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Abstract

On-demand drug delivery systems have the potential to optimise drug delivery by allowing
drug administration as required. Lipid-based liquid crystalline matrices (LC) are increasingly
explored as a means of controlled release drug delivery due to their biocompatibility and ability to
incorporate and control the release drugs of a wide ranging size and polarity. The rate at which
drug is released is ultimately determined by the mesophase nanostructure. This inbuilt ‘on-off’
switch for drug release affords the opportunity to manipulate drug delivery by influencing lipid
packing by e.g. changing temperature. The utilisation of advanced synchrotron SAXS has allowed
for the understanding of mechanisms by which transformations between lipid self-assembled
structures take place. Understanding these interactions is essential in the development of selfassembled matrices for many bioapplications.
Light-activated drug delivery systems have potential to provide a selective and non-invasive
approach to accessing tissues that are not amenable to direct treatment. This thesis presents LC
matrices which have been rendered light responsive by incorporation of additives that alter lipid
packing upon irradiation and the effect of manipulating nanostructure on the release of drug from
these matrices. Two approaches have been taken:
1.

Photothermal

Gold nanorods were incorporated into LC matrices and irradiation with near infrared laser
light induced reversible thermotropic phase transitions via a photothermal effect.
2.

Photochromic

Photochromic compounds that undergo isomerisation in response to irradiation were
incorporated into liquid crystalline systems where UV light induced a steric disturbance in the
liquid crystalline nanostructure.
The potential of these optically addressable nanostructures as reversible ‘on-demand’ drug
delivery systems will translate into novel treatments for diseases such as macular degeneration.
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Chapter 1 – Introduction

Chapter 1 – Introduction

1. Introduction
1.1. Declaration for Chapter 1
Most of this introduction has been published as: Boyd BJ, Fong W-K. Stimuli-Responsive
Lipid-Based Self-Assembled Systems. In: Garti N, Somasundaran P, Mezzenga R, editors. SelfAssembled Supramolecular Architectures. Surface and Interfacial Chemistry. Hoboken, New
Jersey: John Wiley & Sons, Inc.; 2012. p. 257-88.

1.2. A Statement of the Problem
Over the past 30 years, there has been intensive research and development into effective
drug delivery systems in order to resolve issues that come hand in hand with pharmaceutical
treatments. These issues include systemic toxicity, drug instability and patient compliance. Much
of this research has resulted in the evolution of nanomedicines which matches innovative
technologies from different scientific disciplines to create drug delivery systems with a practical,
well-designed function. These hybrid nanomaterials have the potential to provide a specific, noninvasive approach to pharmaceutical treatments thereby revolutionising the way in which therapies
are administered.
Towards this objective, many natural and synthesised matrices have been rendered stimuli
responsive through the incorporation of novel materials, including the use of self-assembled
systems such as lipid based liquid crystalline materials. These materials have been shown to
provide sustained release of actives in food and pharmaceutical applications, where the drug
release rate is determined by the nanostructure formed. The dynamic manipulation of the lipid
packing in these systems using temperature has been shown to alter drug release rate. However, as
the use of temperature as a stimulus has practical issues in real-life applications, a non-invasive
means of nanostructure manipulation is envisaged. Light stimuli provide an ideal alternative as it
2
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can be easily applied externally, and certain wavelengths can safely penetrate through biological
tissues. Thus, this thesis focuses on the creation of light responsive liquid crystalline matrices for
on demand drug delivery.

1.3. The Application and Benefits of Self-assembled Systems in Drug Delivery
The use of self-assembled systems based on lipids and surfactants in drug delivery
applications is predicated on three primary features.
1. Enhanced solubilisation: Self-assembly provides an internal hydrophobic environment
for enhanced solubilisation of drug molecules that are otherwise poorly water soluble which limits
the administrable dose. Emulsions, micelles and liposomes have all been utilised for this purpose
in a range of pharmaceutical products already on the market. While micelles have a disadvantage
of potential loss of solubilisation capacity on dilution beyond the critical micelle concentration of
the surfactant, other self-assembled systems such as emulsions and liposomes do not.
2. Manipulate pharmacokinetic behaviour: Side effects due to drug administration are
most often associated with high blood concentrations immediately after administration.
Incorporation of drug into a carrier system can slow down the bioavailability of drug, thus
reducing side effects without reducing the total dose of drug administered.
3. Targeting drug to particular tissues: The functionalisation of micelles and liposomes
has been utilised to direct the carrier to the desired tissue site, either by passive or active targeting.
Passive targeting involves surface coverage with polyethylene glycol (PEG) chains to prevent nonspecific removal from the circulatory system, leading to preferential deposition in tumour tissues
and sites of inflammation. Active targeting involves functionalising the surface of the particle with
a tissue specific moiety such as an antibody or antigen, to encourage specific interaction with

3
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diseased tissues that differentially express the complementary entity to the functional group,
compared to healthy tissues.
As will be discussed later in this Introduction, there are many types of stimuli that can be
introduced into the lipid-based self-assembled matrix in order to induce phase transitions in these
systems. However, most studies have revolved around imparting responsiveness into liposomes.
Other self-assembled nanostructures, such as non-lamellar liquid crystals, have received much less
attention despite the potential for reversibility of structural changes that could permit repeated ondemand administration of drug with a single injection. Such non-lamellar structures are discussed
in the next section.

1.3.1. Self-Assembled Nanostructures for Drug Delivery
Self-assembled systems hold promise as stimuli responsive systems as outlined in the earlier
sections, where both lipid-based and polymeric systems have potential in such applications.
Polymeric materials have been heavily investigated in order to enhance different aspects of drug
delivery. They have a narrow size distribution and provide great versatility as easy modifications
can be made to their structure. For example, changes in molecular weight and geometry and
addition of covalently bonded ligands which can provide protection against physical and
physiological factors1. However, as functionalised polymers are synthesised materials, some
potential issues exist. These include polymer toxicity,

immunogenicity, non-specific

biodistribution, in vivo circulation instability, low drug carrying capacity, rapid drug release and
manufacturing challenges. Stimuli-sensitive hydrogels, made of natural gums and polymers, are an
alternative to synthetic polymeric systems; however, their major drawback is a slow response
time2. The easiest way to achieve fast-acting responsiveness is to develop thinner and smaller
hydrogels which, in turn, bring about fragility and loss of mechanical strength in the polymer

4
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network and the hydrogel device itself2. A possible alternative to polymeric materials and
hydrogels are self-assembling amphiphilic lipid-based liquid crystals.
Lipid-based liquid crystalline matrices have an unrealised potential in providing external
control over drug delivery, through manipulation of self-assembled structure and hence
optimisation of drug release, disposition and bioavailability3-5. The thermodynamic stability of
self-assembled lipid systems is a distinct advantage over e.g. polymer based systems, as in theory,
the self-assembly mode may be infinitely reversibly changed from one structure to another to
modify drug release; in effect acting as an inbuilt ‘on-off switch’ for drug release.

1.3.2. Lipid Self-Assembly and Transitions between Self-Assembled Structures
Amphiphilic lipids and surfactants self-assemble in aqueous environments to form a variety
of possible structures which depend on the solubility and effective geometry of the assembling
amphiphiles. These structures form spontaneously and in the absence of physical or chemical
changes to the system are thermodynamically stable. The structures formed are discrete phases
within the binary lipid-water phase diagram. The phases which can most often be formed by
amphiphilic lipids are shown in Figure 1.1. Not all lipids can form each of the displayed phase
structures. The phases formed by the lipid-water systems can be understood using a concept
known as the critical packing parameter (CPP), which describes how the amphiphiles will
aggregate according to the geometry of the molecule, based on theory by Israelachvili6. CPP is
defined by Equation (1)
𝐶𝑃𝑃 =

𝑣

𝑎𝑙

(1)

where v is effective volume, a is head group area and l is chain length. For values of CPP <
1, a normal phase forms (where hydrophobic chains face inwards, towards the core of the
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structure), for values CPP > 1, an inverse or reverse phase forms (where hydrophobic chains face
outwards, away from the aqueous core).
STRUCTURE FORMED
Reversed
Micellar [L2]
Reversed Micellar
Cubic [I2]
Reversed Hexagonal
[H2]

Reversed Bicontinuous
Cubic [V 2]

Lamellar [Lα]
Normal Bicontinuous
Cubic [V 1]

Hexagonal [H1]

Normal Micellar
Cubic [I2]
Micelles

Figure 1.1 – Self-assembled phases of surfactant molecules and their preferred aggregate structures for
geometrical packing reasons. Common abbreviations for each phase type and their CPP (given as v/al) are
also listed. Adapted from 7.

6

Chapter 1 – Introduction

Micelles are the simplest geometry and in their ‘normal’ configuration they are denoted as an
L1 phase. They typically occur at relatively high hydration. However, for relatively hydrophobic
lipids and surfactants, the addition of water to surfactant sometimes does not induce the formation
of the normal L1 micellar phase. If the matrix has a finite capacity to incorporate additional water,
the extra water may coexist as a separate phase. Such systems form the basis of bilayer structures
that coexist in excess water, as in the case of cellular membranes and liposomes. Such systems,
described below, are typically formed by lipids such as phospholipids, which have an inherent
cylindrical shape suitable for the formation of bilayer structures.
The mesophases of current interest for drug delivery are the lamellar (Lα), the inverse
hexagonal (H2), the inverse bicontinuous cubic (V2) and the inverse micellar (L2) phases. Lα is the
simplest of the liquid crystalline phases, consisting of flat lipid bilayers stacked on top of each
other periodically. The addition of excess water to poorly water-soluble amphiphilic lipids can also
result in the formation of the finite swelling inverse non-lamellar geometries; the H2 and V2
phases. The V2 and H2 phases are considered potential matrices for controlled release drug
delivery. The V2 phases appear as macroscopically stiff, optically isotopic gels which display
three-dimensional cubic periodicity. Microscopically, they consist of two rod-like pipes, mutually
interwoven, enantiomeric and unconnected, whose 3D structure has been well studied8, 9. Types of
V2 phases observed in lipid based liquid crystals include the double-diamond (space group Pn3m,
Q224), primitive (Im3m, Q229) and gyroid (Ia3d, Q230) phases. The H2 phase consists of aggregates
of closed reverse micellar cylinders, arranged in a 2D hexagonal lattice10. The L2 phase, also
known as the fluid isotropic phase, is comprised of inverse micelles, and although is technically
not a liquid crystalline structure, is often observed on melting of the inverse hexagonal and cubic
structures.
Thus lipid and surfactant self-assembly not only provides access to a range of
thermodynamically stable structures, but also provides systems with very different classes of
7
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behaviour that can be translated into different applications. In addition to their thermodynamically
stable long range order, they also possess excellent biocompatibility due to their composition –
lipid and water. The unique nanostructures formed by these lipids dictate their use, whether it be to
control the rate of release of actives from within the well-defined geometric structures11, as a
template for matrix guided synthesis12, or more classical surfactant applications such as wetting
and detergency applications.

1.3.3. Drug Release from Liquid Crystalline Mesophases
In controlled release applications, drug release from V2 and H2 phases has been well
established. The escape of drugs from the tortuous water channels of different liquid crystalline
matrices is diffusion controlled as indicated by Higuchi’s square root of time release kinetics11, 1315

, shown in Equation 2:
𝑄 = �𝐷𝑚 𝐶𝑑 (2𝐴 − 𝐶𝑑 )𝑡

(2)16

where Q is the amount of drug released per unit area of matrix, Dm is the diffusion
coefficient of the drug in the matrix, A is the initial amount of drug in unit volume of matrix, Cd is
the solubility of drug in matrix and t is time. The ability to switch between V2 and H2 structures
and consequently control the release of model hydrophilic drugs using temperature as a stimulus in
vivo and in vitro17 has been reported, as has the in vitro use of pH in a similar manner18.

1.3.4. Lyotropic Liquid Crystal Forming Lipids
There are many reported amphiphilic lipids that form liquid crystalline phases, and those that
form non-lamellar phases have been reviewed by Kaasgaard et al.19 Further, the liquid crystalline
phases formed by phosphatidylcholines have been reviewed by Koynova et al.20. Some lipids of
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interest in this thesis are discussed in more detail below and their molecular structures are shown
in Figure 1.2.

OH
HO

OH
HO

O
O

Glycerol monooleate (GMO)

O
O

Monoelaidin (ME)

OH
HO

O

HO

Selachyl Alcohol (SA)

OH
OH

Phytantriol (PHYT)

Figure 1.2 – Molecular structures of some lipids which form non-lamellar liquid crystalline nanostructures.

Glyceryl monooleate (GMO) and monoelaidin (ME) are neutral monoacylglycerides which
are widely used in the food industry and are found in the body as intermediates of fat digestion and
metabolism. Both are food additives and pharmaceutical excipients with oral GRAS status21. They
have the same molecular formula, but GMO has a cis double bond at the 9,10 position of the acyl
chain, whereas ME has a trans double bond.
GMO has received the most attention with regards to its utility as a liquid crystalline based
drug delivery system. It is an attractive material as the GMO/water system forms Lα, V2 and H2
phases in an accessible temperature range and it is readily available at a low cost. Commercially
produced sources of these lipids such as Myverol 18-99K (Kerry) and RyloMG (Danisco), are
often complex mixtures of amphiphilic substances varying in chain length and purity level, which
may make their behaviour somewhat difficult to characterise and control. In addition to this, the
ester-based structure of this lipid may limit its practical application due to hydrolysis of the ester
bond and the consequent chemical instability and disruption of the liquid crystalline structure.

9
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ME has not been investigated as intensively as GMO as its phase transitions are much more
complex and so have been thought less useful than GMO. Several of the polymorphs and
mesophases have been found to be metastable and transform to more stable states isothermally
and/or in the course of thermal cycling22-25. In addition to this, the solid lipid does not form a
liquid crystalline phase and so it does not imbibe water below 38°C

23, 24

. Chang et al. compared

liquid crystalline structure in ME and GMO dispersions, attributing the difference in phase
behaviour to the trans double bond of ME increasing the length of the hydrophobic chains and as
such giving the molecule a more cylindrical shape. This, in turn, makes the CPP of the ME
molecule closer to 1 and so is more likely to form Lα phase22. The effect of salts on ME
mesophases has also been studied26.
Phytantriol (PHYT) is a precursor of vitamin E acetate, derived from chlorophyll, which is
used as a cosmetic excipient in skin care and hair conditioning products27,

28

. PHYT has been

suggested as a practical alternative to the glyceride lipids. Its structure comprises of a highly
branched phytanyl tail with a tri-hydroxyl head group and, most importantly, its structure does not
include an ester functional group. Phytantriol is also commercially available in relative pure form.
Although very different in structure, PHYT and GMO show similar phase progressions. At
room temperature, the phases formed upon increasing the water concentration occur in the
sequence: reversed micellar, lamellar and then cubic phase. With both lipids, the cubic phase is the
dominant phase formed in excess water. With an increase in temperature, the cubic phases formed
by GMO and phytantriol in excess water have been reported to transform into a reversed
hexagonal phase and reversed micellar phase. These phase transitions occur at higher temperatures
in GMO (>80°C)29, 30 than for phytantriol (>40°C)31, 32.
Selachyl Alcohol (SA), also known as glyceryl monooleyl ether, is another lipid known to
form inverse liquid crystalline phases in excess water. SA forms H2 phase at room temperature,
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and forms L2 phase at higher temperatures in excess water. The bulk and dispersed systems of SA
have been characterised in the literature33, 34.

