5.9 shows a liposome containing Rhodamine B which has been stored for 

two weeks. The vesicle displays a more plastic property on manipulation, whereby 

the outer lamellae can no longer be stretched, and the vesicle literally falls apart. 

Interestingly this plasticizing phenomenon did not occur with niosomes containing 

CF dye, hence this might be an indication of a reaction between Rhodamine B and 

phospholipid.

Rhodaminei

mm

\  I
I f

\ / a semi 
mould of 
the vesicle 
membrane 
detached

outer j
bilayers
not
displaying ^  
the typical 
elastic 
behaviour i\t

Figure 5.9: Photomicrographs showing a liposome containing Rhodamine B aged for two 
weeks before manipulation. The dye seems to interact with the bilayers, resulting in their 
more plastic behaviour, where upon desquamation the bilayers do not display any elastic 
behaviour and can even be detached as seen in this sequence.

The desquamation process of a polyhedral niosomes is somewhat different (Figure 

5.10) compared to the process we have been discussing in spherical vesicles. As 

discussed in Chapter 2, polyhedral niosomes were able to be deformed permanently 

into microtubules where their spherical counterparts (liposomes and niosomes) 

either regained their shape or burst open. When micromanipulating the outer 

membranes of polyhedral niosomes, they display a plastic nature which stops any 

tether formation such as seen in the spherical vesicles. The outer bilayers do not
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extend into nanotubes. Instead the outer bilayers tend to be unpicked by segments 

rather than tethering or peeling.

For vesicle and cell membranes to display the tethering phenomenon on 

micromanipulation there needs to be a certain degree of fluidity and ability of 

molecules within bilayers to move laterally along the membrane (Sugihara-Seki & 

Skalak, 1997; Calladine & Greenwood, 2002). Spherical vesicles exist in a liquid 

phase where the surfactant or lipidic molecules are able to display a degree of 

fluidity as well as being able to have movement along their bilayers. There is even 

evidence of bilayer molecules moving between neighbouring bilayers (Calladine & 

Greenwood, 2002). On the other hand polyhedral niosomes exist in a gel phase 

where the membranes have very limited movement resulting in less fluidic 

membranes and this is manifested in their behaviour on manipulation.

From these experiments, we have shown some of the possibilities of the techniques 

which could be employed in studying their behaviour under the influence of 

entrapped dyes. While it was impossible to “tether” or “peel” polyhedral niosomes, 

the spherical vesicles could be so manipulated with ease. Furthermore, the bilayers 

of liposomes seemed to display a less rigid and a more fluidic nature than niosomal 

bilayers as they tended to allow their outer bilayers to be readily removed. This 

may be explained by the different vectors of lipid packing in liposomes, but we 

have no evidence of this. For niosomes, the non-ionic surfactants present in the 

bilayers are smaller in dimensions than the phospholipids and in addition the 

presence of Solulan C24 is to avoid aggregation, however, it may also contribute to
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a tighter packing of the membrane. These factors may be the reasons for liposomes 

bilayers stripping off more effortlessly than niosomes.

on manipulation the 
bilayers behave like a 
m alleable plastic

Figure 5.10: Photomicrographs showing the “unpicking” o f a polyhedral niosome. 
The bilayers tend not to form tethers and peeling their outer bilayers results in 
separation o f  smaller vesicles from the larger ones.
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5.4.2. Tether formation

To a large extent the fascinating behaviour of biological membranes is due to their 

fluidity and the ability of the molecules within them to move laterally along the 

membranes. This property becomes apparent when studying lipid bilayers that 

contain only one or a few molecular components. It has been shown that due to the 

complexity of the vesicle bilayers, it is possible to form tethers from vesicles by 

fusing two vesicles and then separating them (Karlsson et a i, 2001). We have 

based our methods on the propensity in vesicular constructs to undergo complex 

shape transitions as a result of direct mechanical manipulation. De-ionised water or 

dyes were entrapped in spherical liposomes or niosomes. As schematically 

presented in Figure 5.11, the outer vesicle bilayers can be selectively separated by 

aspiration and one or more tethers produced from the outermost bilayers.

outer lamella of vesicle
inner lamella of vesicle

^  constant 
negative 

"  pressure

movement of micropipette

Tethers

Figure 5.11: Schematic depiction o f  the manner in which the multi-lamellar vesicle is 
disturbed during tether formation. The outer bilayers are involved in the formation o f  
tether leaving the inner bilayers or vesicle intact. The retraction o f  the aspirated 
microninettes as indicated results in the formation o f nanotubes called tethers.

The micropipettes are attached to the vesicle outer bilayers and can be retracted to 

produce tethers (see Figure 5.12) which sometimes appear to have diameters as 

large as 250 nm. The actual dimensions may be an order of magnitude smaller. A 

single bilayer has a thickness of around 3 nm and typically the radius of a
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unilamellar tether is one order of magnitude larger than radius of the tether 

(Calladine & Greenwood, 2002) thus the tethers which are visible are multi

lamellar. The diameter of the multi-lamellar nanotubes in this work can be 

estimated to be around 100 nm, although they are visible microscopically. Control 

of the number of bilayers pulled into the micropipette initiating tether formation 

determines the subsequent lamellarity and diameter of the tether produced (Figure

5.12).

a narrower 
micropipette 
pulls part of the j- . 
outer bilayer " 
which on

; retraction 
i  creates a tether.«

6

suction from | 
the holding : 
micropipette > 
holds the 
vesicle steady . 
at one point

Figure 5.12: Video microscopy shows the initiation stages o f  tether formation o f a 
liposome containing Rhodamine B. The inclusion o f Rhodamine B inside the vesicle 
helps to distinguish the inner vesicle from the outer disturbed outer bilayers.

While the fluidity of such bilayers allows the formation of tethers, the elastic 

properties of vesicle bilayers is evident in their tether behaviour once released. 

Figure 5.13 shows the elasticity of such structures where, after tethering, the vesicle 

is released and the tether retracts, pulling the vesicle back at a high speed along the 

straight path of the tether.

The vesicle in Figure 5.13 is retracted by a distance of 21 pm in 1 sec. This shows 

the viscoelastic nature of such vesicular bilayers which under specific tension give
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rise to such tether systems and upon the release of tension the system regains its 

original structure. Similarly, when a tether is broken, on average it retracts with a 

velocity of 15 pm.s'^ but the motion is that of a deceleration. The relatively lower 

speed of broken tether retrieving to base in comparison to a tether released (Figure

5.13) may be due to yielding of the tether system under extreme tension. On the 

same note the speed of retraction of a mobile foam film with a thickness in the 

micrometer range is approximately 1mm s'̂  (10^ pm s’ )̂ at the plateau borders 

(Nierstrazs & Frens, 1999). In the case of the system in Figure 5.13 the tether 

retracts while pulling a spherical vesicle which must retard the retraction.

0 sec
>

5 fim

0.25 sec

0.75 sec

the tether pulls back the vesicle 
once released ^
■>

1 sec

Figure 5.13: Photomicrographs show a liposome containing Rhodamine B with a tether. 
When the vesicle is released, the tether acts similar to a taught spring or elastic band, pulling 
the vesicle back
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5.4.3. A vesicular shuttle

A “vesicular shuttle” occurs when relatively large vesicles move, not along, but 

within one of its supporting tethers. Movement is initiated by stretching one of the 

tethers as seen in Figure 5.14 where the micropipette (on the left) maintains a 

tension on the left hand tether. Stretching results in an increased surface energy as 

the surface area is increased and the lipid surfaces are temporarily depleted.

The vesicle is able to move within the narrow channels of the tether originally 

produced from the vesicle as a result of the change produced in the surface energies 

of the tether. The speed at which this vesicle moves is dependent on the amount of 

stretch induced in the tether but is certainly much lower (by a factor of 10) than a 

vesicle pulled by a released tether (Figure 5.13) which may be an indication of the 

frictional forces involved in the movement of the vesicle along the corridors of the 

tether.

There are four interesting aspects to this shuttle system. Firstly, the movement of 

the vesicle in such a micro-sized system can be initiated and secondly, the 

movement hence the speed can be controlled by changing the lateral tension of the 

tether. Thirdly, the mechanism behind the movement is a novel way of setting a 

vesicle into motion. Fourthly, the system allows the transport of very large vehicle 

(vesicle) which has a diameter many times larger than the channels of the tether, a 

nanotube which is extremely flexible.
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Time=l secs 
Distance trav=2^m 
Veiocity=2 fun/sec 
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Figure 5.14: A series of photomicrographs showing the “vesicular shuttle”: the 
movement of a vesicle within the channel of its own tether, initiated by the retraction of 
one micropipette causing a change in the relative tension of the tethers and consequently 
the movement of the vesicle. The movement of the vesicles inside a tether (the proximal 
tether) results from the retraction of the tether opposite to the direction of travel (the distal 
tether) similar to a catapult effect where the vesicles have been observed to travel with 
velocities up to 2.3 pm.sec *. Arrows indicate the point of displacement of the 
micropipette. A continuous displacement of the distal tether is required to maintain the 
motion of the vesicle, indicating the presence of frictional forces within the channels of 
the tether nanotubes. Scale bar is showing 5 pm.
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Figure 5.15 is a schematic attempt showing the disturbance of the bilayers and the 

events occurring during the movement of a vesicle within the tether. The original 

vesicle is termed “vesicle I”. A tether B-B' is formed as in Figure 5.15 i(b). In 

Figure 5.15 i(c) a second tether is formed, A'-A. When in motion, the vesicle can 

be considered to be the original vesicle minus one or more of its bilayers, a so- 

called “depleted” vesicle (I*). When this vesicle moves from B to B' as the 

depleted vesicle I*, it moves as if it were a particle with a radius, ryes, much larger 

than that of the tether rt, i.e. ryes > rt . The movement of I* continuously deforms 

the parallel bilayers of the tether (as seen in Figure 5.15(i)d), in the direction of 

travel of the leading vesicle surface. By the same token there is a relaxation of the 

bilayers at the receding edge of 1*.

direction ot 
vesicle in motion

(a) (b)

pipette 
retracting

iimuiitttJtitmut
channel

ititmutnt.mttUt

Figure 5.15: (legend see page 151)
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□ Dimensions of tether:
r* = radius o f I* 
r tB = radius of tether B 
r tA ^ radius o f tether A

Figure 5.15 continued: Schematic depiction of A) a vesicle being transformed into a tether. 
For simplicity unilamellar tethers are depicted. In diagram (i), a) the original vesicle, b) a 
vesicle with one tether, c) a vesicle having two tethers A'A and BB'. d) represents the 
movement along the tether BB' when AA' is stretched by AA'A. B) Represented in the 
boxes are the bilayers structures of the tubule with internal channel at the vesicle of radius 
rres moving along the tether of radius, rt (not to scale).

If the force required for expansion at the leading surface equals the force gained by 

relaxation at the receding vesicle surface, I* will remain stationary. A constant 

tension on the distal tether provides for continuous but necessarily constant motion 

to the vesicle.

Let

V I* — f(X,B - X.A)k (1)
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where Vi* is the velocity of movement of the depleted vesicle within the tether, 

being the energy of axially expanding bilayers in the direction of B', while Xa is the 

energy saved in compression in the bilayers around A. f i s  a proportionality 

constant and k is a constant depending on the elastic properties of the bilayers i.e. k 

a E where E is elasticity. Thus, from equation (1) V i* = 0 when Is  = ^a- 

Therefore when movement occurs, the energy of tether A-A' cannot be identical to 

B-B'. To calculate the values of X, for A-A' and B-B' one must consider changes in 

surface tension or surface energy. Stretching the tether A-A' should propel I* 

towards B, as stretching A-A' leads to a transient reduction in the concentration of 

surfactant/lipid in the surface bilayers and hence an increase in surface energy, Xa. 

To compensate, surfactant or lipid molecules must move over the flowing vesicle to 

replenish the bilayers. The compression of the tether B-B' will result in a lowering 

of surface energy, perhaps to a limiting energy. In thin soap films prepared from 

sodium dodecyl sulphate there is a rapid compression of the surfactant film on 

bursting at rates up to 10 m s'̂  (Florence & Frens, 1972) and the surface tensions 

can fall by a factor of up to 50% of the original value. The rate of movement of the 

vesicle along the tether has been measured experimentally to be some 5,000 -  

10,000 fold slower between 1 and 2.2 pm .s'\

The energy required to expand the tether is, respectively,

Ea = 7a. A(A - A') (2)

and

Eb =  7b. A (B -B ') (3)
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where y a and 7 3  is the mean surface energy of the respective tethers.

The stored elastic energy in the tether A-A' is dependant on the amount of stretch 

i.e. A(A-A') which is controlled by displacement of the micropipette, provided that 

the tether is not over-stretched and ruptures. If is the amount of stretch and kg the 

tether spring constant (a measure of the stiffness of the particular tether), the 

“catapult” force (Feat) = (tether spring constant) x (amount of stretch), is

F eat =  ( 4 )

The spring constant is the amount of force required per unit stretch or compression. 

To calculate the energy stored in a spring, we can apply equation (4) to the process 

of stretching the tether:

Energy transferred = (force applied) x (distance stretched) (5)

If we now consider equation (4) to be an average force, by substitution into the 

energy formula we obtain:

Eg = (Yi kg. ^ ) . 'X

E, = ‘/2 ks. 'X  ̂ (6)

which gives the amount of energy stored in the stretched tether (spring energy).
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Figure 5.16 shows that the velocity of the vesicles in their tether is not constant 

where movement is initiated, as discussed, by the stretching of the tether 

(micropipette displacement increments are shown by arrows in Figure 5.15). There 

is the expected (equation 4) direct relationship between the displacement and the 

distance which the vesicle travels. Despite the consistent stretch in the tether 

system, the vesicle decelerates. It may be that the energy transferred to propagate 

the shuttle reduces, or the resistance caused by the movement of the vesicle nearing 

its terminus increases because of compression of the multiple bilayers. There is 

clearly a limit to the compression of a nanotube because of the constraints on 

lipid/surfactant packing in the bilayer.

The vesicle is able to deform the fluid bilayers of the tether moving at average 

velocities ranging from 1 to 2 pm.s'% which involves rapid tangential movement of 

adjacent lamellae. The tether is in an elastically excited state and therefore can act 

as a mechanical spring which attempts to find a conformation to minimise the 

energy of the system. Hence, the vesicular shuttle may be driven by the attempt to 

minimise energy in the bilayer(s) system.
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Figure 5.16: Graphs of A) The velocity of a vesicle as a function of the distance it has 
travelled along the nanotube. The movement exhibits a nonlinear behaviour, composed 
of two main phases, initially an acceleration up to a plateau followed by deceleration 
and B) The vesicle motion following an exponential dynamics fitting with the best fit 
line on a log scale. Initially, the distance travelled by the vesicle is directly 
proportional to displacement but in the later phase of its motion, the relationship starts 
to deviate (becomes lower, i.e. the distance travelling by the vesicle becomes less 
responsive to the value of displacement).
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5.4.4. Bifurcation of tethers

In living systems, biochemical transformations are usually carried out within 

cellular compartments whose boundary is defined by a phospholipid bilayer. The 

biochemical reactivity of the contained molecules can be dominated by surface 

interactions, and such interactions can profoundly influence enzyme kinetics (Drott 

et al., 1998). A tool to study confined chemical reactions under biologically 

relevant conditions would offer valuable insights into in vivo reaction conditions but 

also directing and controlling such reaction containers can be invaluable on a 

microscopic level where small scale reactions at predetermined sequences or 

multicomponent reaction systems could be created.

Intratubular transport of one vesicle container propelled towards another vesicle as 

a result of applied tension in the distal tether of the moving vesicle is demonstrated 

in Figure 5.17. By using microelectroinjection, different enzymes, substrates, dyes, 

colloidal particles, synthetic and natural organelles, or genetic materials, for 

example, could be introduced into specific containers (vesicles) and transported 

using this mode of transport to sequentially combine the containers, a strategy that 

could be used, say, to initiate chemical reactions in selected containers (Karlsson et 

al, 2001a) providing a method which is otherwise not possible with traditional bulk 

turbulence mixing techniques. The combination of the above techniques could offer 

the opportunity to probe the dynamics of chemical reactions in spatially confined 

biomimetic micro- and nano-environments, opening the way to the bioengineering 

of selected bioreactor compartments having the compartments of a biological cell. 

Bifurcated tethers such as those shown in Figure 5.17 can be fabricated, which 

raises the question as to which path the vesicle would choose at tether junctions.
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Such model systems might be important in the design of microfluidic systems, but 

more directly in vesicle motion at junctions of small branched blood capillaries.

(A) vesicle kept stationary 
by holding pipette..

pipette pulling 
direction

direction of 
vesicle motion

Figure 5.17: A) Photomicrograph showing intratubular vesicle transport o f  a small 
vesicle towards a larger, stationary vesicle initiated by retraction o f  the distal tether, as a 
model for studying collisions between vesicles and vesicle and cells and B) a 
photomicrograph showing a Y-branched tether. In this instance, the vesicle travels away 
from the junction as the second tether is pulled propelling the vesicle backwards.
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These nanotubes can be further subdivided into more tethers forming Y-branched 

networks as shown in Figure 5.18. We are able to observe the fluid nature of tethers 

when a new tether pulled from an original straight tether , the new tether is able to 

transverse along the original tether when pulled along by its pulling micropipette. 

This fluidic free-sliding nature of tethers extends even to the two layers of a bilayer 

where the lipidic molecules are not firmly attached to each other (Bozic et al, 1992; 

Waugh et al, 1992; Evans & Yeung, 1994), hence, the possibility of surprisingly 

complex network shapes does exist. The tether coalesces into the parent vesicle 

when brought into close contact and when released it retreats back into the original 

tether, indicating the fluid nature of their surfaces. The sliding of the bilayer 

nanotubes over the fluid surface to coalesce at a perfect triangle junction, could 

imply that all three segments have the same bilayer tension and cross-sectional 

dimensions. Once the nanotubes meet, perhaps leading to their coalescence, they 

arrange themselves into a minimum pathway solution of the specific geometry set 

by the vertex coordinates of the connected vesicle and micropipettes. Provided that 

all of the nanotubes in the structure have the same tension, and thus diameter, 

simple geometric considerations posit that the shortest way to connect three vertices 

is via an intersection having 120° angles as seen in Figure 5.18, which provides the 

lowest energy configuration.

With the aid of photomicrograph enlargement and enhancement, it is possible to 

observe apparent channels within the tether which under strain from different angles 

also yields to creation of more complex channels (Figure 5.18h). These channels 

would presumably stretch to the extent that they would accommodate the vesicle 

shuttle along their path.
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Figure 5.18: Photomicrographs showing tethers pulled from different sites on a vesicle 
which coalesce when brought into contact and when pulled across the bilayer (white arrow 
showing direction), nanotubes slide over the fluid surface o f  the other tether coalescing into 
a perfect triangle. The evolution o f a central core is observed when the Y-branched 
nanotubes are pulled apart and computer enhancement o f  the middle section (h ) showing 
the apparent presence o f channels inside the tethers as well as an opening in the central core
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5.4.5. Adherence of vesicle or nanoparticle to tethers

When a solid latex microsphere (Figure 5.19) or a lipsome (Figure 5.20) is brought 

into contact with a liposomal tether, the tether is seen to adhere instantly. The 

niosomes exhibited similar adherence to tethers on contact. The contact times of 

both were around 30 s after which they were pulled away carefully from the tether 

to check for their adherence. In the case of solid latex microsphere the adherence 

was sufficient to support the relatively heavy microsphere as shown in Figure 5.19.