1.3.5. Dispersed Liquid Crystalline Matrices: Cubosomes and Hexosomes
Bulk liquid crystal systems are regarded as soft nanostructured materials and have been
proposed for use as controlled release drug delivery depots amongst other potential applications35.
When lipid-based liquid crystalline phases can co-exist in equilibrium with an excess of water,
kinetically stable colloidal dispersions such as cubosomes and hexosomes can be formed where
the colloidal material retains the internal ‘parent’ phase structure of cubic and hexagonal phases
respectively.
In order to provide colloidal stability, the presence of a stabiliser is required. The most
commonly used stabiliser is the triblock PEO-PPO-PEO copolymer, Pluronic F-12736. More
recently, Pluronic F-10837 has been proposed as an alternative stabiliser for cubosomes. Cryogenic
transmission electron microscopy (cryo-TEM) and cryogenic field emission scanning electron
microscopy (cryo-FESEM) images of cubosomes are shown in Figure 1.3. A dispersion, as
opposed to a bulk phase, may have benefits in drug delivery as they are nano-sized and so are
more easily injected than the bulk phase. They have potential to be injected systemically and
locally38 with faster drug release kinetics than depot systems. However, previous studies with
dispersed systems finds only burst release of a range of hydrophilic and hydrophobic from
cubosomes in aqueous media39, 40. Additionally, the particles have been found to be unstable in
plasma41. Nevertheless, Nguyen et al. found that under some circumstances cubosomes can
provide a sustained release formulation for a poorly water soluble drug on oral administration42, 43.
Release kinetics from cubosomes has been improved by altering charge, viscosity and structure44-
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; however controlling responsiveness of the nanostructure of dispersed liquid crystalline matrices

e.g. from Lα to V2 may be a more effective way to control the release of actives from the particles.
Cryo-TEM

Cryo-FESEM

Figure 1.3 – Cryo-TEM and cryo-FESEM images of cubosomes. Cryo-TEM (left panel) images show 2D
particle morphology and cryo-FESEM (right panel) show 3D particle morphology. Adapted from47, 48.

1.3.6. Transitions between Self-Assembled Structures
Transitions between different self-assembled geometries for lipids in aqueous environments
are ubiquitous in nature and have received a huge amount of attention in biophysical chemistry
research49,

50

. The formation and structure of cellular membranes, membrane fusion and some

cellular uptake mechanisms all involve manipulation of lipid self-assembly at the molecular and
meso-length scales. The rich diversity of structures that lipids may adopt lends itself as the basis of
complex biological functions. There is potential to utilise the reversible phase transitions in lipid
12
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systems to impart responsiveness into materials. With the advent of advanced synchrotron and
neutron scattering facilities, we are only now fully understanding the mechanisms by which
transformations between lipid self-assembled structures takes place51,

52

. Harnessing this

information is key to utilising the transformation between lipid systems.
It is notable that no drug delivery products have yet made it to market based on stimuli
responsive systems. A heat sensitive liposome system containing doxorubicin for heat selective
tumour delivery (Thermodox® owned by Celsion) has entered clinical trials; however, the potential
for accidental activation of the delivery system needs to be carefully controlled to avoid
inadvertent activation in non-target tissues. Consequently, it might be expected that alternative
means of activation such as an optical stimuli, will ultimately be viewed as a safer approach to ondemand delivery systems. The major hurdle to progress in light activated delivery systems is the
need to include light responsive elements that may themselves be prohibitively toxic and require
their own highly costly preclinical and clinical toxicological evaluation. Hence, there is a need to
expand the range of materials available to the formulator to identify the ideal selective responsive
drug delivery system that meets the demands of functionality, safety and toxicity.
The self-assembly of lipids can be manipulated by factors such as the presence of additives,
solution conditions e.g. pH and environmental conditions such as temperature and pressure. The
interplay between lipid packing, nanostructure and drug release rate is shown in Figure 1.4
whereby the alteration of packing at the intramolecular scale can ultimately result in a change in
the drug release rate from the matrix. The addition of known amounts of specific additives can
result in quantifiable modifications in phase behaviour – e.g. cholesterol in liposomes effects
bilayer fluidity53, oleic acid in GMO54,

55

and vitamin E acetate in phytantriol56 causes the

reduction of the V2 to H2 to L2 phase transition temperatures; allowing for the ability to fine tune
the desired properties of lipid based systems. These parameters, and hence lipid packing, can be
manipulated providing specific stimuli. For example, in the case of liquid crystalline structure, an
13
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increase in temperature will tend to induce a higher degree of chain splay, therefore increasing the
spontaneous mean curvature of the monolayer and forcing the structure to switch to a more
energetically favourable phase with potential to thereby manipulate drug release57.

Lipid Packing

Nanostructure

Drug Release
Rate

Mesophases of interest in drug delivery
Phytantriol
HO

v2

OH
OH

Bicontinuous
Cubic v2

Reversed
Hexagonal H2

Reverse
Micellar L2

H2 & L2

Figure 1.4 – Schematic diagram showing the interplay between lipid packing, nanostructure and drug
release rate of self-assembled liquid crystalline systems.
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1.4. Drug Delivery, On-Demand
Research into modern pharmacological treatments for diseases is focussed on coupling
pharmaceuticals with nanotechnology to not only achieve increased bioavailability and sustained
release, but to also achieve site specific delivery and drug release on-demand58-62. In particular,
external control over release of incorporated agents to overcome unmet therapeutic needs is
desired. The potential to improve the delivery of actives is also recognised in the cosmetics and
personal care industry63,

64

as well as in functional foods5,

65-67

and environmental protection68.

Hence, there a number of therapeutic scenarios in which external control over drug release may be
beneficial including:
•

Frequently injected compounds with short half-lives – The frequency of administration of
drugs that require multiple injections may be replaced by the application of an external
stimulus. For example, in hormone treatments a depot injection can be administered in the
morning with external activation resulting in the release of drug as required69.

•

Theranostics (imaging guided therapy) – The development of novel carriers which deliver
both imaging contrast agents and active compounds, so that imaging reveals the ideal location
for remote activation of drug delivery58, 70.

•

Chronically

administered

compounds

with

high

risk

of

complications

from

administration – for example, the necessity for frequent intravitreal injection of steroids or
anti-VEGF compounds for macular degeneration is associated with high risk of infection and
retinal detachment71-73.
•

Symptom responsive drug release – the ability to rapidly administer a dose of drug on
development of symptoms without going through an administration procedure. This could be
achieved through the administration of a prior injected dose form, from which drug release is
sparked by the onset of symptoms74.
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•

Sequential delivery of therapeutic agents – drug-drug interactions can cause problems
especially for patients on multiple treatments. A delivery system which can release drugs
dosed at the same time at different spatial or temporal locations could reduce side effects and
make dosing less complicated75.
This Introduction will provide a view of the landscape of stimuli responsive self-assembled

systems with a focus on surfactants and lipids, particularly for drug delivery applications. It is
proposed that there are three main categories of stimuli responsive systems for drug delivery
applications, namely Active Targeting, Endogenous Stimuli and External Stimuli. The specific
stimuli responsive mechanisms and matrices in each category are summarised in Table 1.1. The
general aspects of each of these stimuli responsive areas will be discussed.

Table 1.1 – An overview of some of the proposed endogenous and external stimuli and different classes of
self-assembled drug delivery systems reported in literature.
Endogenous Stimuli

External Stimuli

Active Targeting

Depot Systems

•

pH changes

•

Temperature

•

Antibody-Antigen

•

•

Redox sensitivity

•

Light

•

Enzymes

•

Ionic changes

•

Electromagnetic

•

Receptors e.g.

•

Hydrogels

•

Changes in osmotic

Field

folate, growth

•

Polymeric cages,

Ultrasound

factors

membranes and self-

pressure
•

•

Lipid based soft
materials

Increased expression

•

Aptamers

assembled

& activity of

•

Integrins

nanoparticles

proteins

For application in drug delivery, the obvious aim is to control the availability of drug from
the carrier to the general circulation if systemic availability is desired or to the intended site of
action for localised delivery. It is therefore useful to briefly discuss drug release mechanisms so
that subsequent discussion of stimuli responsiveness can be understood in terms of the particular
mechanism at play. Release of drug from delivery systems is recognised as being via three means:
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(i)

Passive diffusion relies on a chemical potential gradient to drive the drug from the selfassembled system into the bulk liquid into which it is introduced, such as the blood stream.
Drug is maintained inside the self-assembled system prior to administration purely by
partitioning or equivalence of concentration in the internal and external aqueous
compartments – dilution is the trigger by which drug is released by reducing the
concentration of drug in the external surrounding fluid.

(ii)

Non-specific degradation of the carrier through normal physiological processes such as
phagocytic uptake and/or hydrolytic destruction. Degradation is the usual mechanism
controlling release from solid matrices made from e.g. biodegradable polymer or solid lipid
nanoparticles, in which hydrolysis induces chemical degradation of the polymer structure
and erosion of the particle.

(iii)

Covalent drug release is usually achieved through incorporation of a functional linker
within the self-assembled system that is cleaved in the particular environment of the target
tissue. The cleavage of these systems is often achieved through pH sensitive functional
groups that decouple drug from the carrier in hypoxic environments, or in enzymatically
activated systems.

1.4.1.

Endogenous Stimuli

The ‘holy grail’ of therapy is for there to be no intervention in the management and
treatment of disease where the development of biochemical markers or symptoms that are not
noticeable to the patient would trigger drug release automatically in response to some measured
indicator74. Such systems are already in use for the treatment of diabetes to much success, where
the implantable mechanical pumps release insulin in response to falling glucose levels in the
blood76. Hence, drug delivery systems that are responsive to variation in physiological conditions
are sought after. The use of physiological triggers in drug delivery to date, particularly in
17
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polymers, has largely exploited the difference in physiological conditions between pathological
and normal tissues in conditions such as cancer and inflammatory diseases77. The ability to induce
variation in lipid-based systems (rather than mechanical-based systems) using physiological
stimuli has not been used to such great advantage, particularly in consideration of the vast
capability of cellular structures to utilise changes in lipid assembly to modulate function.

1.4.1.1.

Targeted Drug Delivery

For some cases, an ideal drug delivery system could be dosed systematically and accumulate
at a desired site where it can release drug on contact with a local phenomenon or on demand via an
external stimulus as previously outlined. Many factors affect the ability of a drug to get to its
intended target at an effective concentration. The main non-cellular mechanism affecting the
circulation of colloids in the body is their rapid opsonisation by phagocytic cells and consequent
rapid clearance from the blood; a phenomenon known as the reticuloendothelial defence system
(RES). In addition, cellular-based defence mechanisms, drug distribution, biotransformation and
clearance also hinder accumulation of carrier in specific tissues78.
In order to counter these physiological effects and so deliver actives to target specific tissues
several methods have been reported. This has somewhat been dominated by the approach of
preparation of nanoparticles to an optimum size and sterically stabilising them through
PEGylation79. PEGylation refers to covering the particle with PEO chains and so provide a ‘cloud’
of hydrophilic chains which act as a steric barrier and so repel plasma proteins. This increases
blood circulation time of nanoparticles80 as well as reduces in vivo degradation81.
Active targeting refers to the attachment of ligands which bind to specific receptors or
antigens by molecular recognition to the surface of nanoparticles, with the aim to increase
accumulation and penetration into desired sites. Numerous nanocarriers have been developed in
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order to target the physiological differences between healthy and diseased tissues such as cancer4
and inflammation. The literature on actively-targeted lipid-based self-assembled systems has
focussed primarily on liposomes59. These nanoparticles are coupled to specific antibodies or
coated with aptamers or ligands through the functionalisation of the amphiphilic lipid head group
or the terminus of a PEG polymer82. The ligand must also be attached at an optimum length so that
it extends outside the steric PEG barrier in order to maximise interaction with the target83. Particles
can be targeted to particular tissues as outlined in Table 1.2; however, some are likely to partition
into non-target tissues and so cause potential toxicity issues. Therefore, it would be more desirable
to have particles that are activated only in target tissues.

Table 1.2 – Some examples of targeted functionalised liposomes.
Target

Functional moiety

References

Folate receptors of actively growing tumour cells

Folate

83, 84

Epidemal growth factor receptors

Epidemal growth factor

84

Surface glycoprotein receptor (gp112)

IgG monoclonal antibody

85

Integrins, receptors expressed in neo-vasculature of Small peptides

86, 87

tumours during angiogenesis
Ischaemically damaged cardiomyocytes

Anti-cardiac myosin monoclonal

88-90

antibodies
Solid tumours and B-cell lymphoma

Antibody fragments scFv or Fab’

91, 92

CD19 and CD20 epitopes

CD19 and CD20 antigens

93

Biotin-rich optically clear nuclei in tumours

avidin/biotinylated complexes

94, 95

1.4.1.2.

pH Variation

Differences between the pH in tissue and cellular components in pathological conditions
provide points of potential exploitation. Normal pH gradients exist naturally throughout the body,
for instance, inside some parts of the gastrointestinal tract and cellular components differ from the
extracellular pH of 7.4. This is commonly utilised to enhance oral drug bioavailability through the
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formulation of drug molecules as salts of base forms. In drug delivery it is utilised in selective
drug release through preparation of enteric coatings for tablets, which protect drug from the harsh
acidic environment of the stomach, allowing drug to be released at a more acceptable pH in the
intestines.
Abnormal pH gradients exist between normal tissues and those affected by conditions such
as cancer, inflammation and infection. Sites of infection and inflammation, metastasised tumours
and primary tumours have a significantly lower pH to normal tissues96. For example, 60 min after
an inflammatory infection, the pH at the site of inflammation drops to 6.5. These disease states
have been the target of many lipid-based self-assembly systems. As such, pH-sensitive systems
have been extensively investigated since the early 1980s as a means of increasing drug delivery to
tumours. Many examples of pH-sensitive systems found in the literature are based on polymeric
and lipid-based liposomes and hydrogel systems which can be synthetically altered to provided
highly specific structural changes under differing pH conditions. Hydrogels have a unique pHdependent swelling–deswelling behaviour where the deswelling of the gel results in encapsulated
drug release97, 98. More recently, Negrini et al. reversibly manipulated the phase transition of a
monoolein-based lyotropic liquid crystal in order to modulate drug release in vitro18.
Liposomal systems have been designed to be systemically administered and accumulate in
tumours where they release their contents under mildly acidic conditions99-101. The liposomes are
made responsive by the inclusion of a modified lipid as a sensitiser and the mechanisms of release
have been suggested to be one or a mixture of the following:
•

The pH change triggers a change in morphology from the lamellar lipid bilayer (Lα) to e.g.
micellar or hexagonal phase102. The liposome contains negatively-charged lipids e.g. lipids
with a carboxyl group which neutralise in acidic pH and so causes the collapse of Lα into a
hexagonal phase. This concept is exploited in the enteric coating of pharmaceuticals to protect
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them from degradation in the stomach at low pH, where the carboxylate groups of the coating
polymer are protonated imparting low solubility, but ionise in the small intestine to allow
polymer dissolution. In self-assembled systems this concept has been rarely employed, but has
recently been demonstrated in lyotropic liquid crystalline systems prepared using
monoglycerides doped with fatty acid to induce a morphology change from the hexagonal
phase to the bicontinuous cubic phase103. The hexagonal phase present under simulated gastric
conditions at low pH released the model drug probucol slowly, compared to the cubic phase
structure present at intestinal pH.
•

The pH change causes the ionisation of bilayer surfactants. Cholesterol hemisuccinate104-106
and oleic acid107,

108

are two mildly acidic amphiphiles which become protonated when in

acidic conditions. When exposed to the acidic environment, a decrease in hydration of the lipid
headgroups results and as a consequence, formation of a non-bilayer structure which can fuse
with the endosome membrane and so release contents into the cytoplasm109.
•

The pH change results in acid-catalysed hydrolysis of specifically engineered lipids resulting
in the formation of detergents or fusion. Acid-labile PEG-conjugated vinyl ether lipids have
been used by Thompson et al. to stabilise liposomes. At pH <5, hydrolysis of the ether bond
results in the removal of the PEG moiety and consequently allowing the liposome to become
fusogenic110, 111. Other groups have employed acid-labile and ester112, 113 linkages in order to
render liposomes pH-sensitive.