Although both microspheres and liposomes adhered to the tether, on their retraction, 

the former detaches cleanly whereas the latter, after complete detachment, still had 

the tether following the path of retraction. This could be due to a secondary tether 

produced between the liposome and the original tether.

I

0
microsphere in w ater sopported 
by the tether

Figure 5.19: The adhesion o f tether to a latex particle. The bead is supported in the 
solution by the tether showing the strength o f the tethers as well as their interaction with 
the latex bead which can freely be suspended in solution.
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Figure 5.20: Attachment o f vesicle to a tether by fusion. On retraction the tether follows 
the vesicle even after detachment perhaps by creation o f  fine secondary tether.
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Figure 5.21 shows the smooth surfaces of the plain latex microspheres. The 

adherence of the latex microsphere surface to the tether may be due partly as 

discussed to the reduction of the energy state of the stretched tether, but also due to 

the negative charge on the microspheres of the polystyrene. The slight negative 

charge on the particle may produce a weak bonding with the tether surfactant 

molecules, namely the head groups which also maintain a weak positive charge.

Tether?????î?îTfî‘?'̂ îîîîî
The surface of these 
latex heads are clear 
from any chemical 
groups

Plain Fluorescent 
polystyrene 
microsphere

Microsphere surface 
adhering to the tether

Plain Fluorescent 
polystyrene 
microsphere

Figure 5.21: A) Scanning Electron micrographs showing the smooth surface o f the 
plain latex polystyrene microspheres which are negatively charged and B) schematic 
representation o f the adherence o f  such latex polystyrene microspheres to the tether.
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The process of a liposome fusing to a tether is depicted diagrammatically in Figure 

5.22. The polar heads of both tether and vesicle are in a close proximity to one 

another, which could due to repulsion, cause the amphiphilic molecules to change 

orientation slightly. We have now created a secondary forced bilayer or fusion of 

two bilayers where on the removal of the vesicle from the tether, the amphiphilic 

molecules seem to retain their bilayer structure even though the molecules become 

pulled further apart. This could be creating a very thin bilayer, which is in fact 

extremely thin and difficult to view under a light microscope. The effect can 

however be seen in Figure 5.20d where even after complete detachment an invisible 

tether seems to be causing bending in the original tether.

Tethe: ÏÏÏÏÏÏÏÏÎ
iiïïïïîii

Aqueous

Vesicle Bilayer

Fusion

ÎÏÏÏÏÏÏÏÏ 
M viii

Secondary 
tethering not 
easily seen 
which may be 
due to lesser 
num ber of 
amphiphilic 
molecules at 
further 
distance 
apart.

V o ^

Aqueous phase

Figure 5.22: Depiction of the possible changes in bilayer structures involved in the 
attachment and detachment of a tether to a vesicle leading to evolution of a secondary 
tether.
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The study of the chemistry and physics of lipids has provided a firm experimental 

and theoretical basis for understanding the forces governing close apposition 

between bilayer membranes. Studies of liposome fusion have provided a great deal 

of the background concerning the proper use of lipid probes and aqueous probes to 

study membrane fusion as well as having provided a wealth of information on how 

the chemical and physical properties of lipids influence the fusion reaction (Haque 

et al, 2001).

Fusion is a very rapid and localised phenomenon that involves molecular 

rearrangements of a relatively small number of molecules. An extensive study (Lee 

& Lantz, 1997; Lentz & Lee, 1999) on the processes involved in the fusion of 

liposomes have elucidated the events. These events include: (1) vesicle 

aggregation, (2) outer leaflet mixing, (3) inner leaflet mixing and (4) content 

mixing. In our studies the vesicle aggregation is provided mechanically by 

micromanipulators bringing together the two bilayers. Also as the contact 

established in between the vesicle and the tether is only temporarily where 

retraction of the vesicle follows soon after, it is possible that in these set of 

experiments the fusion process only proceeds to the second step i.e. outer bilayer 

leaflet mixing.

164



5.4.6. Tether rupture

The tethers formed are very elastic, undergoing elongation by tens of micrometers. 

When broken the recoil of the tether can readily be seen (Figure 5.23). To reach 

tether rupture, the amount of tether stretch is relatively large and on average the 

speed with which the retracting tethers moved were on average 15 pm s '\  Their 

motion was that of a deceleration. This speed is lower than the speed with which an 

intact tether retracts on release (21 pm s'^) as shown on page 147 and in this 

example the tether is pulling a large vesicle along with it which should contribute 

towards a lower speed due to friction. The lower speed of a tether may be due to 

the yielding of the tether which was required in its rupture.

As seen above the bilayer under horizontal stretch causes there to be an increase in 

the area per amphiphile molecule as well as, to an extent, the thinning of the 

consequent bilayer. The greater distance between the molecules the lower the van 

der Waals' forces. On further stretching the molecules separate further until a point 

where the tether is too thin with very few molecules at too great a distance from 

each other to keep the tether intact.

Once the tether is snapped the molecules at the tip of the fracture avoid contact with 

the aqueous media by rearranging themselves (Figure 5.24), forming a seal at the tip 

with the amphiphilic molecules trying to regain their lowest energy level.
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Figure 5.23: Tethers placed under constant stretch until breaking point. Arrows show the 
distorted tethers recoiling. The tether motion was that o f  a deceleration with an average 
speeds o f  approximately 15 pm s '.

i iUiUU  ^

\  \  Q  RecoOing & bending due 
o o  to molecules having been

Recoiling

dispositioned in the 
stretch

Figure 5.24: Sketch o f  a tether bilayer under tension and consequent rupture. Recoiling 
o f the tether is not a linear retraction but a distorted one which may be due to the extent o f  
the surfactant molecules being stretched i.e. the molecules may have been overstretched in 
the sense that they have yielded slightly and regaining their normal position at closer 
range with their neighbouring molecules is not immediately possible.
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5.5. CONCLUSION

An extensive physicomechanical investigation into spherical liposome and niosome 

membranes has allowed the possibility of removing bilayers both superficially as 

well as deep to their core, and showed the possibility of intact retrieval of an inner 

vesicle from within a liposome. The possibility of complex tether network 

formation has been studied while developing a novel technique for transporting 

large vesicles within narrow channels formed by their own tethers. Adherence of 

vesicles as well as solid latex microspheres to tethers and tether rupture have also 

been investigated.

By way of such micromanipulation, a better insight into the membrane behaviour 

under directed stress could shed more light on their behaviour in vivo but also could 

help the construction of a multicomponent container system which could be set into 

motion and directed in their path to carry out controlled micro-reactions. By the 

same token this could forward progress in drug delivery where targeting and 

delivering of a drug in predetermined volume could be achieved. Appropriately 

designed nanofluidic systems could serve as important platforms for such 

achievements. In addition these systems can model a variety of biological functions 

and complex biological multicompartment structures and might serve as a platform 

for constructing complex sensor and computational devices.
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CHAPTER SIX

CON CL USIONS AND FUTURE PERSPECTIVES

6.1. CONCLUSION

This thesis has described studies on niosomes and liposomes with special regard to 

their physicomechanical and physicochemical behaviour by manipulating the 

structures of these lipid and surfactant vesicles. While the use of polyhedral 

niosomes gave rise to permanent novel non-ionic surfactant microtubules, a 

reflection of their plastic nature, on manipulation spherical liposomes and niosomes 

membranes exhibited an entirely different behaviour, one which possessed more of 

an elastic nature which did not lend itself to be fabricated into other morphologies. 

This indicates the differences in the membrane malleability of the two groups which 

then led to the physicomechanical examination of the latter group membranes and 

consequently an alternative method of manipulating such membranes.

The distortions seen on extrusion of polyhedral niosomes from glass capillaries with 

exit diameters smaller than their own led to the investigation of the control of such 

process to aid the production of novel structures. While various parameters were 

examined, the important factor which aided the fabrication of new morphologies 

was found to be the pressure exerted on the system giving rise above a threshold 

value to permanent distortion of the vesicles but perhaps more importantly to the
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fusion of polyhedral vesicles. Microtubules were evolved which constituted three 

distinctive shapes, namely simple tubules, vesicles within tubules and concentric or 

“whorl” shapes. These shapes ensued as a result of the relative movement of 

hi layers inside the microtubules. Investigations revealed their robustness while 

other experiments indicated the possibility of a) polymerising the tubule and b) the 

possibility of incorporating solid latex spheres within these microtubules, which 

could then be made into an array of objects whose movement within microtubules 

could be observed. This opened up the potential use of such a system as a model 

for studying the transport of solid particles or vesicles in capillaries. Laminar arrays 

of microparticles have been used by Furst (2003) to study aspects of complex 

rheology.

Concerns over distortion of polyhedral niosomes in vivo prompted our studies on 

the possible effects of the integrity of these potential drug carrier systems. The 

depletion of carboxyfluorescein from polyhedral niosomes being extruded via 

different capillary exits gave rise to considerable solute loss. Video-graphic 

evidence indicated that such losses may be mainly due to attrition forces involved in 

extruding such relatively large structures from small capillaries which prompts 

questions on the integrity of such drug carriers in vivo.

The release studies on different sized microtubules from two different compositions 

were complex to interpret. This could of course be the result of a combination of 

effects such as initial CF concentrations and also the change in shape between the 

original polyhedral niosomes and the microtubules formed from them, accompanied 

by change in the surface area available for release and perhaps differences in
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membrane properties. Video-graphic evidence suggested that there were 

indications of relative movement of inner bilayers from the extruding polyhedral 

niosomes into the already extruded microtubules at the point of extrusion. This was 

suggested as one of the causes of the slower release profile of such micro tubules. 

The microtubules exhibited shape transformations at temperatures nearing their Tm, 

a process displayed also by their parent polyhedral niosomes. Their thermo

responsiveness might be a useful feature.