•

The pH change leads to the destabilisation of the bilayer through lysis, phase separation, pore
formation or fusion. This can be achieved in vesicles with incorporated pH-sensitive polymers
such as poly(2-ethylacrylic acid)114 and poly(glycidol)s115.
However, three limiting issues exist for the application of pH-sensitive liposomes in tumour

treatment. Firstly, the narrow pH window of between pH 7.4 in normal tissues and tumour pH
which is typically at a minimum at 6.5, provides only a narrow range over which the stimuli must
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be tuned to occur. Secondly, the region of highest acidity in the tumour is in the tumour
interstitium which is not close to the vasculature, thereby limiting their effectiveness. In light of
the issues of application to tumour treatment, the focus on potential clinical applications of pHsensitive liposomes has somewhat shifted to the control of drug release in cellular components
such as endosomes and lysosomes where the pH may be lower than 5. In some cases, however,
some liposomes lose their pH sensitivity or become unstable in the presence of serum116, 117. This
has been somewhat overcome through the use of a sterically stabilising PEG coating, which is
removable (i.e. dePEGylation) in order to maximise release response on encountering a low pH.

1.4.1.3.

Redox, Ionic & Osmotic Variation

Drug delivery systems have been designed to take advantage of cellular reduction potential
at different locations within and around cells118,

119

. Disulfide linkages (-S-S-) exist most

commonly in cellular material as oxidised sulfhydryl (SH) groups of cysteine moieties in peptides
and proteins. They are unique in that they form reversible covalent bonds, a property which has
been manipulated in drug delivery to the cytosolic space, cellular components such as endosomes,
lysosomes, endoplasmic reticulum and mitochondria, and tumours. The reduction of disulfide
linkages can also be a consequence of exposure to a reductase enzyme. Entry of molecules to these
compartments is limited to small molecules; however techniques have been developed to
overcome this, including the use of liposomes.
In liposomal drug delivery strategies, disulfides act as linkers for targeting conjugates105, 106,
120

or as disulfide-bridged lipids121,

122

which are critical to liposome stability. Kirpotin et al.

synthesised a disulfide-linked PEG conjugate which had two functions in two different approaches
with these materials; firstly, thiolytic cleavage led to destabilisation of the vesicle and release of its
content, and second provided pH sensitivity in the system105. Annapragada and co-workers have
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made cross-linked liposomes towards creating a drug delivery system suitable for nebulisation for
inhalation delivery. These modified liposomes are cleavable on exposure to cysteine thereby
altering the size distribution and consequently stimulating drug release122.
Lipid self-assembled systems with responsiveness to ionic or osmotic variation to stimulate
changes in self-assembly, thus leading to control over drug release have not been commonly
reported. These two stimuli present an interesting option for controlling self-assembled systems as
pressure and ionic strengths are known to affect the packing of amphiphiles123-126. A possible
application of pressure dependence of a drug delivery system could arise in the treatment of eye
conditions such as glaucoma, where the ‘intelligent’ drug delivery system could act as a sensor to
changes in intraocular pressure and so automatically adjust the release of encapsulated drug. The
pressure is elevated inside tumour tissues due to compromised lymphatic drainage which also
presents an limited opportunity for using variation to homeostatic pressure as a trigger for drug
release from such systems127.
Addition of specific ions or change in counter ions has been reported as a means by which to
manipulate lipid self-assembly and hence could be used as a drug release trigger. Shen et al.
reported that the self-assembly of an amphiphilic ionic liquid that forms micelles in water was
disrupted on exchange of the bromide counter ion with hexafluorophosphate, with subsequent dye
release128. Yaghmur et al. have demonstrated a direct vesicle to inverted hexagonal phase
transition for mixtures of glyceryl monooleate and dioleyl phosphatidyl glycerol when exposed to
increasing concentration of calcium ions129. The divalent counter ion reduced the apparent area of
the headgroup, leading to a change in molecular packing and subsequent phase transition.
Although not resulting in a change in self-assembly behaviour, the release of a cationic ruthenium
complex from the cubic phase on addition of sodium chloride to the aqueous compartment was
demonstrated when the glyceryl monooleate cubic phase contained a small amount of oleic acid130.
The shielding of the electrostatic interaction between the cationic compound and the negatively
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charged acid provided the trigger for release, highlighting the potential for specific salt effects to
provide triggers for changes in self-assembly and or release in lipid based systems.

1.4.1.4.

Increased Expression & Activity of Proteins

The upregulation of proteins in tumours and inflammation, and specificity of protein location
throughout tissues in the body, has afforded a tissue-specific target for drug release. This has
already been exploited in polymeric systems for selective delivery in tumour tissues. Due to their
rapid and abnormal growth, tumours often over express macromolecules, in particular enzymes,
which can recognise and cleave specific linker groups between drug and carrier, or within the
carrier structure itself. Inflammatory conditions such as cystic fibrosis, rheumatoid arthritis and
emphysema are accompanied by an increase in the release of elastase from phagocytic cells into
extracellular compartments.
Enzymatically-activated drug delivery from liposomes has been investigated and
reviewed131. Liposomes have been designed to be activated by many different macromolecules
resulting in the collapse of the liposome or to induce membrane fusion under the action of the
enzyme. A common strategy is to incorporate an enzymatically-sensitive lipid to facilitate
conversion of the lipid to a fusogenic derivative, such as dioleylphosphatidylethanolamine
(DOPE), or to otherwise disrupt the bilayer structure of the liposome. Phospholipids are natural
substrates for phospholipase enzymes – with phospholipase A23, 132, 133 and phospholipase C134-136
having been investigated for liposome destabilisation. A more common and specific strategy is to
build a custom phospholipid or lipopeptide with a molecular feature that is a substrate for specific
enzymes over-expressed in diseased tissues. Lipids sensitive to elastase were prepared by
incorporation of the N-Ac-Ala-Ala sequence into the headgroup137,

138

. Similarly, matrix

metalloproteinase (MMP-9), often over expressed in tumours, was found to cleave lipopeptides
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containing the specific motif sensitive to this gelatinase enzyme, resulting in release of the
liposome cargo139, 140. With a view to activation by quinone reductase, Ong et al. have reported the
reductive cleavage of quinone headgroups from phospholipid derivatives to reveal DOPE, leading
to release of incorporated model drug molecules from the liposomes141. An alternative approach
has been to sensitise liposomes through the use of cholesterol esters that are sensitive to alkaline
phosphatase142. Incorporation of transmembrane proteins into DOPE particles has been known for
decades to induce bilayer formation, providing liposomes stabilised by incorporated proteins. The
degradation of the protein by trypsin has been long proposed as a means of inducing liposome
destabilisation143.
The clinical advantage of physiological triggers to induce phase changes in materials, and
thus stimulate drug release, centres on the simplicity and specificity of the process. The problem
with this approach, however, is the potential for non-specific activation and release of material in
tissues other than the target tissues.
Accidental release may occur, for example, in inflamed tissues when targeting tumours, or
normal tissues where enzymes are expressed at much lower levels than the target tissues, which
may lead to side effects. Having specific temporal and spatial control over exactly where the
delivery system is activated overcomes these concerns, although it introduces increased
complexity and likely requires intervention by health professionals. Hence systems that are
responsive to external stimuli that can be controlled in a non-invasive manner have attracted
significant attention in the literature.

1.4.2.

External Stimuli

A number of different external stimuli for inducing drug release from self-assembled
systems are listed in Table 1.2 and are discussed in more detail in this section.
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1.4.2.1.

Electromagnetic Field

Electromagnetic fields (EMF) can be used in therapeutically for two main purposes; to focus
delivery to a target144-146 e.g. tumour site where the system can cause cell death through
intracellular hyperthermia147, or to selectively release drug or imaging agents148. Carrier particles
can be made magnetically-sensitive by encapsulating magnetic nanoparticles within the membrane
or in the aqueous interior of polymers or liposomes. These systems have been dubbed
‘magnetoliposomes’. After local or systemic administration of magnetoliposomes, the tumouraffected area can either be placed between two poles of a magnet149-151, or the magnet imbedded
within the tumour152 where the application of an EMF for a specific period of time results in the
increased accumulation of drug concentration in the tumour; the drug is released from the
liposome by diffusion or by heating of the bilayer by the EMF. The use of low frequency magnetic
fields to disrupt liposomes loaded with magnetic nanoparticles in an aqueous chamber has also
been investigated153 where magnetic nanoparticle motion causes disruptions in the bilayer and
consequently drug release is achieved. EMF-sensitive polymeric hydrogels154 and vesicles155 have
also been reported.

1.4.2.2.

Ultrasound

Ultrasound is an attractive local physical stimulus as it can be easily focused in the body and
is able to penetrate into deep tissue156. Low frequency (LFU) and high frequency (HFU)
ultrasound have been employed to release drugs from acoustically-active systems such as
polymeric micelles and matrices61, 157, and more recently liposomes158-161. It is proposed that the
presence of microbubbles in the structure affords the liposome sensitivity to ultrasound. Insonation
of acoustically-active systems results in the cavitation of nanoparticles and consequently the
leakage of the vesicle contents into the surrounding environment. Heating of the tissues through
ultrasound may also play a role in triggering drug release.
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Research into creating ultrasound-triggered, lipid-based systems has focussed on forming
LFU responsive liposomes as contrast agents or for drug delivery as LFU responsive systems have
been found to be more effective in releasing contents from liposomes than HFU162, 163. However,
the potential clinical applications of ultrasound-activated liposomes may be more compatible with
HFU as they may integrate with readily available instruments.
In lipid-based self-assembled systems, it is well established that insonation and sonication of
sufficient intensity can be employed to destabilise self-assembled systems and so make
multilamellar liposomes into unilamellar ones164,

165

and viscous cubic phase gels into

cubosomes166, 167. As ultrasound has the ability to disrupt self-assembled bilayers, ultrasound can
also penetrate through cell membranes which can result in cell death168, 169. This must be accounted
for in ultrasound responsive systems for use in drug delivery applications. Lin et al. achieved
selectivity for liposomes over cell membranes through the incorporation of PEG-lipids and
oligo(ethylene glycol) surfactants158 thereby tuning the liposome to be more sensitive to insonation
than cell membranes. Huang et al. have formulated liposomes with different lipids which increase
their sensitivity to LFU

162

. Most recently, Anna et al. has demonstrated the in vivo ultrasound

mediated intracellular delivery of an otherwise impermeable compound170.

1.4.2.3.

Temperature

Temperature has been the most popular trigger mechanism in order to control the structure of
self-assembled systems as the assembly of molecules is inherently affected by changes in
temperature, largely by inducing chain splay and mobility in lipid tails or by disruption of
headgroup hydration. Additionally, temperature is a very accessible trigger for many therapeutic
applications. Hyperthermic conditions have been used to induce cytotoxicity171 and can augment
some treatments by increasing blood perfusion and permeability172. The primary means of
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inducing the hyperthermic environment are summarised in Table 1.3. Laser heating using a near
infrared laser is commonly reported. An electromagnetic field is also reportedly able to induce
localised heating and release of contents from ‘magnetoliposomes’. The simple application of heat
pack or cool pack to manipulate self-assembled structure and modulate drug release has also been
reported. Hence, there are a variety of potential approaches available to induce drug release using
hyperthemia as the common trigger.

Table 1.3 – Primary means of inducing a hyperthermic environment and some examples of their use in drug
delivery.
Heat source

Formulation & Dosing method

Location & References

Laser

Liposome, Systemic

Subcutaneous: 173

Liposome, Systemic

Tumour: 174-177

Liposome, IV

Ocular: 178

Liposome, Systemic

Liver: 179

Liposome incorporating dextran

Also promotes increased

magnetite or colloid iron oxide,

accumulation at tumour site 151,

Systemic

180, 181

Water Bath

Liposome, IV

Tumour 182

Heat/cool pack

Bulk liquid crystal,

Subcutaneous17

Electromagnetic Field

Subcutaneous

Thermoliposomes

As is the case for enzymatically-activated systems, liposomal systems sensitive to
temperature have received most attention in the literature compared to other self-assembled
structures. The application of hyperthermia takes advantage of the acyl-chain melting phase
transition in phospholipids which results in an increase in permeability across the lipid bilayer, and
consequent drug release. The transition temperature of the lipids, and heat applied is tuned to be
just above physiological temperature, but low enough so as to not perturb cell function in
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surrounding tissues. The first systems were reported by Yatvin et al.174,

183

who designed

liposomes to release drug in this narrow temperature range. More recently, liposome formulations
have been modified with polymers, most commonly poly(N-isopropylacrylamide) or a derivative
thereof, which become water insoluble above a critical solution temperature (CST) and so
destabilise the liposome bilayer184-188. Interestingly, Regan and co-workers have created poreforming amphiphiles comprised of cholic acid, lysine and spermine which act as thermal gates
when heat melts the liposome bilayer thereby changing the release rate of glucose in vitro189, 190.
Other Thermoresponsive Structures

Reversibility of the system, i.e. the ability of the system to return to its original state on
removal of the stimulus, is an important attribute in order to provide pulsatile release for the
repeated treatment of chronic conditions. Reversible activation may reduce the required frequency
of administration by providing repeat doses of drug on activation, and switch drug release off
when the stimulus is removed.
Non-lamellar liquid crystalline systems are gaining increasing attention as potential
reversible responsive materials, as the specific geometries adopted by the lipids are
thermodynamically stable and transitions between structures are generally reversible191. This is in
contrast to most liposomal or polymer systems where drug release behaviour is often irreversible.
The complexity of potential structures that may be adopted also provides control over drug release
rates through selection of specific amphiphile/phase structure combinations11. The reversibility of
the transition between the bicontinuous cubic (V2) and inverse hexagonal phase (H2) structures
exhibited by a phytantriol + vitamin E acetate liquid crystal system was previously investigated in
my undergraduate degree. The possibility to switch drug release between fast and slow release
rates respectively by changing between self-assembled structures was demonstrated in vitro and in
vivo17. Figure 1.5 shows the in vitro release of glucose and use of change in temperature to
reversibly modify drug release rates from the matrix through control of nanostructure.
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V2

V2

V2

Figure 1.5 – Release of glucose from liquid crystalline matrix prepared from phytantriol containing 3%
vitamin E acetate in response to temperature-induced changes in nanostructure. Modified from17.

The responsive phytantriol + vitamin E acetate system was taken into a proof of concept in
vivo study in rats. The subcutaneous injection of the liquid crystal matrix and subsequent
application of a heat or cool pack to the site of injection provided control over the matrix
nanostructure which consequently modified drug absorption from the implanted delivery system in
vivo. Along similar lines, the phase transformation of vesicles to non-lamellar phase structures has
also been proposed as a means to stimulate drug release from self-assembled lipid systems. One
such system is monoelaidin, as it is known to undergo a lamellar to cubic phase transition at
physiological temperatures24.
However, practicalities of using direct heat as the stimulus will likely limit the ultimate
development of such a system as the basis of an actual product. The use of temperature as a
stimulus would be limited to applications where the site of required treatment is readily accessible
and amenable to direct heating or cooling, essentially limiting applicability to subcutaneous depot
application. Further problems arise when one considers that the body encounters local temperature
changes in everyday situations, such as a hot shower, leaning against cold surfaces, etc., with
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potential to lead to accidental activation. Hence more selective means of inducing hyperthermic
conditions are desirable.

1.4.2.4.

Light

Light responsive systems have the advantage of being non-invasive and provide a broad
range of adjustable parameters such as wavelength, duration and intensity that can be optimised as
required. Light-sensitive self-assembling systems have been reviewed recently192, 193 as have light
activated drug delivery systems194,

195

. Photosensitivity has been imparted into self-assembled

systems through the incorporation of specific chemical moieties and/or light sensitive
nanoparticles incorporated into the matrix. The photo-activation mechanism in self-assembled
systems can be distributed into three categories: irreversible photo-activation, photochromics and
photothermal, each of which is discussed below.

Irreversible Light-Activated Systems

Light induced polymerisation, fragmentation and oxidation are irreversible processes which
disrupt the integrity of the lipid structure. As the reactions of the photosensitive components
discussed in this section are irreversible, the use of these in drug delivery systems is effective for
single use but not pulsatile release.
Photo-induced oxidation utilises the reaction of a photosensitiser to a specific wavelength of
light with oxygen which generates free radicals and singlet oxygen (1O2) to mediate their effects.
Photodynamic therapy (PDT) uses these free radicals to cause cell death. These radical oxygen
species cause localised oxidative damage to the surrounding tissue196,

197

. The consequent

physiological effect depends on the type of photosensitiser and where it is applied and activated.
Current PDTs are focussed on treating tumours by either targeting the tumour microvasculature,
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tumour cells or the inflammatory and immune host system. However, PTD is limited by the need
to keep doses of the photosensitiser and light low enough to avoid collateral damage. The
formation of free radicals has also been employed to induce drug release from vesicles such as
liposomes. The free radicals cause membrane destabilisation through lipid hydrolysis. Thompson
and co-workers have manipulated the effects of plasmalogen photo-oxidation on membrane
permeability in order to release drug from liposomes. The photooxidation of light sensitive
components promotes bilayer fusion and release of contents

102, 198, 199

, such as aluminium

phthalocyanine disulfonic acid200.
Systems have also been synthesised which undergo photo-fragmentation or polymerisation
of the stabilising element upon exposure to light. Photocleavable lipid derivatives in conjunction
with a lipid e.g. dioleoylphosphatidyl ethanolamine (DOPE) have been used to form liposomes.
On exposure to UV irradiation, the fragmentation of the modified lipid destabilises the bilayer and
contents release ensues. Zhang et al. achieved 50% calcein release from liposomes through the
photo-fragmentation of NVOC-DOPE201. Activation of photo-polymerising components in selfassembled systems has also been used to cause drug release. Polymerisation of these components
condenses a portion of the interface, resulting in the formation of pores. For example, Spratt et al.
achieved 28 000 fold increase in liposome bilayer permeability on activation of a synthesised
photoreactive lipid bis-SorbPC17,17202.

Photochromic Systems

Photochromic molecules reversibly isomerise upon exposure to a light source in the UVvisible range. When incorporated into a self-assembled system, the activation and deactivation of
photochromics can cause a steric disturbance in the packing in the self-assembled structures
resulting in a change in e.g. drug release. The response of the lipid system can be manipulated by
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composition of the lipid host and photochromic concentration53, 203. Research into photochromic
self-assembled systems include azobenzene204, spiropyran205, stilbene206 and retinal207 moieties
amongst others192. In some cases, photoisomerisation does not compromise interface integrity, thus
pulsatile delivery may be achieved208-210.

Azobenzene
Aromatic azo compounds are a group of molecules whose photochemistry is determined by
an azobenzene moiety; an azo group -N=N- in conjugation with two phenyl substituents. Upon
UV-irradiation, the azobenzene moiety undergoes a considerable change in length with the
distance between the 4- and 4’ carbons decreasing from 9.0 Å in the trans form to 5.5 Å in the cis
form211. The azobenzene photoisomers also differ in polarity; the cis isomer is more hydrophilic
than the trans. The N=N isomerisation between trans and cis azobenzene isomers is shown in
Figure 1.6, Panel A. The extent of trans to cis isomerisation is dependent on strength and time of
irradiation, solvent effects, and is slightly affected by the nature of substituents212.
The main uses of azobenzene are as yellow/orange synthetic dyes, however molecules and
surfactants containing an azobenzene moiety and have also been used to impart control over
membrane permeability in aggregates such as: emulsions210, 213-215, Langmuir-Blodgett films216-219,
liposomes and vesicular membranes220-227, polymeric vesicles208,

228

, hydrogels229, silica

materials230 and liquid crystals231-234. The isomerisation of the azo-moiety is sufficient to
destabilise the surrounding area and as a consequence, induce a phase transformation or disruption
of the bilayer as schematically demonstrated in Figure 1.6, panel B.
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Figure 1.6 – Azobenzene photoisomerisation. Panel A shows the reversible trans to cis isomerisation
upon exposure to an appropriate wavelength of UV light. Panel B shows a diagrammatic
representation of the disruption of a liposome through the activation of the AZO moiety with UV light
and subsequent drug release. Adapted from 226.

Spiropyrans
The structure of spiropyran is shown in Figure 1.7. Upon exposure to UV light, spiropyrans
undergo a heterocyclic ring cleavage that produces the relatively hydrophilic, open cationic
merocyanine form. The spiropyran form (hydrophobic, closed) is colourless, whereas the
merocyanine structure (hydrophilic, open) has a strong absorption in the visible region and so is
purple in colour. The photoisomerisation of the spiropyran moiety is shown in Figure 1.7. The
irradiation of spiropyran doped systems has been used as a trigger to alter the packing of
amphiphiles in bilayer membranes235, 236, surfactant films and vesicles237-239 and micelles240, thus
modifying the permeation of solutes through the interface.
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Figure 1.7 – The isomerisation of benzospiropyran to merocyanine on exposure to UV light, demonstrating
its change in state of ionisation and molecular shape.

Cinnamic acid (CA)
Cinnamic acid and its derivatives undergo a trans/cis isomerisation upon exposure to UV
light. These photoisomers are also ionisable with a change in pH. As yet, there has been no light
switchable CA-based drug delivery systems reported, however, CA has been used to impart
photosensitivity to self-assembled systems. Baglioni et al. have reported that the trans to cis
isomerisation of o-methoxyCA modifies the molecular packing of a surfactant and, as a
consequence, induces a reduction in fluid viscosity241. Although, not strictly a self-assembled
biomaterial of interest, Lendlein et al. grafted CA into the backbone of hydroxyethyl acrylate
hydrogels and when exposed to ultraviolet radiation of >260 nm, the CA molecules underwent a
reversible cycloaddition which added new crosslinks into the material. The crosslinking process
was reversed upon exposure to light <260 nm242.
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Photothermal Systems

Light can be used to impart heat into systems in two ways. Firstly, light can be used as a
source of gentle heat. There is a particular focus on light in the near infrared (NIR) region as it has
sufficient penetration through tissue for utility in an in vivo setting243. A major focus of the
application of photothermal systems concentrates on drug delivery to the posterior section of the
eye, especially the retina and choroid, in order to treat degenerative conditions such as choroidal
neovascularisation, a cause of age-related macular degeneration (AMD). Current methods of drug
delivery for AMD treatments are based on topical, periorbital, intravitreal and systemic
administration. These are problematic as low penetration is gained through topical and periorbital
administration, periorbital and intravitreal administration are invasive, and systemic administration
of the drugs present toxicity issues as the whole body is exposed to large concentrations of drug in
order to get a therapeutic amount into the target tissue. An interesting method developed by
Zeimer et al., called light-targeted drug delivery (LTD), uses a non-invasive laser source to gently
heat liposomes and so trigger drug release196,

244

; the intended target of this system being the

posterior section of the eye. The method involves the intravenous administration of drug
encapsulated in a heat-sensitive liposome, and release of its contents at the target tissue by gently
warming up the target tissue to 41°C with a directed laser light pulse. LTD, like PTD is limited by
the need to keep doses of the photosensitiser and light sufficiently low to avoid collateral damage.
Secondly, light can be used to activate metallic nanoparticles (NPs) which are able to act as
‘nanoheaters’ on a highly localised scale. The unique optical, chemical and biological properties of
these materials have led to their development in biological applications including drug delivery245
and biosensors246. The evolved heat can induce bond cleavage, phase transitions or mechanical
damage to biological systems. In recent times, there has been a flurry of research into the optical
properties and potential applications of metallic nanoparticles. Metallic nanoparticles (mainly
gold, but also silver and copper) are of interest as, on exposure to radiation of a specific
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wavelength and intensity, they can heat to their vaporisation point within femtoseconds due to the
activation of surface plasmon resonances, a phenomenon demonstrated in Figure 1.8247, 248. When
these metallic NPs are illuminated at the appropriate optical frequencies, the conduction band
electrons in the gold are excited, resulting in a resonant, coherent oscillation of these electrons.
Wavelengths at which the NPs absorb are tuneable according to their size, shape, composition and
state of aggregation249-251. Metallic NP have been synthesised as spheres, rods and shells, where
the shape of the NP also plays a role in its ability to absorb photons252. In addition to their specific
dimensions, metallic nanoparticles can also be functionalised and made more biocompatible
through the facile binding of various types of biomolecules e.g. phosphatidylcholine253. Gold
nanorods, are of particular interest as their properties allow them to absorb NIR light in the
optimum range for imaging and therapy, within the so-called ‘water window’ in the wavelengths
700 – 1200 nm254, 255.

Figure 1.8 – The interaction of light with metallic nanoparticles. Light absorption heats the electrons of the
particles which then equilibrate through electron-phonon coupling. This initiates coherent vibrational
motion in the particles called surface plasmon resonance. The heat created can then be transferred to its
surroundings through transduction. Adapted from 256.

Therapeutic applications of research into gold nanoparticles has focussed on the use of
metallic nanoparticles to cause tumour cell death by localised heating of the tumour257-260 or to
elicit remote release of entrapped materials via photothermal conversion261 from within
liposomes250, 262-265, polyelectrolyte capsules266, hydrogels267-269, polymer vesicles270 or from a NP-
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drug conjugate271, 272. Plasmon resonant heating has also been used to trigger phase transitions in
self-assembled lipid systems, with a view to elucidate the mechanisms behind photothermal
activated responses273-275. This phenomenon has been used to enact contents release in vitro276, 277.

1.5. Light Activated Transitions between Self-Assembled Structures for OnDemand Drug Delivery
This introduction has highlighted the potential of light activated systems as one major
promising method to provide on-demand drug delivery systems, with the potential to address
unmet therapeutic needs. The properties of liquid crystalline systems, i.e. thermodynamic stability,
versatility in structure, direct link between structure and drug release, and inherent
biocompatibility therefore poses the research question of whether liquid crystalline systems can be
designed to perform as an effective light responsive drug delivery systems.

1.6.

Hypotheses
It is envisaged that lipid-based liquid crystals can be manipulated through the use of stimuli-

responsive additives to act as a non-invasive, externally activated, reversible, multi-dosing drug
delivery system.
1.

That the internal nanostructure of bulk liquid crystal systems can be rendered light
sensitive through inclusion of light sensitive materials into the matrix.

2.

That light-activated changes in liquid crystalline nanostructure are reversible and
depend on three main factors: the quantity and properties of additive incorporated in to
the matrix, the interplay between the light responsive moiety and the liquid crystalline
nanostructure, and thirdly, the nature of the irradiation source.
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3.

That dispersed particles of light responsive liquid crystalline materials exhibit similar
photoresponsive behaviour to the bulk, non-dispersed material.

4.

That bulk light-responsive liquid crystal systems act as a sustained release drug depot
which can be switched on/off through external optical activation in vitro and in vivo.

1.7.

Aims

1. To identify photoresponsive bulk and dispersed lipid-based liquid crystal systems.
a. By determining whether the inclusion of plasmonic particles enables NIR
Irradiation to trigger changes in phase structure via the photothermal heating effect.
b. By investigating a range of photochromic systems including azobenzenes and
spiropyran additives for their ability to disrupt lipid packing in response to UV
irradiation, thus changing the effective packing parameter in the matrix, leading to
phase changes.
2. To characterise and optimise light-responsive liquid crystals by understanding:
a. the effect of irradiation on liquid crystals containing light responsive elements;
b. the nature of the interaction between the lipid and light sensitive components, that
is the influence of surface functionalisation of gold nanorods and the properties of
photochromic components on the self-assembled lipid structure; and
c. the influence of system variables (composition, lipid type, light responsive element
properties, irradiation frequency and duration) on the response of the nanomaterials
to irradiation.
3. To understand the influence of dispersion of the hybrid matrix into sub-micron sized
particles on the response of the materials to irradiation.
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4. To determine whether control over nanostructure in the hybrid materials can be translated
into control over drug delivery behaviour in vivo though subcutaneous delivery of a light
responsive matrix containing a model hydrophilic drug.
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2. General Materials and Methods
2.1.Formulation
2.1.1. Materials
Lipids: Phytantriol (3,7,11,15-tetramethyl-1,2,3-hexadecanetriol) was a gift from DSM
(Basel, Switzerland). Vitamin E acetate, cholesterol and Pluronic® F-127 were purchased from
Sigma Aldrich (St. Louis, MO, USA). Rylo MG90 was a gift from Danisco (Botany, NSW,
Australia). The main constituent of Rylo MG90 is glyceryl monooleate and all subsequent
references to GMO will refer to this product. Monoelaidin was purchased from TCI (Kuraray,
Tokyo, Japan). Selachyl alcohol was a gift from Cee Chemicals (Blacktown, NSW, Australia).
Phospholipon 90G (DOPC) was a gift from Lipoid GmbH (Ludwigshafen, Germany); 1-palmitoyl2-oleoyl-sn-glycero-3-phosphoethanolamine

(POPE),

1,2-diphytanoyl-sn-glycero-3-

phosphoethanolamine (DPhPE) and 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (LysoPC)
was purchased from Avanti Polar Lipids (Alabaster, AL, USA); Oleic Acid was purchased from
Sigma Aldrich (St. Louis, MO, USA).
General Materials: Sodium chloride and di-sodium hydrogen phosphate were purchased
from Chemsupply (Port Adelaide, SA, Australia); potassium dihydrogen phosphate was purchased
from BDH AnalaR, Merck Pty. Ltd (Kilsyth, VIC, Australia). These salts were used to prepare
phosphate buffered saline (PBS). PBS was prepared as a representative media for physiological
subcutaneous conditions according to British Pharmacopoeial Appendix XI 1. It comprises of 2.38
g disodium hydrogen orthophosphate, 0.19 g potassium dihydrogen orthophosphate and 8.0 g
sodium chloride per litre MilliQ water. Milli-Q grade water (0.05 μS cm-1 at 25°C) purified
through a Millipore system (Sydney, Australia) was used for the preparation of all samples. The
pH was then adjusted to using 0.1 M hydrochloric acid or sodium hydroxide. Hydrochloric acid 1
N was purchased from AVS Merck Pty. Ltd. (Kilsyth, Victoria, Australia).
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Chloroauric acid (HAuCl4.3H2O), sodium borohydride (NaBH4), silver nitrate, ascorbic acid,
cetyltrimethylammonium bromide (CTAB) and dodecanethiol were obtained from Sigma-Aldrich
(St Louis, MO) and used as received. Polyethyleneglycol thiol (PEG-SH, Fw 5000) was obtained
from Rapp Polymere (Tübingen, Germany). Acetonitrile isocratic grade for liquid chromatography
(LiChrosolv®) was purchased from Merck Chemicals (Darmstadt, Germany).