Physicomechanical studies on niosomal membranes showed their modulus of 

surface elasticity (p) the resistance to deformation increasing on the addition of 

cholesterol but only to a point of ~ 50 mol% of cholesterol in composition. From 

postulated studies on liposomes (Hianik & Haburcak, 1993), it has been suggested 

that after a certain concentration, cholesterol’s lateral distribution within the 

bilayers is not consistent and regions of cholesterol clusters appear. They may 

disrupt the ordered packing of the bilayer membrane structures, reducing their 

modulus of elasticity. Also investigation of the effect of temperature on the 

modulus of surface elasticity of niosomal membranes showed that this value was at 

its highest at 10 °C.

Physicomechanical manipulation of the vesicle membrane bilayers allowed a 

systematic peeling of the vesicles exposing the vesicle content. On more invasive 

micromanipulation, it was possible to separate the inner core vesicle from the outer 

bilayers in effect yielding two intact vesicles: one empty and the other with the 

original entrapped dye. In addition the effect of the entrapped dye on the membrane 

viscoelasticity shed light on the effect of Rhodamine B on liposomes prepared from
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DMPC and cholesterol and stored for two weeks. The Rhodamine B showed a 

rigidifying effect on the liposome membrane which was not evident with niosomes 

nor with CF entrapped within niosomes and liposomes.

Investigation into the tether formation of vesicles, gave rise to a novel mechanism 

of relatively large vesicle movement within the channels formed by their tethers. 

Vesicles moving within tethers, which we have described as a “vesicular shuttle 

system”, is a phenomenon determined by the surface energy created in one of the 

tethers. Speeds of 2.3 pm s'̂  were noted.

It is recognised that many of these investigations have been phenomenological in 

character, but there have been so many possibilities and novel findings. However 

future work needs to address more quantitative approaches.

171



6.2. FUTURE PERSPECTIVES

Further investigations following on the results obtained in this thesis are suggested

below.

> Conversion of non-ionic surfactant microtubules into polymerised forms yielding 

a more rigid and the possibility of further or desired shapes obtained.

> Investigation into the potential use of such microtubules as an ophthalmic drug 

delivery vehicle.

> Further investigation into the transport of vesicles inside tethers with the aim of a 

fully controlled shuttle system combing the catapult effect with a pressure driven 

technique.

> Potential use of the shuttle system to transport finite volumes of drugs, 

chemicals, or hormones, enzymes or even solid particles entrapped within 

vesicles, in a continuous or pulsatile manner.

> Study of the controlled collision of vesicles within a tether channel, to explore 

the stability/fragility of vesicles in stress.
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mm 4
MICROFABRICATION OF LIPIDIC STRUCTURES

A.T. Florence and B. Nasseri

Centre for Drug Delivery Research, The School of Pharmacy, University of London, London,

UK

There is increasing interest in the more precise control of the form and properties of delivery 

systems. Supramolecular ehemistry allows the formation of a wide variety of struetures, mieelles, 

vesicles and more complex aggregates. For some time we have studied the properties of nonionic 

surfactant vesicles as drug carriers, and have more recently investigated a range of variants to 

spherical forms: apart from inverse vcsieles in toroidal form, principally polyhedral vesicles 

formed with low amounts of cholesterol. We have been interested in the rheology of spherical 

and polyhedral vesicles', and in determining their elastic properties, as, in vivo, vesieles of over 

5[im in diameter will be compressed in blood capillaries. Their fate will depend to some extent 

on their flexibility. These interests led to a study for a different purpose, namely the fabrication 

of new forms of vesicular carrier, wliich relied on forcing individual vesicles or groups of vesicles 

through capillaries. This lecture will review this work, which builds on studies"that have recently 

been published  ̂and speculate on what might be achieved in the future.

When spherical vesicles around 2 to5[im are extruded from glass capillaries with exit diameters 

of around 1 Jim  under controlled pressure, they can be expelled individually or tethered together. 

Individually, if loaded with drug, they can be used to simulate a biomknetic system. However, 

even with spherical vesicles in such a simple arrangement, many problems have to be overcome 

as under pressure vesicles can fuse and deform and might on occasion be ruptured on leaving the 

capillary. If polyhedral niosomes are used quite different effects are noted. It is possible by 

controlling the medium into which the vesicles are extruded, or the composition of the niosomes 

as well as the extrusion pressure to form a variety of lipid structures, which we term “tubular”, 

“concentric” and “complex”, such as vesicle-in-tubular structures. Some of these are illustrated 

in Figure 1, captured by video-microscopy during extrusion. Figuie 1 shows ( 1 a-c) long tubules 

formed from polyhedral niosomes (prepared from poly(5)oxyethylene cetyl ether : cholesterol: 

poly(24)oxyethylene cholesteryl ether [Solulan C24]. Sequence 2a-2c shows a budding process 

and 3a-3c shows the movement of one vesicle inside an extruded tubule. Sequences 4 and 5 show



respectively the manipulation of a single vesicle and the formation of a concentric tubular 

structure.

1'' ( ■
pressure;;

iilïiiii

M K Ü I i S

m mw m

Fig 1 : F/c/eo sequences ofthe extrusion of long tubules, vesicles within tubules, tethered vesicles 

and concentric tubules from polyhedral niosomes in aqueous media.

The possibility of polymerisation within these structures as templates will be demonstrated and 

the potential of such structures not only in drug delivery but their potential as guides in tissue 

engineering and the fabrication of novel materials.
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Abstract

Polyhedral non-ionic surfactant vesicles (niosomes) undergo complex shape transitions as a result of mechanical stress. When 
extruded under pressure from capillaries with exit diameters smaller than the diameter of the vesicles, a series of novel structures 
comprising mostly of tubules, vesicles inside tubules and concentric structures can be formed. The microtubules (up to 80 pum 
in length) form as a result o f the pressure exerted on polyhedral niosomes, this leading to the fusion of many vesicles, the 
relative shear giving movement of the vesicles giving rise to the formation of three distinctive structures, namely tubules, vesicle 
within tubule and concentric (“whorl”) morphologies. The entrapment efficiency of the tubules has been studied using a model 
solute 5(6)-carl>oxyfluorescein (CF), as has the effect of shear stress this and compaction pressure on the release o f the entrapped 
solute. Deformation of the structures affects tlieir ability to retain entrapped solute. Tubular structures heated above their transition 
temperatures reversibly transform into discrete vesicular structures.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Microfabncalion; Polyhedral niosomes; Microtubules; Non-ionic surfactants; Transition temperature; Entrapment efficacy

Water dispersible, poorly soluble amphiphiles, 
including non-ionic surfactants are known to self- 
assemble into spherical uni- or multi-lamellar vesicles 
(Azmin et al., 1985; Uchegbu and Florence, 1995). 
However, various tubular (Furhop and Helffich, 
1993; Chtruvolu et al., 1994; Uchegbu and Florence, 
1995), disc-like (Walter et al., 1991; Lasic, 1992; 
Uchegbu et al., 1992) and toroidal (Isenberg, 1992; 
Lipowsky, 1995; Michalet and Bensimon, 1995) vesi
cle structures also can form as a result o f amphiphile 
self-association. Highly structured ‘geodesic’ multi- 
vesicular structures arising from the association of 
many small non-ionic surfactant vesicles (niosomes) 
have also been described (Sternberg et al., 1995). The 
specific shapes obtained are governed by the type and

* CoirespoDding author. Tel.; -1-44-20-77535818; 
fax; 4-44-20-78375092.

E-mail address: a.t.florence(^lsop.ac.uk (A.T. Florence).

amount o f surfactant used, which in turn is governed 
by the geometric shape that the surfactants possess. 
External factors such as temperature, which affect the 
orientation of the components o f the lamellar mem
brane, also play a part in the fcMm and dimensions of 
the vesicles as shown in Fig. 1.

Extrusion of polyhedral vesicles through a micro- 
capillary (Arunothayanun et al., 1999a) shows that 
polyhedral niosomes (i.e. niosomes formed with low 
levels o f cholesterol) do not retain their integrity (i.e. 
they lose their visco-elasticity) but, unlike spherical 
niosomes formed with higher levels o f cholesterol, 
they extrude into elongated structures. We have shown 
(Nasseri and Florence, 2001) that by controlling the 
extrusion process, it is possible to obtain elongated 
structures of defined shapes forming narrow and hol
low tubules up to 80 (xm in length with a diame
ter approximately that o f the capillary exit diameter 
(~  1 fjim). Such structures must arise as a result o f the

0378-5173/03/$ -  see front matter © 2003 Elsevier Science B.V. All rights reserved 
doi: 10.1016/S0378-5173(02)00669-5

http://www.sclencedirect.com
http://www.elsevier.com/locate/ijpharm
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M em brane activation (eg.
Heat above T »  sonication)

o r Adding of Cholesterol

Restabilised m em brane 
(eg. C ooing)

S y m b o l s

JfC,^G2 
O  Cholesterol

^ S o l u l a n  C24

Fig. I. The schematic represents the typical orientations o f  amphiphiles giving rise to specific shapes o f  polyhedral and spherical vesicles 
and the factors affecting shape and molecular conformation o f polyhedral niosomes.

fusion of a large number of original vesicles prior to 
extrusion.

The purpose of the present work was to gain insight 
into the solute entrapment capability of these newly 
developed structures and to determine whether or not 
the extrusion process caused any loss o f entrapped 
solutes, and to investigate the effect of temperature on 
their entrapment efficacy and shape.

Polyhedral vesicles were prepared from polyoxy- 
ethylene-5-cetyl ether (C16EO5) or polyoxethylene-5- 
stearyl ether (CisEOs) and poly-24-oxyethylene 
cholesteryl ether (Solulan C24) in molar ratios o f 91:9 
and 98:2, respectively, using the hand shaking method 
(Arunothayanun et al., 1999b). Surfactant mixtures 
were dissolved in 5 ml chloroform, and the solvent 
removed under reduced pressure at 30 °C and 60 rpm, 
in a 250 ml round bottom flask (Buchi Rotavapor-R). 
Residual organic solvent was removed by drying 
the surfactant film under a stream of nitrogen for 
15 min. The dry surfactant film was then hydrated 
with 5mM 5(6)-carboxyfluorescein (CF) incubated 
at 34 or 60° C (depending on the preparation ccrni- 
position, slightly above the transition temperature of 
the surfactants) for 1 h with constant mild shaking on 
a mechanical shaker (Griffin flask shaker). Niosome 
dispersions with a final lipid/surfactant concentration

of 60 mM were left to cool at room temperature and 
kept overnight at 4 °C before use.

A total o f 1 ml of the CF loaded niosome dispersion 
was washed by dilution with 7 ml of PBS (pH 7.4) 
and ultracentrifugation at 200,000 x g, 4 °C, (Sorvall 
Combi Plus, UK) for 45 min. The supernatant was then 
discarded and the niosome pellets were re-suspended 
with PBS before washing again. The washed pellets 
were then re-suspended with 1 ml PBS. Preliminary 
studies indicated no change in size or entrapment on 
storage at room temperature for 24 h or at 4°C  for 
2-3 days. In these studies, separation of unentrapped 
solute and assay were performed within 2-3 h of 
separation.

To quantify the entrapped CF, the procedure from 
Arunothayanun et al. (2000) was adopted. Encapsu
lation efficiency was calculated and expressed as a 
percentage o f the available hydrating solute actually 
encapsulated.

Borosilicate glass capillaries (inner diameter of 
1.17 mm; outer diameter o f 1.5 mm) were obtained 
from Harvard Instruments, UK. The glass capillaries 
were pulled into circa 1-4 p,m exit diameter tips using 
a pipette puller (Narishige model PC-10).

Micropipettes were filled with niosomes and con
nected to a piezo electric pump, which controlled the
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Fig. 2. Vîdeomicrographs o f polyhedral niosomes entrapping CF, (a) before extrusion, (b) as an extruded microtubule during the process 
o f extrusion, (c) a  collection o f  extruded microtubules, and (d) a typical microtubule, all in deionised water.

frequency and duration o f the nitrogen pulse (craitml- 
lable from 6.89 to 2.07 x 10^ Nm ~^) used to drive the 
vesicles from the micropipettes into a Petri dish with 
the chosen medium. A minimum pressure o f 3.45 x

10  ̂Nm~^ was required for fusion o f the polyhedral 
vesicles to occur to form tubule structures. Events were 
followed using a video camera attached to the Nikon- 
Microphot-FXA light microscope utilising a distant
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lens with Nikon UV i i ^ t  (model HB-10101AF). Indi
vidual frames were captured on computer using Haup- 
page capturing software (Win TV model No. 404).

In each experiment a defined volume of 0.1 ml of 
the CF containing polyhedral niosomes was placed 
into tfie capillary micropipettes and all extruded un
der defined pressure (1.9 x 10^Nm“ ^) into 1 ml 
PBS COTtained in a small Petri dish. After complete 
extrusion of 0.1 ml nioswnal suspension, the inside 
o f  micrqjipette was washed fr̂ ee from any expelled 
and adsorbed CF twice with 0.1 ml of PBS. The 
released CF was then washed off by centrifugation 
at 10,000 rpm for 5 min and the supernatant was 
separated from the pellet. The pellet was washed 
with defined volumes of PBS and the wash added to 
the supernatant. This was repeated three times. The 
supernatant was diluted accordingly with PBS and 
analysed fluorimetrically to obtain the extent o f CF 
release.

Shape transformation was observed by attachment 
o f a video camera to the hot stage microscope and the 
relevant videos at designated temperatures captured.

Results and discussion

Video photomicrographs seen in Fig. 2 show poly
hedral niosomes (a) before (b), (c) and (d) after 
extrusion under pressure through a capillary o f exit 
diameter o f 1-2 pm. The behaviour of these polyhe
dral niosomes under pressure inside the capillaries 
may shed light on their behaviour in the capillary 
blood supply or in tiieir movement through com
plex organs. We first investigated the effect o f shear 
stress on vesicle integrity in retaining their entrapped 
solute and, by narrowing or widening the aperture 
size o f micropipettes; the extent o f  shear could be 
controlled. The initial release of CF as a result o f 
shear and attrition is shown in Fig. 3 for the two sets 
o f  preparations. The initial amount of CF recovered 
from the medium increases as the size o f the mi
cropipette aperture becomes smaller, as shear forces 
rise.

The physico-chemical properties o f the büayer 
membranes can be diverse depending on the compo
sition of the membranes. Bilayers undergo changes 
in physical state with temperature. Above the phase 
transition temperature (Tm) the bilayer exists as a two- 
dimensional liquid. Below this temperature the bilayer

30-1 C,fcEOvSolulanC24<9I;9)

•  C,*EOs:Solulan C2M 98:2)

25-

20*

u.
10-

0 2 3 51 4

Micropipette tip diameter (pm)

Fig. 3. CF release as a result o f extrusion of polyhedral niosomes 
via differing micropipette aperture diameters showing the percent
age release o f total entrapped CF at time zero after extrusion for 
the two preparations.

is a two-dimensi(Mial solid and the lipid molecules are 
tightly packed in a crystal lattice (Gruner, 1987).

The value o f the Tm varies with the ccnnposition of 
membranes. Lipids with longer hydrophobic chains 
form m e m k ^ e s  which have higher phase transition 
temperatures and which are less permeable to en
trapped solute compared to those formed by lipids 
with shorter chain lengths (Buckton et al., 1992). The 
mechano-chemical properties o f m em kanes will be 
different depending on their polymcwphic state (Evans 
and Kwok, 1982; Needham and Zhelev, 1996).

Freshly prepared polyhedral niosomes are first 
formed as spherical vesicles which, on cooling, 
transform into polyhedral structures (Arunothayanun 
et al., 1999b). We, therefore, studied the morphologi
cal changes of microtubules framed ffran polyhedral 
systems using hot stage microscopy. When the mi
crotubules were exposed to heat a transformation is 
observed (Fig. 4). On increasing the temperature.
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Fig. 4. Shape transformation o f  (A) a micro tubule fabricated from C 16EO5  at (a) 25 °C splitting to (b, c, d  and e) a chain o f spherical 
structures at 35 °C. On cooling multifaceted structures started forming below 35 °C as seen in (f). (B) A sequence showing a micro-tubule 
fabricated from CigEOs on heating to 5 5 °C.

the microtubules, like their polyhedral counterparts, 
undergo a reversible shape transformation into chain 
o f spherical structures and similarly develop into 
polyhedral structures on cooling.

It is clear that novel structures can be fabricated 
from polyhedral niosomes. They possess the same 
constituents but have different morphologies. We 
have demonstrated the effect o f shear stress (which 
may occur in vivo) and which ultimately affects 
carrier integrity. The controlled process of com
paction leading to the tubular structures can alter their 
physico-mechanical characteristics, resulting in large 
microtubules, p e ih ^ s  a form suitable for depot drug 
delivery systems with potential uses in ophthalmic.

dermal, subcutaneous or intramuscular administra
tion, where their shape makes them relatively viscous 
and perhaps maintains their residence time. The pres
ence o f low transitional temperatures nearing the body 
temperature where these structures display a shape 
transformation similar to their polyhedral counter
parts may have a potential use in temperature induced 
release.
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A b stract

Micromanipulation of the external bilayers of nonionic surfactant vesicles (niosomes) and liposomes allows the formation of 
tethers, which are fluid state lipid/surfactant lamellar nanotubes. The technique allows investigation of some of the factors 
affecting tether formation and vesicle-tether interactions. In this paper the movement of a vesicle along, or more precisely in, 
tethers derived from the vesicle, has been studied. When a vesicle is supported by bipolar tethers, stretching the tether on one 
side of the vesicle, initiates the movement of the vesicle in the opposite direction, at velocities ranging up to 2.5 pm s~ ' thus 
creating a ‘vesicular shuttle’. Movement of the vesicle occurs inside the tether structures, a process akin to the movement of a 
sphere in a flexible tube with a diameter much less than that of the sphere. The factors involved in the movement of vesicles in 
the tethers include the radial stretching and subsequently contraction of the tethers and the minimisation of elastic energies 
stored in the tether membranes. Vesicle velocity is not constant: there is deceleration near the end of the trajectory. While the 
relevance to the design of novel delivery systems is as yet tenuous, the system allows vesicle-vesicle collisions to be observed 
when the vesicle is propelled towards a stationary vesicle, and directly observation of the flow properties of vesicles in flexible 
‘capillaries’, a neglected topic.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Tethers; NanoUibes; Vesicle elasticity; Niosomes; Liposomes

1. Introduction

Phospholipids or nonionic surfactants can form 
unilamellar or multilamellar vesicles. Liposomes and 
niosomes are, respectively, synthetic lipid and non
ionic surfactant vesicular containers that can be used 
both to mimic the properties o f natural biological 
compartments, but also to act as carriers o f drugs.

* Corresponding author. Tel.: 444-207-753-5819; fax; +44-207- 
837-5092.

E-mail address: a.t.florence@ulsop.ac.uk (A.T. Floraice).

0168-3659/S - see front matter ® 2003 Elsevier B.V. All rights reserved, 
doi: 10.1016/SO 168-3659(03)00298-0

The diameters o f these containers can be varied from 
tens of nanometers to tens o f micrometers. This 
versatility makes them attractive as reaction contain
ers for approximating the in vivo conditions under 
which biochemical reactions occur [1,2]. Aspiration 
of the surface o f individual vesicles allows the for
mation of tethers or tubules which themselves may be 
unilamellar or multilamellar, but of a diameter much 
less than that of the parent vesicle.