2.1.2. Photosensitive Elements
The photo-responsive materials used were classified as either photothermal or photochromic.
2.1.2.1.

Photothermal: Gold Nanorods

Photothermal systems incorporated hydrophobised plasmonic gold nanorods (GNR). The
GNR were prepared by B. Thierry (Uni SA) using the standard seed-mediated growth
methodology in presence of cetyltrimethylammonium bromide (CTAB). GNR were synthesised
with longitudinal surface plasmon resonances (LSPR) at 810 nm and 660 nm and will be referred
to as GNR810 and GNR660 respectively. The aspect ratio of the GNR was controlled through
control of the silver nitrate concentration as previously described2. GNR were hydrophobised
using dodecanethiol in a two-step ligand exchange procedure as previously described3. Briefly, the
‘as synthesised’ GNR were first purified to remove the excess CTAB molecules and an
intermediate steric barrier was introduced using a thiol-terminated polyethylene glycol (PEG-SH).
The second step of the process involved the removal of the residual CTAB bilayer and the ligand
exchange of the PEG-SH molecules by dodecanethiol. The hydrophobised GNR were readily
redispersed in non-polar solvent (e.g. chloroform (CHCl3), tetrahydrofuran (THF)) and remained
stable for several hours. The UV-vis absorption spectra of the as synthesised and hydrophobised
GNR suspensions with a LSPR at 810 nm are presented in the Figure 2.1.
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Figure 2.1 – Normalised absorption spectra of the ‘as synthesised’ gold nanorods. Solid line represents
CTAB capping in H2O and dashed line the hydrophobised dodecanethiol GNR in CHCl3.

No broadening of the absorption spectra was observed for the GNR redispersed in non-polar
solvents, confirming the absence of significant aggregation during the ligand exchange procedure.
Although the GNR polydispersity index has not been directly calculated in this study, the
dispersity of the sample was in good agreement with previously published GNR dispersions
prepared using the standard CTAB–seed-mediated growth methodology as indicated by
transmission electron microscopy (TEM) size measurements and width of the LSPR absorption
spectrum. GNR810 had an average aspect ratio: 3.3 (length: 55.5 ± 9.5 nm, width: 16 ± 2.5 nm)
and GNR660 had an average aspect ratio of 2.6 (length: 41 ± 7 nm, width: 15 ± 2.1 nm).

2.1.2.2.

Photochromics

The photochromic systems investigated contained additives that had UV sensitive functional
groups, namely azobenzene and spiropyran. Cinnamic acid was also investigated as an additive;
however, the photochromic was not soluble in the lipid and consequently could not be further
investigated. In the first instance, additives were purchased “off the shelf”, then an alkylated
spiropyran moiety was synthesised for further investigation, as spiropyran was found to have the
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greater photochromic effect with the least toxicity issues4. The photochromics used are reported in
more detail in Chapter 5.

2.1.3. Formulation of Photosensitive Matrices
Both bulk and dispersed liquid crystalline matrices were evaluated. The photoresponsive
moiety was incorporated into the lipid before the aqueous phase was added. As the GNR were
dispersed in THF, the suspension was rinsed and redispersed in THF to a concentration of 2.5 x
10-9 M. Different volumes of the GNR suspension were added to the lipids and the solvent
removed in vacuo (48 hr) and gently heated under a stream of N2 (4 hr). Photochromic moieties
were dissolved in the bulk lipid upon gentle heating, thoroughly vortexed and allowed to
equilibrate on rollers overnight before the addition of the aqueous phase to prepare either the bulk
or dispersed particulate systems.
Bulk systems: To the photothermal systems, an equal weight of MilliQ water was added
unless otherwise specified. To the photochromic systems an equal weight of phosphate buffered
saline (PBS), pH 7.4 100 mM, was added to the lipid mixture unless otherwise specified. Mixing
of the bulk systems was then achieved by heating to 70°C momentarily to reduce viscosity and
allow vortex mixing. This was repeated three times. The mixture was then centrifuged and
allowed to equilibrate for >24 hr on rollers in a 37°C incubator prior to investigation.
Dispersed systems: Cubosome (phyt, GMO) and hexosome (phyt + 5% VitEA, SA)
dispersions were prepared by injecting 0.2 g molten lipid (containing the photosensitive
component) in 2 mL of a 1.0% w/v Pluronic® F-127 solution. The coarse dispersion was then
subjected to 20 min of pulsed ultrasonication (1 s on, 1 s off) using a Misonix S-4000 Ultrasonic
Liquid Processor (NY, USA) fitted with a microtip, at 30% power.
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2.2.Liquid Crystalline Matrix Characterisation Methods
Several techniques have been employed in the literature to identify phase structures and
thermal behaviour of liquid crystals. These include small angle X-ray scattering (SAXS), cross
polarised light microscopy (CPLM), differential scanning calorimetry (DSC), nuclear magnetic
resonance (NMR), cryogenic transmission electron microscopy (cryoTEM), neutron diffraction,
Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), and time resolved
fluorescence5. Many of these techniques are used as complementary methods to SAXS or
cryoTEM methods. Only the methods relevant to this project are detailed below, namely CPLM,
SAXS, cryoTEM and cryogenic field emission scanning electron microscopy (cryoFESEM).

2.2.1. Cross Polarised Light Microscopy (CPLM)
CPLM is the most common and convenient method of phase determination, and so was the
first technique employed to determine the solubility and optimal percentage of additive in the bulk
lipid. In CPLM, samples are viewed on a microscope under crossed polarised light. Sample
temperatures are controlled by a heating stage. Using this method, phase changes are indicated by
changes in birefringence and viscosity of the sample. Three liquid crystal phases were identified in
this study via CPLM6. The V2 phase is highly viscous, non-birefringent material; H2 is a
birefringent and highly viscous material which shows an angular fan-like texture and L2 (inverse
micellar phase) is isotropic and has a low viscosity. Lamellar phase can also be identified using
crossed polarised microscopy as it appears birefringent with a number of different possible
textures but are very different to hexagonal phase. CPLM was used as a preliminary means to
identify the liquid crystal phase formed using either pre-formed systems, or as composition
‘penetration’ scans where a drop of the anhydrous matrix is added to a slide and the aqueous phase
introduced from the side to induce a gradient of aqueous phase through the sample. The
appearance of bands of characteristic birefringence or viscosity allows identification of phases that
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will exist in the phase diagram. Temperature can then be increased to determine transition
temperatures. The short fall of CPLM is that it does not provide any information on structure
dimensions or compositions.

2.2.2. Small Angle X-ray Scattering (SAXS)
X-ray scattering is one of the most common techniques used to probe soft matter, including
lyotropic liquid crystalline structures. When the X-ray beam, of radiation of wavelength, λ, enters
the sample, the X-rays are scattered by electrons within the crystal structure as if they were
reflected by a family of parallel planes. The average intensity of the X-ray scattering is taken over
time, where the recorded scattering pattern directly probes the structure and dynamics of a sample
in reciprocal space (q-space). The basic set up of a SAXS instrument is shown in Figure 2.2.

X-ray source

Monochromators/
mirrors/slits

Incident
beam (λ)

Sample

Detector

2θ < 3°

Beamstop

Figure 2.2 – SAXS instrument set up showing the incident beam (of wavelength, λ) and scattering angle
(2θ).

The variation of the intensity as a function of the scattering angle, 2θ, is measured as a
scattering pattern, examples of which are in Figure 2.3. This scattering pattern and its relation to
atoms arranged in a crystal lattice (or planes of symmetry in the case of liquid crystalline
materials) can be described by Bragg’s Law; Equation 1:
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2d sin θ = nλ

(1)

where d represents the interplanar spacing. The data are usually converted from a 2D
scattering pattern to a one dimensional plot of intensity versus scattering vector, q, according to
Equation 2:

q=

4π

λ

sin θ / 2
(2)

Reflection laws have been previously documented7 for the indexation of peaks of the
different mesophases. Thus, from the relative location of the peaks, the symmetry of the structure
can be assigned. The scattering vector at which the peaks occur is then used to calculate the
interplanar spacing, d, between two reflecting planes of the liquid crystal phase. d is calculated by
Equation 3:
d = 2π/q

(3)

The calculation of d and the absolute location of the peaks allows for the calculation of the
mean lattice parameter, a, of the crystal unit cell, amongst other parameters, from the
corresponding reciprocal spacings8, 9. The q values of the visible peaks are correlated with Miller
indices for known phases and used to identify the mesophase formed and calculate the mean lattice
parameter of the systems. The reduction of acquired SAXS patterns of interest is schematically
shown in Figure 2.3. The mean lattice parameter, a, was deduced from the corresponding set of
observed interplanar spacings, d, using the appropriate scattering law for the phase structure as
shown in Table 2.1. For the bicontinuous cubic phases, a = d(h2+k2+l2)1/2, while for H2 phase,
a=4d/3(h2+k2)1/2, where h, k and l are the Miller indices for the particular structure present. For the
L2 phase, which shows only one broad peak, d is termed the characteristic distance.
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-1
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Figure 2.3 – Some phase structures of interest (left) with measured 2D SAXS patterns (middle) and their
corresponding intensity vs. q plot (right). Note that the L2 phase is a fluid isotropic phase which is identified
by a characteristic broad peak.

Table 2.1 – SAXS reflection laws of liquid crystal mesophases formed by amphiphiles investigated.
Name

Lamellar
Bicontinuous cubic (V2)

Double diamond (D)
Gyroid (G)
Primitive (P)

Inverse hexagonal (H2)

Space group

Characteristic SAXS peak

(number)

ratios

Lα

1:2:3:4….

Pn3m (V224)
230

Ia3d (V )

√2:√3:√4:√6:√8:√9:√10:√11…
√6:√8:√14:√16:√20:√22:√24…

Im3m (V )

√2:√4:√6:√8:√10:√12:√14…

P6m

√1:√3:√4:√7:√9:√12:√13…

229
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Equilibrium temperature scan SAXS experiments, where synchrotron X-rays were not
necessary, were performed at ANSTO, NSW, Australia, on a Bruker Nanostar SAXS camera, with
pinhole collimation for point focus geometry. Samples were loaded into 2 mm or 1.5 mm internal
diameter quartz capillaries sealed with capillary wax and mounted on a temperature controlled
stage. The instrument source was a copper rotating anode (0.3 mm filament) operating at 45 kV
and 110 mA, fitted with cross-coupled Montel mirrors, resulting in CuKα radiation with
wavelength of 1.54 Å. The temperature range investigated was 25 -80°C at 2°C or 5°C intervals
with 15 min equilibration time after each temperature change.
Due to the high flux available with synchrotron X-ray sources, synchrotron SAXS has been
increasingly employed to elucidate rapid structural transitions in self-assembled systems in real
time10-12. In this thesis, synchrotron SAXS was the primary technique for studying the kinetics of
phase transitions in photoresponsive systems, and to elucidate structural detail via lattice parameter
calculations not obtainable using CPLM. Dynamic SAXS data were collected on the
SAXS/WAXS beamline at the Australian Synchrotron. Bulk photothermal samples (50 mg) were
sandwiched in Kapton tape or loaded into 2 mm internal diameter quartz capillaries and
dispersions were loaded into 1.5 mm internal diameter quartz capillaries. Bulk photochromic
samples were enclosed in a custom made HDPE/mylar/kapton cylindrical sample holder; diameter
6 mm, thickness 0.5 mm. Samples were then mounted on a hot stage where they were held at 27°C
for irradiation studies. An X-ray beam with a wavelength of 0.83 Å (15 keV) was selected. The 2D
SAXS patterns were collected using a Pilatus 200k detector (active area 169 × 33 mm2 with a pixel
size of 172 μm) which was located 966 mm from the sample position. The total q range for the
instrument configuration outlined above was 0.02 < q < 1.06 Å-1. 2D SAXS patterns were
collected for 100 ms over 30 s; the computer software SAXS15ID131313, Fit2D14 and Scatterbrain
were used to acquire and reduce 2D patterns to 1D intensity v q profiles.
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2.2.2.1.

Calculation of the Apparent Temperature (Tapp)

In order to further interrogate and compare photothermal systems, the ‘apparent temperature’
(Tapp) of the matrix was determined at each time point. The Tapp indicates a level of disruption of
the matrix that would occur under direct heating, photothermal heating or steric disruption using
photochromic compounds. In order to determine Tapp, lattice parameter vs. temperature profiles
obtained from the equilibrium temperature scans were used as calibration curves (as shown in
Figure 2.4) to convert the dynamic lattice parameter versus time profiles into apparent temperature
versus time profiles.

Figure 2.4 – Schematic for the conversion of lattice parameters obtained from time resolved SAXS (figure
left) to apparent temperature (Tapp) (figure right) over time. Integration of individual frames were used to
calculate lattice parameters over time. Equilibrium lattice parameter vs temperature values were then used
as a calibration curve to convert this value to Tapp.

2.2.3. Cryogenic Transmission Electron Microscopy (cryo-TEM) and Cryogenic
Field Emission Scanning Electron Microscopy (cryo-FESEM)
CryoTEM and cryo-FESEM were used to visualise the nanostructure formed and allow for
the determination of the morphology and quality of the liquid crystal matrix with a resolution
down to 2 – 3 nm. The visualisation of self-assembled systems via TEM and SEM techniques is
becoming increasingly common. The use of imaging techniques such as these have been used
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quantitatively in situations where SAXS cannot differentiate between some crystallographic space
groups, e.g. the discontinuous inverse micellar cubic phases Fd3m vs Fd315.
These imaging techniques allowed for the observation of the disposition of GNR within the
bulk and dispersed liquid crystal systems. Cryogenic methods are to be used in favour of normal
TEM as it avoids likely artifacts introduced during TEM sample preparation, where water needs to
be removed because the sample is under vacuum. In cryo-EM samples are frozen in liquid ethane
and viewed with low electron doses to prevent sample thawing16.
CryoTEM was used to characterise cubosomes and hexosomes. A 4 − 5 μL aliquot of sample
solution was applied to a 300-mesh copper TEM grid coated with a lacey carbon film (ProSciTech,
Thuringowa Qld, Australia) and allowed to settle for 30 s. The grid was manually blotted for 10 −
15 s, and the resulting thin film was then vitrified by plunging into liquid ethane. Grids were
stored in liquid nitrogen before transferring into a Gatan 626-DH Cryo-holder where samples were
maintained at -180 °C during imaging. Imaging was carried out using an FEI Tecnai 12 TEM (120
kV), equipped with a MegaView III CCD camera and AnalySis imaging software (Olympus Soft
Imaging Solutions).
CryoFESEM was used to image GNR disposition within the bulk liquid crystalline phase.
Samples were transferred onto brass stubs in ambient conditions, then plunge frozen in liquid
ethane slurry. The sample was subsequently transferred under vacuum to the cryoFESEM sample
preparation chamber where the sample was maintained at -120 °C and fractured with a cold scalpel
blade. The sample was sublimed for 2 min at -93 °C, then sputter coated with platinum at -110 °C.
Samples were viewed on a Philips XL30 Field Emission Scanning Electron Microscope, equipped
with a Gatan CT1500 HF Cryo Stage, at -120 °C with an accelerating voltage of 5 kV and a
working distance of 9.4 – 11.7 mm. Samples viewed in backscatter mode were viewed using an
accelerating voltage of 20 kV, and spot analysis was used to identify the element(s) present.
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2.3.Light Sources
2.3.1. Near Infrared Lasers – 808 nm
Two different near infrared (NIR) lasers were used for the photothermal activation studies.
For the pulsed laser kinetic experiments at the Australian synchrotron, a Class IIIB diode pen laser
with the output λ = 808 ± 3 nm and peak power <400 mW (Changchun New Industries, China).
Samples were illuminated by computer controlled pulses with an unmodified laser beam at a
distance of 1.2 cm with a spot size of 4 mm2. As the beam was well collimated, at this distance, the
samples received a 390 mW dose, corresponding to 975 mW cm-2.
Longer irradiation times used for in vivo studies were achieved using a continuous wave
Class IIIB diode-pumped solid-state (DPSS) fibre optic coupled laser with the output λ = 808 nm
and variable power output (Changchun New Industries, China).
2.3.2. UV Light Sources
The light source used during the time resolved UV kinetic studies was an EXFO Acticure
4000 (Phoenix, AZ, USA) set at 350 nm and 60 mW power.
The UV light source used for SPL characterisation was 3 x NSHU551B UV LED with a
radiant flux rank = 6 (Nichia Chemical PTE LTD, Japan). The white light source used was 4 x
Ultrabright Nichia White LED (Blackburn, IL, USA).
2.3.3. Near Infrared Laser – 980 nm
Class IIIB diode pen laser with the output λ = 980 nm and laser power of 150 mW
(Changchun New Industries, China).
2.3.4. Optical Power Meter
Laser power was recorded using a Thorlabs Optical Power Meter PM 100D (Thorlabs, NJ,
USA).
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3. Photothermal Control of Nanostructure within Gold Nanorod-Liquid
Crystalline Hybrid Materials
3.1. Declaration for Chapter 3
Some of the research presented this chapter have been published as:
•