Reports o f  tethers connecting phospholipid 
vesicles have been frequent [3,4]. The formation of 
multilamellar tethers from membrane capsules is also

COREL-03227
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a common occurrence in biology. When a cell or a 
vesicle sticks to a foreign surface at a single point and 
is pulled away, an optically invisible bilayer tube 
(diameter <100 nm) often connects the capsule to 
the surfece, even after its displacement through many 
cell diameters [5]. The fragility and small size of these 
tethers makes them difficult to visualise, hence it has 
been indicated [3] that they may have been over
looked in biological systems, although they could 
have an important role in the functioning of the Golgi 
system and other transport systems involving vesicles. 
Their occurrence between red blood cells has also 
been reported [6].

In this paper we describe the behaviour of multi- 
lamellar vesicles suspended between tethers drawn 
from their two poles to construct conditions to achieve 
a ‘vesicular shuttle’ in which vesicles can be persuad
ed to move rapidly along or, more accurately, inside 
the tethers. This movement is achieved by adjust
ments in the surface energies of the tethers by axial 
stretching or axial compression, hence increasing or 
decreasing surface energies. Stretching one tether 
along its long axis leads to an increase in its surface 
area and transient depletion of the surface lipid/sur
factant layer with a consequent increase in surface 
energy, a change which initiates the movement of the 
parent vesicle in the opposite direction. The transport 
o f large vesicles within tethers much smaller than the 
diameter of ftie parent vesicle is a complex process, 
but may provide a model for the movement o f vesicles 
in narrow capillaries in vivo, which might occur after 
parenteral administration of vesicle suspensions, as 
well as an understanding of biological shuttles that 
might exist in nature. Vesicular shuttles might be of 
further value as components o f  model responsive 
delivery devices. The work extends our studies on 
the micromanipulation of niosomes and liposomes 
[7-91.

many) and poly-24-oxyethylene cholesteryl ether 
(Solulan C24) was donated by Ellis and Everald 
(UK). All materials were used as obtained from 
suppliers without further purification. Water was from 
an ultra high quality reverse osmosis water purifier 
(Elgast UHQPS-Elga, UK).

2.2. Liposome and nio.wme preparation

Multilamellar liposomes (PC-cholesterol, 50%) 
and niosomes (Span 60-cholesterol-Solulan C24, 
47.5:47.5:5) were made by the hand-shaking method 
[10] using Rhodamine-B or 5(6)-carboxyfluorescein 
as the entrapped solute. The vesicles obtained were in 
the size range 0 .5 -20  pm. Vesicles larger than 10 pm 
diameter were selected for the micromanipulation 
experiments for ease of visualisation.

2.3. Micromanipulation of vesicular systems
Borosilicate glass capillaries (Harvard Instruments, 

UK) were pulled into micropipettes with I pm exit 
diameters using a pipette puller (Narishige model PC- 
10). The micropipettes were back filled with distilled 
water and attached to air tight tubing ending in the 
syringes used for aspiration. The micropipettes were 
mounted onto micromanipulators (Narishige Model 
Mo-203) used for manoeuvring vesicles inside a Petri 
dish. The vesicles were kept stationary by gentle and 
constant suction with a micropipette while another 
micropipette was attached to the outer bi layers by 
suction. On retraction of the micropipette from the 
vesicle maintaining suction, a tether forms. Suction 
via micropipettes was maintained constant once a 
permanent connection with the vesicle had been 
achieved, providing a constant negative pressure and 
avoiding any further inward aspiration o f the vesicle 
bilayers.

2. Materials and methods

2.1. Materials

Reagents and chemicals including 5(6)-carboxy- 
fluorescein (CF), Rhodamine B, sorbitan monostea
rate (Span 60) and cholesterol were obtained from 
Sigma (UK). DMPC was obtained from Lipoid (Ger

2.4. Microscopy and imaging

Events were followed using a video camera at
tached to a light microscope (Nikon Microphot-FXA) 
utilising a distance lens with Nikon UV light (model 
HB-10101 AF). Events were captured as MPEG video 
clips on a PC using capturing software (Hauppage 
model no. 404), which was also used for capturing 
individual frames.
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3. Results and discussion

As schematically presented in fig. 1, the outer 
bilayers o f either liposomes or niosomes can be 
selectively se p ^ te d  by aspiration and one or more 
tethers produced from these outermost bilayers. The 
micropipettes are attached by suction to the vesicle’s 
outer surface and can be manipulated to produce 
tethers which have estimated diameters o f ~  250 
nm, although thinner or thicker tethers can be pro
duced. A single bilayer, fix)m a knowledge of the 
molecular size of the surfactants or lipids used, has a 
thickness o f around 3 nm thus the tethers which are 
visible are multilamellar. Control of the number of 
bilayers pulled into the micropipette initiating tether 
formation clearly determines the lamellarity and di
ameter o f the tether produced.

A ‘vesicular shuttle’ occurs when relatively large 
vesicles move, not along, but within one o f its 
supporting tethers. Movement is initiated by stretch
ing one o f the tethers as seen in Fig. 2 where the 
micropipette (on the left) maintains a tension on the 
left hand tether. Stretehing results in an increased 
surface energy as the surface area is increased and 
the lipid surfaces are temporarily depleted.

Fig. 3 is a schematic attempt to show the distur
bance o f the bilayers and the events occurring during 
the movement of a vesicle within the tether. The 
original vesicle is termed vesicle I’. A tether B -B ' 
is formed as in Fig. 3i(b). In Fig. 3i(c) a second tether 
is formed. A' -A . When in motion, the vesicle can be 
considered to be the original vesicle minus one or

outer lamella of vesicle
inner lamella of \eside

constant
negatisc
pressure

movement of micropipette

Tether

Fig. 1. Schematic depiction o f the manner in which a multilamellar 
vesicle is disturbed. The outer bi layers are involved in the formation 
o f  tethers, leaving the inner bi layers o f the vesicle intact. The 
retraction o f the aspirated micropipettes results in the formation o f 
the nanotubes or tethers.

more o f its bilayers, a so-called ‘depleted’ vesicle (I*). 
When this vesicle moves fi-om B to B' as the depleted 
vesicle I*, it moves as if  it were a particle with a 
radius, ryes, much larger than that o f the tether rt, i.e. 
Ares^^x- The movement o f I* continuously deforms 
the parallel bilayers of the tether [as seen in Fig. 
3i(d)], in the direction o f travel o f the leading vesicle 
surface. By the same token there is a relaxation of the 
bilayers at the receding edge o f I*.

If the force required for expansion at the leading 
surface equals the force gained by relaxation at the 
receding vesicle surface. I* will remain stationary. 
A constant tension on the distal tether provides for 
continuous but necessarily constant motion to the 
vesicle.

Let V.* = /(A b  -  kj,)k ( 1)

where is the velocity of movement o f the 
depleted vesicle within the tether, Âg being the 
energy o f axially expanding bilayers in the direction 
o f B' , while Aa is the energy saved in compression 
the bilayers around A; /  is a proportionality 
constant and A is a constant depending on the 
elastic properties o f the bilayers i.e. k a E  where 
E is elasticity. Thus, from Eq. (I) Fi* =  0 when Ag 
=  Aa- Therefore when movement occurs, the energy 
o f tether A -A ' cannot be identical to B -B ' . To 
calculate the values of A for the tether A -A ' and 
B -B ' one must consider changes in surface tension 
or surface energy. Stretching the tether A -A ' by 
micropipette should propel I* towards B, as stretch
ing A -A ' leads to a transient reduction in the 
concentration o f surfactant/lipid in the surface 
bilayers and hence an increase in surface energy, 
Aa. To compensate, surfactant or lipid molecules 
must move over the flowing vesicle to replenish the 
bilayers. The compression o f the tether B -B ' will 
result in a lowering of surface energy, perhaps to 
a limiting energy. In thin soap films prepared from 
sodium dodecylsulphate there is a rapid compres
sion o f the surfactant film on bursting at rates 
up to 10 m s " '  [II] and the surface tensions can 
fall by a factor o f up to 50% o f the original value. 
The rate of movement of the vesicle along the 
tether has been measured experimentally here to 
be some 5000—10 000 fold slower between 1 and 
2.2 pm s“ \
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Fig. 2, (a) Series o f photomicrographs showing the ‘vesicular shuttle’: the movement o f a vesicle within the channel o f  its own tether, initiated 
by the retraction o f  one micropipette causing a change in the relative tension o f the tethers and consequently the movement o f the vesicle. The 
movement o f the vesicles inside a tether (the proximal tether) results from the retraction o f  the tether opposite to the direction o f  travel (the distal 
tether) similar to a catapult effect where the vesicles have been observed to travel with velocities up to 2.3 pm s~ ‘. Arrows indicate the point o f 
displacement o f the micropipette. A continuous displacement o f the distal tether is required to maintain the motion o f  the vesicle, indicating the 
presence o f frictional forces within the channels o f the tether nanotubes. Scale bar, 5 pm.



B. Nasseri, A.T. Florence /  Journal o f  Controlled Release xt (2003) xxx-xxx

Direction of 
vesicle in motion

(a) (b)

pipette 
retracting

channel

ii)

Dimensions of tether:
r* = radius of 1* 
r tB = radius of tether B 
r tA = radius of lelher A

Fig. 3. Schematic depiction o f  a vesicle being transformed into a tether. For simplicity unilamellar tethers are depicted, in diagram (i), (a) the 
original vesicle, (b) a vesicle with one tether and (c) a vesicle having two tethers A' A and BB' . (d) represents the movement along the tether 
BB' when AA' is stretched by AA' A. Represented in the boxes are the bilayers structures o f  the tubule with an internal channel for a vesicle o f 
radius moving along a tether of radius, r̂  (not to scale), (ii) Representation o f the process and definition.
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The energies required to expand the tethers are, 
respectively Veloch}

E^^y^-S(A-A' )

and

(2)

(3)

where }'a and ye are the mean surface energies o f the 
respective tethers.

The stored elastic energy in the tether A -A ' is 
dependant on the amount o f stretch i.e. A (A -A ' ) 
which is controlled by the displacement o f the micro
pipette, provided that the tether is not over stretched 
and ruptures. If X  is the amount o f stretch and the 
tether spring constant (a measure o f the stiffriess o f the 
particular tether), the ‘catapult’ force (Fcat)=(tether 
spring constant) x (amount o f stretch), i.e.

(4)

The spring constant is the amount of force re
quired, per unit stretch or compression. To calculate 
the energy stored in a spring, we can apply (4) to the 
process of stretching the tether:

Energy transferred =  (force applied)

X (distance stretched) (5)

If we now consider (4) to be an average force, by 
substitution into the energy formula we obtain:

E, ^ ( \ k J ( ) X

E,^\l2kjC‘
(6)

which gives the amount o f energy stored in the 
stretched tether (spring energy).

In this paper we have conducted phenomenological 
studies: further analysis using systems o f a variety of 
elasticities and properties arc underway.

Fig. 4(a) shows that the velocity of vesicles in their 
tethers is not constant, where movement is initiated, as 
discussed, by the stretching o f the tether (micropipette 
displacement increments are shown by arrows in Fig. 
2). There is the expected [Eq. (4)] direct relationship 
between the displacement and the distance which the 
vesicle travels. Despite the consistent stretch in the 
tether system the vesicle decelerates. It may be that 
the energy transferred to propagate the shuttle

2 5

1.5

0 5

0
0 2 6 B 10 12

Distance Oun)

y >6.6686Ln{x)* 1.1464

Distance
Travelled

1 10
Lof> Displacement

(log*)

Fig. 4. (a) Velocity o f the vesicle as a fiinction o f the distance it has 
travelled along the nanotuhe. The movement exhibits a nonlinear 
behaviour, composed o f  two main phases, initially an acceleration 
up to a plateau followed by deceleration; (b) vesicle motion 
following an exponential dynamics fitting with the best fit line on a 
log scale. Initially the distance travelled by the vesicle is directly 
proportional to displacement which in the later phase o f its motion, 
the relationship starts to deviate {becomes lower, i.e. the distance 
travelling by the vesicle becomes less responsive to the value o f 
displacement).

reduces, or the resistance caused by the movement 
o f the vesicle nearing its terminus increases because 
o f compression o f the multiple bilayers. There is 
clearly a limit to the compression o f a nanotube 
because of the constraints on lipid/surfactant packing 
in the bilayer.

The vesicle is able to deform the fluid bilayers of 
the tether moving at average velocities ranging from 1 
to 2 pm s“ \  which involves rapid tangential move
ment of adjacent lamellae. The tether is in an elasti
cally excited state and therefore can act as a 
mechanical spring which attempts to find a confor
mation to minimise the energy o f the system. Hence, 
the vesicular shuttle may be driven by the attempt to 
minimise energy.

Intratubular transport o f one vesicle container pro
pelled towards another vesicle as a result o f applied 
tension in the rear tether o f  the moving vesicle is 
demonstrated in Fig. 5 a. By using microelectroinjec
tion, different enzymes, substrates, dyes, colloidal 
particles, synthetic and natural organelles, or genetic
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Pipette pulling direction

\

Fig. 5. (a) Photomicrograph showing intratubular vesicle transport o f a small vesicle towards a larger, stationary vesicle by retraction of the 
distal tether, as a model for studying collisions between vesicles and vesicle and cells; (b) photomicrograph showing a typical Y-branched tether 
formation. In this instant the vesicle travels away from the junction as the second tether is pulled, propelling the vesicle backwards.
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materials, for example, can be introduced into specific 
containers and transported using this mode o f  transport 
to sequentially combine the containers, a strategy that 
could be used, say, to initiate ehemical reactions in 
selected containers [12]. Bifurcated tethers such as 
those shown in Fig. 5(b) can be fabricated, which raises 
questions about the way in which the vesicular shuttles 
would choose their path at tether junctions, as in the 
complex topologies described by Karlsson et al. [13]. 
Such model systems might be important in microfluidic 
systems, but more directly at vesicle motion at junc
tions of small branched blood capillaries.
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ABSTRACT SUMMARY

T he  ability to micro fabricate tubular,  concentric  and 
com plex  s tructures by extrusion from micropipettes was 
investigated. Early results indicate control can be 
exerted to form defined s tructures from polyhedral 
niosom es using appropriate  media and extrusion 
pressures.

Keywords: drug  delivery systems; m icrofabrication ,  
surfactants,  vesicles.

INTRODUCTION

As a m odel pulsatile system spherical nonionic  
surfactant or biomimetic  vesicles (n iosom es) can be 
ex truded  intact from capillar ies '.  B iom im etic  
m icrostructures are attracting much attcntioiT, with many 
studies being focussed on spherical s tructures such as 
vesicles and liposomes^’f  Polyhedral n iosom es, when  
ex truded  can form asym m etric  structures under pressure. 
Using glass capillaries with defined exit d iam eters 
( ~ lp m )  we have studied the extrusion o f  polyhedral 
n iosom es o f  various sizes and com positions to ach ieve a 
series o f  novel m orphologies.

O ur  approach  is based on the propensity  o f  niosom es 
to undergo com plex  shape transitions as a  result o f  
mechanical stress. It ex tends  our earlier w ork on 
m anipulation  o f  niosom es protocols for the formation o f  
ex tradâ tes ' .  As the starting material f'or generating  
extrusion materials, we used multi- lam ellar  polyhedral 
niosom es ( I - 2 0 p m  size) prepared by a hand shak ing  
techn ique^

EXPERIMENTAL METHODS
Polyhedral niosom es were  made from Ci^EOs and 

Solulan  C 24  in the ratio 9 1 :9 respectively using the hand 
shaking  m ethod. M icropipettes with an exit d iam eter  o f  
1 p m  were prepared. Materials were obtained from Sigma 
UK and used w ithout further purifica tion .The 
borosilicate glass capillaries, with an inner d iam eter  o f

1 .17mm and outer d iam ete r  o f  1.5mm, were obta ined 
from Harvard Instruments, UK.
In the extrusion process, the micropipettes were filled 
with n iosom es and connected  to an electric pum p which 
controlled the frequency and the duration o f  the nitrogen 
pulse (pressures contro llab le  from 0.003 - 3 psi) used to 
drive the vesicles from the micropipettes into a Petri dish 
with the chosen media. T he  events were followed using 
a video cam era a t tached to the light m icroscope and the 
frames shown in the s tudy were captured on com puter.

Phosphate  buffer sa line (PB S),  distilled water, N aC l 
and sucrose solutions, as well as sod ium  carboxym ethyl 
ce llulose (N aC M C ) solutions, were  used to achieve 
m ed ia  in which to ex trude  the vesicles, varying ionic 
strength, viscosity and  tonicity.

RESULTS AND DISCUSSION

Polyhedral n iosom es are found in the low-cholesterol 
region o f  the polyoxycthylene-5-cety l e ther(C i6E0 5 ): 
cholesterohSolulan  C24(poly(24)oxyethylenc choleslciyl 
ether) phase diagram. Such niosom es possess straight 
edges and flattened contours  having their m em branes  in 
the gel state (Lp) at room tem perature . In small vesicles 
with high m em brane curva ture  the tilted bi layer Lp, 
canno t be packed into close spheres when the bilayer 
changes  from the L„ into the Lp phase. This packing 
constra in t leads to the formation o f  a num ber  o f  flat 
bilayer areas, jo in ed  together  by small highly curved 
e d g e s \  We have been able to m anipulate  polyhedral 
n iosom es into structures ranging  from long tubes to 
tubules, have achieved forms such as vesicles in tubules, 
as well as structures; w hich  the tubules spontaneously  
arrange themselves in conventional order. 
Photom icrographs (Fig. 1) show  a selection o f  the 
structures that can be formed.

T he  formation o f  tubula r  s truc tu re s ( la -c )  is not 
affected by change in pressure, how ever  at higher 
pressures  larger vesicles inside tubules were formed as 
seen in plates 2 & 3 respectively. The relative m ovem ent 
o f  vesicles during extrusion creates the vesicle within and 
at h igher  pressures there is more m ovem ent,  hence
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creation o f  larger vesicles. T he  form ation  o f  a  more 
perfect and com plete  concentric  layers (plate 5) are 
ach ieved  at lower pressures.

Osm otic condit ions have a small effect on the 
formation o f  particular structures, how ever  using more 
viscous solutions (sucrose or C M C )  produced  shorter 
tubes and vesicles and  fewer concentric  structures.

C r \o -S E M  (Fig. 2) shows the tubular  s tructures that 
were extruded by the repeated application  o f  pressure

l a l b

a

pressure 
-3  psi

2a 2b 2 c

- - ■ - •-

3a 3b 3c

ilpressure ij 
-1 .?Dsi ' ' i ; i 1 1
j
i 4b

!1 5pm/

' 1 pressure 
\  ~2.5psi

1 »
; ! ;

!
5a

, : l i . . . L

I

#

' l \

5b

Fig. 2: C ryo-SE M  photom icrograph  o f  a  m ix ture  o f  
micro-fabricated structures in water.

CONCLUSIONS

T he extrusion o f  n iosom es leads to the form ation o f  
various lipid forms.

W e have dem onstra ted  the ability to m anipula te  
polyhedral niosomes by extrusion, producing a new  range 
o f  vesicle m orphologies  w hich  may be important not 
only for drug  delivery but also for the utilization o f  the 
new systems in different areas such as s tudying 'conflned  
chemical reactions, intracellular transport p h en o m en a  
and tissue engineering.
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F ig  l.a -c : Photom icrographs o f  
tubular, v e s ic le  inside tubule & 
concentric (w horl) structures 
resp ectively  under light m icroscope  
d: C ryo-SE M  o f  above.

CHARACTERISATION OF NON-IONIC SURFACTANT MICRO-TUBULES
B.Nasseri and A.T. Florence

Centre for Drug Delivery Research, The School of Pharmacy, University o f  London, 29-39 Brunswick
Square, W C IN  AX, UK.