Fong W-K, Hanley TL, Thierry B, Kirby N, Boyd BJ. Plasmonic Nanorods Provide Reversible
Control over Nanostructure of Self-Assembled Drug Delivery Materials. Langmuir. 2010;
26(9):6136-9

•

Fong W-K, Hanley TL, Thierry B, Kirby N, Waddington LJ, Boyd BJ. Controlling the
Nanostructure of Gold Nanorod-Lyotropic Liquid-Crystalline Hybrid Materials Using NearInfrared Laser Irradiation. Langmuir. 2012; 28(40):14450-60.

3.2. Introduction
Soft materials that are responsive to external stimuli are of interest for many bioapplications
including the optimisation of pharmaceutical and diagnostic therapies. Light responsive matrices
are of particular interest due to the non-invasive and penetrating nature of light. A range of
different light-responsive elements have been incorporated into liposomes, hydrogels and
nanocomposites and other drug delivery systems1, 2. Near infrared (NIR) light (700 – 1000 nm) is
potentially the most useful modality for triggering on-demand release of drug, as skin and tissue
minimally absorb radiation at these wavelengths, allowing relatively deep penetration of NIR
light3, and reduced cellular damage4, 5.
Gold nanoparticles can be tuned to efficiently absorb light in the NIR range, converting most
of this absorbed light energy into thermal energy within picoseconds via activation of their surface
plasmon resonances6, 7. Because of this photothermal property, gold nanoparticles have been
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proposed for use in pharmaceutical applications such as thermal ablative therapy8, diagnostics9 and
stimuli-responsive drug delivery10, 11. They have also been incorporated into matrices, such as
silica gels12 and microcapsules13, in order to impart functionality.
Of increasing interest in bioapplications and drug delivery is the use of ordered
nanostructured lyotropic liquid crystalline mesophases, formed by some lipidic amphiphiles. The
interest in these materials stems from biocompatibility, the ability to solubilise hydrophobic and
hydrophilic active drugs14, thermodynamic stability which allows for dispersion of lipids into
nanoparticles which retain the internal nanostructure15, and most importantly, the potential to
control the release of active drugs through control in nanostructure16. Transitions between different
self-assembled geometries for lipids in aqueous environments are ubiquitous in nature, and some
form the basis of complex biological functions, for instance, the formation and structure of cellular
membranes, membrane fusion, and some cellular uptake mechanisms17. These transitions all
involve manipulation of lipid self-assembly by altering lipid packing geometry18 which can be
reversibly achieved through environmental changes, amongst other variables. Thus, there is the
potential to tune, manipulate and therefore utilise these reversible phase transitions in lipid systems
to impart responsiveness into materials19. Given the earlier stated applications of plasmonic
heating in soft matter, it is of direct interest to determine whether the particles can be utilised to
control thermal transformation in liquid crystalline materials to remotely control drug release.
This Chapter firstly explores the use of phytantriol (PHYT)-gold nanorod (GNR) nanohybrid
matrices as light sensitive materials (Section 3.5), where the ability to photosensitise these
matrices are discussed in terms of GNR, laser and matrix properties. GNR were incorporated into
the PHYT matrix to identify the effect the GNR and laser properties have on the PHYT matrix.
Additionally, in order to investigate the influence of the ‘starting phase’ on the matrix response, a
H2 sample was prepared by the addition of vitamin E acetate at 5%, which induces a V2 D to H2
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transition at room temp20. On completion of the studies focussing on PHYT-GNR matrices which
address the major hypothesis for this chapter, analogous studies were performed with a number of
alternative lipids in order to understand the influence of the matrix composition on the
photothermal response of the systems (Section 3.6). These systems contained lipids of more
immediate relevance to on-demand drug delivery. Specifically, the dynamic photoresponsive
transition behaviour on irradiation of GNR containing mesophases was studied for the
bicontinuous cubic phase formed by glyceryl monooleate (GMO) in excess water21,

22

, the

hexagonal phase formed using selachyl alcohol (SA) in excess water23 and the lamellar phase
formed by monoelaidin (ME) in excess water24. The molecular structures and literature phase
behaviours of the lipids of interest are shown in Figure 3.1. GMO, SA and ME are very closely
structurally related, enabling comparison of the influence of starting mesophase with minimal
influence of molecular amphiphile structure. Some of the PHYT results are reproduced in this
section to enable direct comparison.
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Figure 3.1 – The molecular structures and the reported thermal phase behaviours of the lipids of interest in
this Chapter. Adapted from 21, 23-25
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3.3. Hypotheses and Aims
Hypothesis 1
That the NIR laser activation of gold nanorods incorporated into lipid bilayers will alter lipid
packing in self-assembled systems by introducing photothermally generated heat at a local level.
In order to investigate these hypotheses, the following aims will be achieved:
1. To determine the potential of gold nanorods as photosensitisers in phytantriol liquid crystalline
matrices using SAXS by understanding the effects of the following on the matrix response:
a. The effect of different matrix nanostructures.
b. The effect of GNR aspect ratio.
c. The effect of laser irradiation duration, intensity and wavelength.
d. The effect of dispersion of the matrix.
2. To determine the influence of the matrix composition on the photothermal response of the
system.

3.4.Materials and Methods
The general materials and methods employed in this chapter are detailed in Chapter 2.

3.4.1. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was used to identify the heat capacity of the
different liquid crystalline phases. Heat capacity measurements were performed on a Perkin-Elmer
DSC 8500 with an integrated cooling system (Intracooler III). The measurements were carried out
under a nitrogen purge gas at a flow rate of 60 mL/min. The instrument was calibrated for
temperature and heat flow using indium as a standard. A baseline for an empty pan was established
for the heating rate. An empty aluminium pan was used as a reference. Approximately 20 mg of
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the samples were sealed in aluminium pans and step scan measurements were taken under static air
over a temperature range of 20 – 70°C in 5°C steps at a heating rate of 5 °C/min, with a 1 min
isothermal at each temperature step. Heat capacity (Cp) was then calculated using the Perkin Elmer
Pyris software. To convert to Cp units, the baseline heat flow data was subtracted from the sample
curve heat flow data in milliwatts (mW) which is then converted to specific heat using Equation
(1).
𝐶𝑝 =

𝑄

(1)

∆𝑇.𝑚

Where C is the specific heat in J g-1°C-1, Q is heat flow in mW, ΔT is the heating rate in °C
s-1 and m is mass in g. The result is a specific heat data curve as a function of temperature. Note
that the molar heat capacity was not calculated due to inaccuracies associated with calculating the
amount in mole of the lipid-water liquid crystalline phase.

3.5.Results – Phytantriol Matrices
3.5.1. Bulk, Non-Dispersed Systems
The equilibrium pseudo-binary phase diagrams for the PHYT and PHYT + 5% Vitamin E
acetate (VitEA) bulk matrices in excess water in the presence of increasing concentration of
GNR810 and GNR660 are shown in Figure 3.2 PHYT and PHYT + 5% VitEA without GNR
formed the V2

D

and H2 phases respectively at ambient temperature. The hydrophobised GNR

incorporated into the unactivated V2

D

and H2 matrices had some minor effects on the phase

transition temperatures but did not disrupt or substantially modify the equilibrium phase
behaviour. GNR incorporation into the V2

D

liquid crystal matrix caused a slight but insignificant

(~1 Å) reduction in the lattice parameters in the V2 D phase (Figure 3.2, Panel A). The presence of
GNRs also changed the V2 to H2 phase transition temperature, dependent on the GNR
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concentration. There was generally an insignificant effect of GNR concentration on the
equilibrium phase behaviour with temperature, except for a slight suppression of the V2 to H2
transition at high GNR concentration (Figure 3.2, Panel A), which was also apparent for the H2 to
L2 transition in the PHYT + 5% VitEA matrix (Figure 3.2, Panel C).
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Figure 3.2 – Equilibrium temperature scans and lattice parameters for cubic and hexagonal phases
containing increasing concentrations of GNR. Panels A. & B. PHYT-water cubic phase + increasing
concentrations of GNR. Panels C. & D. PHYT + 5% VitEA-water hexagonal phase + different
concentrations of GNR. All matrices are in excess water. GNR810 refers to gold nanorods with a LSPR of
810 nm, GNR660 refers to gold nanorods with an LSPR of 660 nm.
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3.5.2. The Effect of Gold Nanorod Concentration
Figure 3.3 displays the SAXS profiles of NIR laser irradiation of PHYT matrices containing
increasing concentrations of GNR. Irradiation of PHYT matrix did not induce a matrix response
(Panel A). Irradiation of the 0.3nM matrix (Panel B.), did not induce a change in phase structure
away from the V2 D phase however, the pulsed laser irradiation resulted in the contraction and
expansion of the lattice on photothermal heating and consequent cooling. The structure relaxed
back to the original positionwhen the laser was off. The contraction and expansion of the lattice
has been termed the “ breathing mode” by de Campo, as it is accompanied by concurrent expulsion
and uptake of water from the matrix to satisfy the changes in lattice dimension26. Thus, the
photothermal heating effect is both reversible and reproducible, but the 0.3 nM GNR concentration
was not sufficient to convert the phase nanostructure to the H2 or L2 phases.
In the case of higher concentrations of GNR, the 5 s NIR pulse induced a phase change to
the H2 and L2 structures in both the 1.5 nM (Panel C.) and 3 nM (Panel D.) systems. At 3 nM,
complete transformation to the L2 phase occurred by the end of the 5 s irradiation, while the lower
1.5 nM concentration resulted in a mixed H2 + L2 phase, indicating a reduced heating effect.
Again, on cessation of irradiation, the system ultimately returned to the initial V2

D

structure.

Interestingly, on reversion from the L2 or H2 + L2 state back to the V2 D structure, the gyroid
bicontinuous cubic phase with Ia3d space group (V2 G) was encountered. The V2 G phase initially
coexisted with the H2 phase and then with the V2 D phase for approximately 5 – 6 s after the laser
was switched off. This is highly unusual as the samples are present in excess water and the V2 G
phase only exists at equilibrium in dehydrated liquid crystalline structures for the PHYT + water
matrix20. The V2 G phase was not observed during the heating phase of the cycle.
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Figure 3.3 – Time resolved SAXS profiles of PHYT liquid crystalline matrices with and without 810GNR
upon NIR laser activation with increasing concentrations of GNR. Panels A. PHYT, B. PHYT + 0.3 nM
GNR, C. PHYT + 1.5 nM GNR, D. PHYT + 3 nM GNR. All samples were in excess water. Red arrows
indicate the duration of laser exposure, in this case two repeat cycles of 5 s on, 5 s off. Increased colour
intensity towards bright yellow indicates increased intensity of signal at that q-value. Annotated phase
structures on the right were determined from indexing peaks in intensity vs. q profiles from individual
frames.
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The lattice parameters at each temperature were converted to apparent sample temperature
(Tapp) using the calibration curves in Figure 3.2, and the resulting plot of Tapp vs. time is illustrated
in Figure 3.4. In the case where no GNRs were added to the matrix, there was no significant
change in lattice parameter and thus Tapp upon laser irradiation. The reversibility of the heating
effect in the presence of the GNR is evident from the Tapp profiles for the three samples containing
the nanorods. The sample containing 0.3 nM GNR heated to approximately 50 ºC, just below the
transition above which coexisting H2 phase occurs.
Increasing the nanorod concentration to 1.5 nM induces heating to a Tapp of approx 70 ºC,
while 3 nM GNR heated the matrix to an apparent temperature of 75 ºC. The repeat irradiation
provided the same peak temperature within 1 – 2 ºC and reproducible kinetics of heating and
cooling. The phase structures observed at the calculated Tapp values closely agreed with the
equilibrium structures apparent from the calibration plots at those temperatures, although H2 + L2
coexisting phases were observed for a number of samples in Figure 3.4 (squares) at 65 – 75 ºC
which was not apparent in the equilibrium behavior in Figure 3.2. The L2 phase coexists in the 1.5
and 3 nM systems on cooling below the equilibrium heating transition temperatures as indicated
by the dotted lines, indicating a kinetic supercooling effect.
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Figure 3.4 – Effect of laser irradiation on apparent temperature (Tapp) of the PHYT + water matrix with
change in GNR concentration. Tapp was derived from lattice dimensions in Figure 3.2, using the calibration
data from Figure 2. [GNR] = 0 nM white symbols, 0.3 nM grey symbols, 1.5 nM dark grey symbols, and 3
nM black symbols. Circles indicate V2 D, triangles indicate V2

D

+ H2, squares indicate H2 + L2, and

diamonds indicate L2. The horizontal lines indicate the typical equilibrium phase boundaries derived from
the data in Figure 3.2.

3.5.3. The Effect of Initial Phase Nanostructure
The photothermal effect on the V2

D

PHYT matrix (Figure 3.3, Panels A. and D.) is

compared to the H2 PHYT + 5% VitEA system (Figure 3.5). Only the lipid systems containing
810GNR exhibit a phase transition upon NIR laser irradiation. The PHYT + 3 nM GNR matrix
(Panel D.) initially exhibited a V2 D and upon NIR exposure, transitioned to H2 to L2 and returns to
V2 D when the stimuli is removed. The PHYT + 5% VitEA system begins in the H2 nanostructure
and transitions to the L2 phase upon a shorter irradiation time than the PHYT + 3 nM GNR matrix.
The PHYT + 5% VitEA system returns to the starting nanostructure, however the process takes a
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longer time than in the PHYT + 3 nM GNR cubic phase matrix. A supercooling effect was
observed in both systems before returning to the starting phase of V2 D and H2 in the PHYT and
PHYT + 5% VitEA systems respectively. Figure 3.6 displays the Tapp over time for 3 nM 810GNR
in both PHYT cubic phase (Panel A, 2 cycles shown) and PHYT + 5% VitEA matrices H2 phase
(Panel B, 1 cycle shown). The PHYT + 5% VitEA matrix does not reach a Tapp value as high as the
PHYT matrix.
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Figure 3.5 – Time resolved SAXS profiles of PHYT + 5% VitEA liquid crystalline matrices with and
without 810GNR upon NIR laser activation with varying laser power. Panel A. PHYT + 5% VitEa, B.
PHYT + 5% VitEA + 3 nM GNR. All samples were in excess water. Red arrows indicate the duration of
laser exposure (5 s). Increased colour intensity towards bright yellow indicates increased intensity of signal
at that q-value. Annotated phase structures on the right were determined from indexing peaks in intensity
vs. q profiles from individual frames.
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Figure 3.6 – The effect of starting nanostructure on apparent temperature (Tapp) over time after laser
irradiation. Liquid crystalline matrices of PHYT (Panel A) and PHYT + 5% VitEA (Panel B) contained 3
nM GNR810 in excess water. Tapp was derived from lattice dimensions of the individual frames using the
calibration data from static temperature scans of the different systems in Figure 3.2. Symbols represent: 
V2 D,  V2 D +H2,  H2,  H2+L2, and  L2.