As a model pulsatile delivery system, spherical non-ionic surfactant vesicles (niosomes) can be extruded 
intact from capillaries'. Biomimetic microstructures are attracting much attension^, with many studies 
being focussed on spherical structures such as vesicles and liposomcs^'\
Polyhedral niosomes, when extruded under certain conditions they can be 
micro-fabricated into a serious o f  novel morjihologies'' comprising mostly of  
tubules, vesicle inside tubules and concentric structures as shown in figure 1.

Our approach is based on the propensity of niosomes to undergo complex 
shape transitions as a result o f  mechanical stress. The microtubules form as a 
result o f  pressure exerted on polyhedral niosomes which lead to the fusion o f  
such vesicles and the relative shear movement of vesicles against one 
another gives rise to the formation of  the three distinctive structures as 
shown in fig. 1. The compaction and fusion of such vesicles has created 
structures, which are less permeable compared to their parent polyhedral 
niosomes. We have studied entrapment efficiency as well as the release of 
carboxyfluorescein(CF) from these structures and have determined the 
effect o f  shear stress on the rate o f  release of entrapped solute.
Polyhedral vesicles were prepared from polyoxethylene-5- 
cetyl ether (CieEOs) and poly-24-oxyethylene cholesteryl 
ether (Solulan C24) in molar ratio 91:9 entrapped with 
5mM CF using the hand shaking method^ and the 
unentrapped CF was removed by ultra-centrifugation. The 
polyhedral vesicles were formed by extrusion via a range of 
micropipettes with aperture diameters ranging from 0.4 /xm 
to 4/tm at a constant pressure o f  4psi. The resultant 
microtubules were Centrifuged at SOOOrpm for 10 min and 
the pellet consisting o f  microtubules were dialysed over 5 h 
period, while the supernatant was analysed using the 
spectroflourometer to calculate the release of  CF. The 
results are displayed in figure 2.
As seen in fig.2 systems extruded from the smaller micropipette apertures as a result o f  greater shear stress 
release drug rapidly. CF release over time is less and almost constant for smaller aperture sizes and overall 
the release profile o f  these staictures is less than their progenitor polyhedral vesicles.
The microtubules when exposed to temperatures above their transition temperature the tubules are 
transformed reversibly into spherical vesicles and on cooling they regain their original polyhedral shape as 
seen in figure 3.

M I e r o p l p t l l »  t i p  t l z *  ( m l e r o n n n r )

Fig 2. The initial release o f  C F from m icrotubules  
prepared from varying m icropipette tips after extrusion.

\  \ 

w
a 25°C b 34°C C 4 6 °C

r

a»

e 32°C .A
F ig  3 . Photom icrographs sh ow in g  a seq u en ce o f  a m icrotubule reaching temperatures above its transition & co o lin g  back to room  
tem perature.

Micromanipulation o f  niosomes and liposomes can give detailed understanding of  the behaviour o f  carrier 
systems and allow the fabrication o f  new structures.
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ABSTRACT SUMMARY
The ability to take single large liposomes or niosomes 

and manipulate their structure and prqjerties has allowed 
a phenomenological study of some of the factors affecting 
tether formation and vesicle-tether interaction. The 
information gained about the movement of vesicles along 
tethers, their interaction with isolated tethers and the 
rupture of tethers will allow quantitative studies of the 
forces involved.

KEY WORDS: tethers, vesicles, liposomes.

iNTRODUCTlON
To a large extent the fascinating behaviour of 

biological membranes is due to their fluidity and the 
ability of the molecules within them to move laterally 
along the membranes. This property becomes apparent 
when studying lipid bilayers that contain only one or a 
few molecular components.

Giant phospholipid vesicles cell-sized liposomes 
composed of either single or multi lipid bilayers with an 
entr^ped aqueous compartment are often crmnected by 
narrow tubular structures o f different lengths'. These thin 
tubes or “tethers” are very fragile so that they have 
sometimes tended to be overlooked in biological 
systems^, although they could have an important role in 
the function of the Golgi system and other transport 
systems involving vesicles. Tethers have been reported to 
occur also in red blood cells '̂*, but evidence for their 
occurrence seems to be lacking.

Multi-lamellar vesicles with sizes greater than 10:m 
are studied here as their overall size is large enough to 
make them visible under the microscope when studying 
the mechanical properties of their bilayers and the 
vesicles themselves.

in this work an extension of work in the extrusicm of 
vesicles for nano-capillaries (Nasseri. B & Florence. A.T) 
Unpublished), we have tried to manipulate tethers and 
gain a better understanding of the structures obtained and 
in doing so we have come across vesicles whose fine 
tethers are used as a traveling route for much larger 
vesicles.

EXPERIMENTAL METHODS
Multi-lamellar vesicles liposomes (MLV) made up of 

cholesterol and distearoyl-phosphatidylcholine (DSPC) 
were prepared using the hand-shaken method^.

Borosilicate glass c^illaries (inner diameter of 
1.17mm; outer diameter o f 1.5mm) were obtained frran 
Harvard Instruments, UK. The glass capillaries were

pulled into l:m exit diameter tips using a Narishige 
pipette puller (model PC-10).

Micromanipulation was carried out under an inverted 
microscope (Leitz Diavert) utilizing X40 magnification. 
Individual frames were captured using Hauppage 
capturing software. A micro-pipette was used to hold the 
vesicles while two others were used to form tethers, all 
controlled using Narishige micromanipulators (Model 
MO 203). The entire set up is kept on an inbuilt anti
vibration table.

RESULTS AND DISCUSSIONS
The walls o f the vesicles under study were malleable 

and under slight suction a relatively permanent distortion 
is evident as seen in figure la. Formation of a tether in a 
MLV system seems to involve the outer lamellae leaving 
the inner layers intact, effectively creating a narrow but 
ultra flexible corridor where the spherical vesicle can 
travel along as depicted in figure Ic.

inner lamella of 
vesicle

outer lamellae of the vesicle

suction

^  movement

Fig. 1 : Video microscopy shows the initial stages of tether 
formation, as well as a depiction of the manner in which 
the multi-lamellae vesicle is disturbed.

Figure 2 shows the vesicle moving when a certain 
length of tether is reached i.e. when the force on the 
vesicle exceeds the suction from the holding micro
pipette. Once this is achieved the vesicle from Miich the 
tether is formed can move “along” the tether. Its velocity 
depends on the thickness of the tether as well as the 
length of elastic extension. In our experiments we have 
observed velocities between 3 to 15:m.sec ' which implies 
rapid sliding movement of the lamellae in relation to each 
other. The tether in fig. 2b is further divided, which itself 
places more tension on the tether system, hence initiating 
the movement of the vesicle. The secondary tether does 
not carry the vesicle as it may be slightly thinner than the 
original tether.

©2002 Controlled Release Society 29th Annual Meeting PROCEEDINGS

mailto:a.t.florence@ulsop.ac.uk


#194

Fig. 2: a: Vesicle made to travel along its tether as a 
certain tension within the tether is reached, b: A junction 
in the tether where the vesicle takes path along the 
original tether (lower sequence).

In Fig.3 a vesicle was kept in contact with a tether for 
only a few seconds before fusion ensues. Sequences 
show the vesicle being pulled away with the tether 
attached to i t  Even at break point of contact there seems 
to be a finer slightly visible secondary tethers which 
peruses. Fig. 3b shows the adhesion of a latex micro 
sphere of size l;m to the tether, which is very tightly 
bound. Fig. 3c is a depiction of the possible changes 
occurring at the bilayer resulting in fusion between 
vesicle and tether. At close contact the opposing 
amphiphilic molecules, flip or orient differently, hence 
creating a new form of tether

bilayer

. ÎÏÏÎÎÏÏÏÏ

4  „ ! & ,

m rr r m  =
>=> ^  

Secondai^y*^^
tether

jIÎAÜilîl
Fig. 3: a: shows attachment of a vesicle to a tether whose 
changes in the bilayer structure is depicted in c, b: shows 
the adhesion of tether to a latex particle.
In our experiments the particles stay at their point of 
attachment despite continuous movement inside the tether 
supports this proposal.

In fig. 4a, a tether is being unraveled into two tethers, 
indicating the multi-lamellar nature. They are very elastic 
undergoing elongation into tens if not hundreds of 
micrometers. When broken the recoil of the tether can be 
seen. Fig. 4b shows a depiction of the possible changes 
occurring in extension as well as recoiling of the 
molecules in the tether. Once tensitxi is released the 
molecules move closer together again but at the broken 
tips, in order to avoid contact of the hydrophobic chains 
with water, they reseal. If the tether is pulled too far, the 
large distances created in between the molecules may 
cause yielding or plastic deformation.

A A".

5;m

A

stretching

ecoiling

Fig. 4: a: A tether is extricated from another and then 
stretched further until broken at one point as seen in b.

CONCLUSION
The manipulation of vesicles leading to the formation 

of tethers allows a better understanding of the molecular 
self-assembly of amphiphilic molecules, useful for design 
of advanced materials and the fabrication of advanced 
materials. The ability to control vesicle and tether 
behaviour suggests that new forms can be fabricated using 
the appropriate lipids or surfactant molecules either as 
carriers or component of carriers.

REFERENCES
1. H.G. Dobereiner et al., Phys. Rev. E 55 (1997) 4458.
2. L. Mathivet et al., Biophys. J. 70 (1996) 1112.
3. G. Lelkes et al., Biochem. Biophys. Acta 1065 (1991) 
135.
4. M. Bobrowska-Hagerstrand et al.. Cell. Mol. Biol. Lett. 
2(1997) 9.
5. P. Arunathayanun ct al.. Extrusion of Niosomes from 
Capillaries: approach to a pulsed delivery device. 
J.Control. Rel. 60 (1999) 391-397.

ACKNOWLEDGEMENT
This work was funded by School of Pharmacy, 

University of London.

©2002 Controlled Release Society 29th Annual Meeting PROCEEDINGS