3.5.4. The Effect of Laser Pulse Time
The apparent temperatures of the matrix (Tapp) achieved with increasing laser pulse time for
PHYT + 1.5 nM GNR810 system is shown in Figure 3.7. Longer laser exposure times resulted in
an increase in the maximum Tapp experienced by the matrix. Increasing the duration of laser
exposure resulted in an increased amount of radiation being absorbed by the GNRs and
consequently converted into local heat within the liquid crystalline phase. Exposure for 2 s was
sufficient to provide a heating effect of over 30°C, resulting in a Tapp of 60°C and the appearance
of coexisting V2

D

+ H2 phases. This is consistent with the coexisting phases in the equilibrium

diagram in Figure 3.2, Panel A. The increase in laser exposure time resulted in a concomitant
increase in Tapp achieved in the liquid crystal matrix. A laser exposure time of 5 s was required for
the liquid crystalline phase to transition from the V2

D

through to a mixed phase of H2 and L2

nanostructure. This represented a heating effect of greater than 40 °C, with a maximum Tapp of
70°C when irradiated for 5s.
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Figure 3.7 – Effect of laser pulse time on heating of a phytantriol cubic phase matrix containing GNR810 at
1.5 nM. The phases were identified by indexing peaks from the individual SAXS frames and are annotated
on the bar stacks.

3.5.5. The Effect of Laser Power
A continuous wave variable-power laser was used to investigate the effect of variation in
laser power on the GNR-PHYT matrix. Samples were placed at a distance of 1.2 cm from the laser
source, corresponding to a spot size of 9 mm2, and the phase transition kinetics of the LC sample
followed using SAXS in Figure 3.8. All samples are initially in V2

D

nanostructure and only the

samples which contain GNR (Panels A. – C.) exhibit a phase transition upon NIR irradiation;
Panel D did not contain GNR and no change in phase or lattice parameter was observed even on
extended heating at the highest power. At low laser power (25.7 mW, Panel A.), the matrix
displayed a slight right shift in the q value of the V2 D peaks consistent with a small heating effect,
but no phase transition was observed. At 120.1 mW (Panel B.) the transitions to the H2 phase and
with increased laser power to 215.2 mW the phase transitions through the H2 phase to the L2 phase
and returns to V2 on cessation of irradiation.
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A. PHYT + 3 nM GNR, 25.7 mW

B. PHYT + 3 nM GNR, 120.1 mW
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Figure 3.8 – Time resolved SAXS profiles of PHYT liquid crystalline matrices upon NIR laser activation
with varying laser power. Panels A. – C. PHYT + 3nM 810GNR, Panel D. PHYT only. All samples were in
excess water. Red arrows indicate the duration of laser exposure. Increased colour intensity towards bright
yellow indicates increased intensity of signal at that q-value. Annotated phase structures on the right were
determined from indexing peaks in intensity vs. q profiles from individual frames.
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Figure 3.9 and Table 3.1 detail the irradiation time required to achieve the change in
apparent temperature ∆Tapp. There appears to be an approximately linear relationship between
laser power and the maximum Tapp achieved, as well as the irradiation time taken to reach Tapp; the
higher the laser power, the higher the Tapp achieved in a shorter amount of time.
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Figure 3.9 – Effect of laser power on apparent temperature (Tapp) over time. “GNR” corresponds to a liquid
crystalline matrix containing PHYT + 3 nM GNR810, and “PHYT” contains phytantriol only. Both
formulations are in excess water. Tapp was derived from lattice dimensions of the individual frames using
the calibration data from static temperature scans of the different systems in Figures 3.2.

Table 3.1 – The effect of different laser powers on the irradiation time taken to achieve the maximum Tapp
and the change in Tapp (∆Tapp) observed.

Laser setting Laser Power (mW) Irradiation Time to max Tapp (s) ∆Tapp (°C)
0.4
25.7
160.0
2.9
0.5
120.1
96.8
20.9
0.6
215.2
23.8
39.0
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3.5.6. Dispersed Liquid Crystalline Systems
The equilibrium phase behaviour of PHYT cubosomes and PHYT + 5% VitEA hexosomes
with addition of GNR are shown in Figure 3.10, analogous to the bulk phase data in Figure 3.2.
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Figure 3.10 – Static temperature scans and lattice parameters of dispersed PHYT cubosomes (Panels A and
B), and PHYT + 5% VitEA hexosomes (Panels C and D) with increasing concentrations of GNR. GNR810
refers to gold nanorods with a LSPR of 810 nm, GNR660 refers to gold nanorods with an LSPR of 660 nm.

The hydrophobised GNR incorporated into cubosomes and hexosomes had some minor
effects on the liquid crystalline nanostructure but did not disrupt or substantially modify the
equilibrium phase behaviour, consistent with the bulk phases. On direct heating, the PHYT
cubosomes transitioned from V2

D

to L2 as shown in Panels A. and B. The H2 phase was not
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observed, in accordance with previous reports20. The effect of incorporation of GNR into the
dispersed V2

D

phase was similar to that of the bulk phase as the incorporation of GNR caused a

reduction of the V2 D to L2 temperature. The H2 to L2 phase transition temperatures of the PHYT +
5% VitEA hexosomes are shown in Panels C and D. The addition of 0.08 nM GNR810 did not
affect the H2 to L2 phase transition temperature of the hexosomes (Panel C.) and caused only a
minor reduction in the lattice parameters of the matrix (Panel D.).

3.5.7. The Effect of Dispersion of Mesophase on the Photothermal Effect
Laser activation of GNR embedded into dispersed liquid crystal nanoparticles was
investigated and the effect on scattering from the liquid crystalline particles is shown in Figure
3.11. Cubosomes containing GNR810 in concentrations at or less than 0.08 nM did not exert a
heating effect on the nanostructure upon laser activation. Increasing the concentration of GNR to
0.3 nM (Panel C) resulted in a reversible phase transition from the V2 D to a mixed V2 D + L2 phase
on laser activation. The photothermal effect and resulting phase behaviour in this system was
reversible and repeatable.
Laser activation of PHYT + 5% VitEA + 0.08 nM GNR hexosomes is shown in Figure 3.11,
Panel D. A slight decrease and increase in the H2 lattice was observed with each application of the
laser, however laser activation of the GNR was not sufficient to produce sufficient plasmonic heat
in order to stimulate a phase transition.
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Figure 3.11 – Time resolved SAXS profiles of laser activation of GNR in dispersed liquid crystalline
matrices. Panel A. PHYT cubosomes, B. PHYT + 0.08 nM GNR810, C. GNR PHYT + 0.3 nM GNR810,
and D. PHYT 5% VitEA + 0.08nM GNR810. Laser application in Panels A. to D. is three repeat cycles of 5
s on, 5 s off. Increased colour intensity towards bright yellow indicates increased intensity of signal at that
q-value. Annotated phase structures on the right were determined from indexing peaks in intensity vs. q
profiles from individual frames.

90

Chapter 3 – Photothermal Control of Hybrid GNR-Liquid Crystalline Nanostructure

3.5.8. The Effect of Aspect Ratio of GNRs and Irradiation Wavelength
Gold nanoparticles can be tuned to respond to specific wavelengths of light according to
size, aspect ratio, geometry and composition27. Even the smallest change in aspect ratio can result
in substantial changes to their optical properties28,

29

. This is advantageous for photoactivated

formulations, as the wavelength specificity can be finely tuned to avoid accidental activation of
drug release. The wavelength specificity of GNR with different aspect ratios was investigated by
comparing the behaviour of GNR with LSPRs of 810 nm (GNR810) and 660 nm (GNR660)
irradiated at 808 nm under the hypothesis that the effect would be substantially attenuated for the
660 nm-responsive particles. A comparison of the Tapp profiles for the PHYT liquid crystalline
matrices upon 5 s of laser irradiation at 808 nm is shown in Figure 3.12. In the bulk phase (Panel
A), the photothermal effect on the system containing the GNR660 was approximately half as
effective as that of the GNR810 matrix. In the dispersed phase (Panel B), there was a negligible
response from the cubosomes containing the GNR660, whereas the cubosomes containing the
GNR810 achieved a Tapp of 45 °C.
In comparison with the attenuation observed in Figure 3.12 where the plasmonic particles
are mismatched to the laser frequency, GNR synthesised to optimally respond to 810 nm did not
respond optimally to different wavelengths of NIR irradiation. Figure 3.13 exhibits the response of
the PHYT + 3 nM 810GNR liquid crystalline matrix irradiated with a 980 nm NIR laser. There
was no change in peak positions observed using SAXS (Panel A.), and consequently no change in
the calculated Tapp (Panel B.)
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Figure 3.12 – The GNR aspect ratio effects on plasmonic heating in bulk and dipsersed systems with 5 s

laser pulse: A. bulk PHYT phase + 3 nM of GNR810 (solid symbols) or GNR660 (open symbols), B.
PHYT cubosomes + 0.3 nM of GNR810 (solid symbols) or GNR660 (open symbols). Circles indicate V2 D,
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Figure 3.13 – Panel A. Time resolved SAXS profile; Panel B. apparent temperature (Tapp) of a PHYT + 3
nM GNR liquid crystalline matrix irradiated for 160 s with a continuous wave 980 nm laser.
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3.6. Photosensitisation of Self-Assembled Lipid Matrices
3.6.1. Equilibrium Behaviour of Bulk GNR-Lipid Hybrid Nanomaterials
The molecular structures, along with the literature temperature-dependent equilibrium phase
structures and lattice parameters of four different lipids, phyt, GMO, SA and ME in excess water
are shown in Figure 3.1. The temperature-dependent equilibrium phase structures and lattice
parameters of four different lipids as determined by SAXS are shown in Figure 3.14. The presence
of 3 nM GNR in the PHYT and GMO materials caused a slight reduction in the phase transition
temperature and lattice parameter, as has been previously observed in these systems upon the
addition of hydrophobic moieties20, 30.
The lattice parameters of the SA matrix were unaffected by the presence of GNR, and the H2
to L2 phase transition of SA was not observed in the temperature range investigated. This phase
transition temperature has been reported to be 63 °C23, but was not observed in this system and is
attributed to the use of a different source of material.
The phase behaviour of bulk ME in excess water was similar to previous reports, where the
H2 phase was observed during the equilibrium and dynamic studies of the ME phases, with and
without GNR31. The phase behaviour of the ME + 3 nM GNR hybrid matrix differed from the
blank ME matrix at temperatures between 62 – 72 °C. Several unresolved broad reflections
appeared in the scattering profiles in this temperature range, and the V2 D phase was not observed.
Whilst these phase transitions at higher temperatures are of interest, it is the phase transition from
the Lα to the V2 P phase at ~40 °C that is of the most interest for drug delivery applications.
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Figure 3.14 – Equilibrium phase behaviour of the four lipids and lipids + 3 nM GNR in excess water as
determined by SAXS: A. phytantriol (PHYT), B. glyceryl monooleate (GMO), C. selachyl alcohol (SA)
and D. monoelaidin (ME). The phases formed are annotated on the bar charts.

3.6.2. The Effect of Laser Activation on the Different Liquid Crystalline
Phases
Laser activation of the GNR-lipid-water hybrid nanomaterials was employed to cause phase
transitions in the liquid crystals via photothermal heating. Time-resolved SAXS patterns obtained
during and after laser activation of the different systems are shown in Figure 3.15. As previously
reported, the phyt-GNR matrix transitioned from the V2 D to H2 to L2 nanostructures within 5 s on
laser irradiation. On cessation of laser exposure, the system exhibited the non-equilibrium gyroid
cubic phase, V2 G, before relaxing to the original V2 D phase (Panel A.).

94

Chapter 3 – Photothermal Control of Hybrid GNR-Liquid Crystalline Nanostructure

A. PHYT

B. GMO

C. SA

D. ME

Figure 3.15 – Time resolved SAXS patterns of bulk liquid crystal phases formed with different lipids with 3
nM GNR in excess water: Panel A. PHYT, B. GMO, C. SA and D. ME. Laser application in Panels A and
B was 5 s on, 5 s off x 2 and in Panels C and D, 5 s on, 5 s off x 5. Increased colour intensity towards bright
yellow indicates increased intensity of signal at that q-value. Annotated phase structures on the right were
determined from indexing peaks in intensity vs. q profiles from individual frames.
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Laser activation of the GMO-GNR matrix caused a phase transition from the V2

D

to H2

phase within 5 s of laser activation (Panel B). The amount of plasmonic heat produced was not
sufficient to induce the transition to the L2 phase seen in the case of the bulk PHYT system.
No phase transitions were observed in the SA and ME systems after an initial 5 s pulse,
therefore additional 5 s laser pulses were applied. The SA-GNR matrix did not transition from H2
to the L2 phase, but the lattice parameter contracted and expanded, appearing to ‘breathe’ (Panel
C). There appeared to be two independent hexagonal phases with differing lattice parameters
which contracted and expanded at different rates with the laser activation and removal. Laser
activation of the colloidal SA + GNR dispersion also caused the H2 lattice to ‘breathe’ with each
laser pulse (Figure 3.16) consistent with the behaviour of the bulk phase, however, in the
dispersion, only one lattice dimension was present.

Figure 3.16 – Time-resolved SAXS patterns of laser activation of GNR in selachyl alcohol hexosomes.
Laser is applied for 5 s on, 5 s off for 10 repetitions. Increased colour intensity towards bright yellow
indicates an increased intensity of signal at that specific q-value. The annotated phase structure on the right
was determined from indexing peaks in intensity vs. q profiles from individual frames
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Repeated activation of the ME-GNR matrix (Panel D) resulted in the gradual reduction of
the Lα symmetry with the concurrent formation of the H2 and V2 P phases, but no reversal of the
transition during the laser ‘off’ time was observed. In general, the phase transitions of the GMO,
ME and SA liquid crystalline matrices upon laser activation agreed with the equilibrium thermal
phase behaviour shown in Figure 3.14.
The thermal phase transitions and the corresponding lattice parameters are indicative of the
amount of heat transferred to the matrix on GNR activation32, 33 and thus were used to quantify the
Tapp of the systems. The Tapp of the liquid crystal matrices over time are shown in Figure 3.17. The
non-linear behaviour of these systems was consistent with previously observed thermo-optical
properties of gold nanoparticle heat transfer into the surrounding environment34. The maximal Tapp
achieved for the GMO, SA and ME matrices on laser activation was insufficient to cause the
complete phase transitions observed in the equilibrium temperature scans.
As observed with the PHYT matrix, supercooling behaviour was observed in the GMO-GNR
matrix. The H2 phase was seen to coexist with the V2 D phase down to 25 °C on cooling, well
below the equilibrium transition temperature of 48 °C seen on the first heating cycle and in the
temperature scan (Figure 3.17, Panel B.).
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Figure 3.17 – Effect of laser irradiation on nanostructure in terms of apparent temperature (Tapp) over time.
Liquid crystalline matrices contain 3 nM GNR in excess water where the lipids are: Panel A. PHYT, B.
GMO, C. SA and D. ME. Tapp were derived from lattice dimensions of the individual frames using the
calibration data from static temperature scans of the different systems.

3.6.3. Specific Heat Capacity of the Liquid Crystalline Matrices
The specific heat capacity (Cp) of the liquid crystalline matrices and their corresponding
equilibrium phase behaviours are shown in Figure 3.18. The widths of the broad peaks observed in
the Cp profiles for PHYT, GMO and ME liquid crystalline systems match the broad thermal phase
transition events determined by SAXS. The Cp of the PHYT (Panel A.) and GMO systems (Panel
B.) increased with an increase in temperature, with the appearance of each new phase resulting in a
higher gradient of increase in the Cp. The appearance of L2 in the PHYT matrix caused the steepest
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increase in gradient. The Cp of SA (Panel C.) also increased with increased temperature however,
as no phase transitions were observed in this phase, there was a linear increase in Cp observed. The
Cp of ME (Panel D.) differed to the others as there was no linear increase observed, but fluctuated
with the appearance of each phase in the fully hydrated phase. Both the initial Lα to H2 to V2 P
phase transition and the final V2 to H2 phase transitions required a large input of energy, which
was represented by the sharp increases in Cp at these temperatures.
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Figure 3.18 – The specific heat capacity (Cp) of A. PHYT, B. GMO, C. SA and D. ME with their
equilibrium phase behaviours (horizontal stacked bars) as determined by SAXS.
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3.6.4. Disposition of GNR within the Bicontinuous Cubic Nanostructure
Bulk PHYT samples were viewed using cryoFESEM in order to visualise both the effect of
GNR incorporation into the liquid crystal nanostructure and the dispersity of the GNR throughout
the bulk phase. The dispersity of the GNR throughout the matrix is important as gold nanoparticle
aggregation can also have substantial effects on the optical properties of the system by effectively
modifying the local surface plasmon resonance wavelength (LSPR) at which the particles
respond35.
The intricate nanostructure of the PHYT V2 D bulk phase36 is shown in Figure 3.19. The
nodular appearance of the surface closely resembles that of the mathematical models proposed by
Angelov et al. for the bulk phase37 and Andersson et al. for cubosomes38. Panel B. viewed the
samples using a secondary electron detector. This mode of imaging provides a contrast mechanism
based on atomic number (elemental) distribution where elements of lower atomic number appear
darker, and elements of higher atomic number (e.g. gold) appear as bright spots in the image.
Backscattered electron analysis of the image identified the bright spots, which appear to sit within
the nodes of the cubic phase, to be gold in composition. The sizes of these spots approximately
matched the dimensions of the GNRs, albeit within the limitations of the spatial resolution of the
imaging technique. The presence of the GNR did not alter the appearance of the liquid crystal
nanostructure, and the GNR appear to be evenly distributed through the matrix.
Cubosomes with incorporated GNRs were viewed using cryoTEM. The GNRs were found to
be in close proximity or incorporated into the cubosomes and hexosomes as shown in Figure 3.20.
As these images are two dimensional, it is impossible to confirm whether they are incorporated
into the matrix or whether they sit adjacent to the nanoparticles. However, it can be confirmed that
the GNRs used were sphero-capped cylinders and do not appear to affect the internal nanostructure
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of the liquid crystal particles. The different aspect ratios between GNR810 and GNR660 can be
seen in the rod shapes in Figure 3.20, where GNR660 (Panel B.) were found to be significantly
shorter in length than GNR810 (Panel A.).

A.

B.

Figure 3.19 – cryoFESEM images of bulk phytantriol V2 D liquid crystal phase containing 3 nM GNR810.
Panel A is viewed using a secondary electron detector. Panel B is viewed using a backscattered electron
detector where the gold nanorods are indicated by white arrows.

Figure 3.20 – Representative cryoTEM images of dispersed GNR-LC particles. Panel A. PHYT + 0.3 nM
810 nm GNR cubosomes and Panel B. PHYT + 0.3 nM 660 nm GNR cubosomes. Scale bar = 200 nm in
each panel.
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3.6.5. Disposition of GNR within the Reverse Hexagonal Nanostructure
Bulk SA samples were viewed using cryoFESEM in order to visualise both the effect of
GNR incorporation into the H2 nanostructure and the dispersity of the GNR throughout the phase.
The intricate texture of the SA H2 bulk phase is shown in Figure 3.21. This is the first known
report of a cryoFESEM image of a bulk SA H2 phase. Striations common to the inverse micellar
rods of H2 phase39 are not observed as the magnification dimensions do not match the previously
reported matrix. The image does, however, show angular faceting at 120° that is consistent with
the H2 structure40 as indicated by the lines drawn across Panel A. Backscattered electron analyses
of the images in Panel B show bright spots scattered uniformly through the liquid crystal,
indicative of gold particles. The sizes of the spots are broadly consistent with the dimensions of
the GNR. The circled area appears to contain aggregated GNR, which has the potential to modify
the LSPR of the nanorods.

A.

B.

Figure 3.21 – cryoFESEM images of bulk selachyl alcohol H2 phase. Panel A is viewed using a secondary
electron detector. Panel B is viewed using a backscattered electron detector where analysis of the bright
spots revealed these spots to be gold. The circled area indicates a GNR aggregate.
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CryoTEM images show the GNR in close proximity or incorporated into hexosomes in both
the PHYT + 10% VitEa and SA dispersions. The infinitely long hexagonal tubes and curved
striations often observed for hexosomes can be clearly seen (Figure 3.22)41. As the cryoTEM
images are two dimensional, it is impossible to determine whether the GNR are actually
incorporated into the matrix or whether they are positioned adjacent to the hexosomes. However, it
can be confirmed that the GNRs used are sphero-capped cylinders and again do not appear to
affect the nanostructure of the hexosomes.

A.

B.

Figure 3.22 – Panel C. PHYT H2 + 0.3 nM 810 nm GNR hexosomes. Panel B. cryoTEM images of SA +
0.3 nM 810 nm GNR hexosomes. Scale bar = 200 nm in each panel.
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3.7. Discussion
3.7.1. Phytantriol Matrices
The incorporation of nanoparticles to control the phase behaviour of self-assembled systems
has become an increasingly popular method for the creation of stimuli-responsive nanocomposites.
It has evolved from the discovery and functionalisation of many novel materials such as metallic
nanoparticles. It is important to understand the effect of additives within self-assembled systems,
as it is the nanostructure of these matrices which affords their unique properties. Many groups
have studied the addition of aqueous and lipid soluble components such as sugars42 and
phospholipids43 into the cubic phase; however the effect of colloids is less well known. The
response of the PHYT matrix was found to be dependent on the lipid composition of the liquid
crystalline matrix, GNR concentration and aspect ratio, as well as NIR laser power wavelength and
irradiation time. The effect of NIR irradiation of GNR doped PHYT matrices is summarised in
Figure 3.23.
The hydrophobised GNR incorporated into the V2 D matrix did not substantially modify the
equilibrium phase behaviour of the liquid crystalline nanostructure. The dimensions of the GNRs
are too large to interact with the nanostructure of the liquid crystal directly and instead may form
occlusions in the matrix, around which the V2

D

unit cells can nucleate. Hydrophobic gold

nanoparticles have been shown to strongly associate with the lipid bilayers in liposomes whereby
heat is more efficiently conducted into the liquid crystalline nanostructure44,

45

. It can be

reasonably presumed that the hydrophobic GNR preferentially interact with lipid bilayers of the
cubosome where they are able to transfer heat created by plasmon activation most efficiently.
Their position is crucial as there is a very steep temperature gradient away from the surface of an
activated gold nanoparticle. Activation of the surface plasmon resonance has been shown to heat a
thin shell of water approximately 5 nm thick surrounding the particle46. A global change in
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temperature was not observed in these experiments and so it appears that a global temperature
change is not required to cause a global phase change. Instead, laser activation of the GNRs
creates a nucleus from which a phase change propagates within the irradiated area. If this did not
occur, a V2 D phase present in the bulk would be observed to coexist with the H2 or L2 phase
generated adjacent to the particle throughout the duration of laser activation.

Figure 3.23 – In excess water, PHYT transitions from the double diamond bicontinuous cubic phase (V2 D),
to the inverse hexagonal phase (H2), then the fluid isotropic inverse micellar phase (L2) with increasing
temperature. The observed phase transition of the phyt-GNR liquid crystal upon laser irradiation. On
irradition, the phyt-GNR liquid crystal transitioned from V2 D to H2 to L2, and on cessation transtioned back
from L2 to H2 + the non equilbrium gyroid bicontinuous cubic phase, V2 G, before returning to V2 D.
Adapted from47.

The addition of more than one component into self-assembled-structures tends to complicate
their phase behaviour, for example, by the creation of lattice deformations thus causing bilayer
distortions/disruptions and membrane curvature inhomogenicity48. The phase transitions within
pure lipid-aqueous systems have been shown to nucleate and grow more readily than
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multicomponent systems49. This behaviour was observed by the addition of a second additive,
VitEA into the phyt+GNR matrix. Laser activation of the PHYT + GNR matrix achieved a Tapp
10°C higher than the PHYT + 5% VitEA + GNR matrix (Figure 3.6). Both matrices were exposed
to the same heat input from the activated GNR, but the more complex matrix was not able to attain
the same Tapp as the single lipid system.
The use of synchrotron SAXS has made it possible to detail the rapid reversible phase
change kinetics of these self-assembled systems. The laser activated phase transitions were
reversible and repeatable, and were controllable through changes in laser power and irradiation
time, matrix composition and GNR properties. This indicated that the plasmonic heating of the
liquid crystal did not compromise the integrity of the lipid molecules in any of the mesophases.
Nonequilibrium behaviour – Systems which exhibited phase transitions on laser irradiation
also exhibited supercooling upon the cessation of irradiation the matrix before reverting back to
the original phase. Non-equilibrium structures not observed on heating were observed on cooling.
For example, when the laser stimulus was removed and cooling allowed for the PHYT matrix in
Figure 3.4, the non-equilibrium gyroid cubic phase, V2 G, was observed. The H2 phase was also
seen to persist to a lower Tapp (45°C), compared to the temperature that H2 appears upon heating
(51°C). The L2 phase in the PHYT + 5% VitEA matrix also persisted to a lower Tapp during
cooling than during heating. The observation of supercooling in the PHYT matrices is consistent
with previous studies using direct heat50, 51, where it was hypothesised that the contraction of the
lattice structure traps the system in a temporarily dehydrated state, which requires water flux back
into the matrix to re-establish the equilibrium V2 D structure.
Application of light activated systems to drug delivery – Colloidal dispersions of the
liquid crystalline matrix are preferred for many applications like drug delivery, as these possess the
same internal nanostructure as the parent phase but have much lower viscosity and higher payload
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delivery attributed to their higher surface area. Preparation as a dispersion enables their
deployment as injectable delivery systems. NIR activation of injectable systems may find
application in the treatment of macular degeneration, where the injected nanoparticles can act as a
depot in the vitreous and drug release activated through the application of the laser through the eye
as required. This would minimise the frequency of injection and potentially reduce side effects
associated with multiple intravitreal injections such as infection and blindness. Activation of GNR
in cubosomes resulted in the formation of a mixed V2 D + L2 phase upon laser irradiation. Unlike
the bulk phase, the dispersed matrix did not transition through the H2 phase, as this phase is not
observed in the equilibrium behaviour. To our knowledge this is the first report of light activated
non-lamellar lipid based liquid crystalline phase transitions in nanostructured bulk and colloidal
matrices. These externally triggered reversible phase transitions may provide a novel and practical
solution for on-demand drug delivery.
In this study, the bulk matrices experienced heating up to Tapp of ~75°C, although inclusion
of a thermocouple registered bulk heating of the matrix of less than 2 °C. This indicates that the
heat generated is rapidly dissipated and is localised close to the GNR surface as previously
discussed. This finding has important implications for the in vivo use of these materials as the
localised heating of adjacent tissue structures is unlikely, reducing the likelihood of collateral
tissue damage. This novel method of drug delivery activation differs from photoablative therapy.
Photoablative therapy involves the penetration of plasmonic nanoparticles into tumours, where
illumination by near infrared light kills cancerous tissue by overheating 52. However, this method
of treatment is limited by the selectivity of the nanoparticles for cancerous tissue and the ability of
non-spherical particles, which are more responsive to NIR light, to enter cells. Instead, the GNRliquid crystal nanohybrid provides a potential avenue for the delivery of anti-cancer drugs to tumor
sites, where the illumination of GNR promotes drug release from within the matrix.
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The in vivo fate of gold nanoparticles is also an important issue in clinical applications due
to recent interest in their application in therapeutics. Literature regarding gold nanoparticle toxicity
has been reviewed; however, many unanswered questions still remain53-55. What is known,
however, is that the toxicity and disposition of gold nanoparticles are attributed to nanoparticle
size56 and surface groups, where the surface groups of the particle can be modified to minimise
cellular disruption and immune response57-59. Additionally, colloidal gold has been historically
used for the treatment of rheumatoid arthritis60 and thus is widely regarded as biocompatible. Gold
nanoparticles have been shown to be cleared by via hepatobilary excretion, however, depending on
the properties of the particle, their degradation and excretion it may take months61. Although there
is concern regarding the safety of gold nanoparticles, the ability to functionalise their surfaces
provides the ability to control the uptake and toxicity of these materials and thus control their in
vivo safety. Dodecanethiol functionalised GNRs were used in this study to establish the proof of
concept and effect of a range of experimental variables; translation to an actual product would
likely require investigation into a more biocompatible coating. Further, the hydrophobic coating
was used for easy preparation of the matrix; hydrophilic coatings such as PEG may work as
effectively and will be investigated in future studies.
The inverse liquid crystalline phases are ideal candidates as drug delivery matrices as they
control the release of drug by their tortuous nanostructure. As the V2 phase releases drug at a faster
rate than the other inverse phases16, 62, the ideal phase transition for the system to function as a
reversible pulsatile release system would be from a slow releasing phase, such as the H2 phase, to a
V2 phase. We have demonstrated reversible phase transitions from V2 to H2 and L2 and from H2 to
L2, which are not ideal in this regard. However, the purpose of this initial study was to establish
the concept of light activated liquid crystalline matrices and the effect of different variables.
Systems which can reversibly transition from the lamellar phase (Lα) to the V2 phase with an
increase in temperature, such as monoelaidin24, 63, 64, may provide an alternative system where the
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bilayers of the Lα matrix can be controllably and reversibly converted to the highly porous V2
phase with the application and removal of plasmonic heat, thus allowing for multiple activation of
the drug delivery depot. Control of liquid crystalline nanostructure is key to controlling drug
release from these matrices as these systems behave in a predictable fashion in vivo, with release
behaviour being predictable when there is control over the phase formed65,

66

. It has been

previously demonstrated that by externally manipulating the temperature of a PHYT PHYT-based
matrix using a heat/cool pack, it was possible to reversibly control drug release in vitro and in
vivo19. It is anticipated that by controlling the nanostructure through laser activation of the GNRliquid crystalline hybrid materials, a parallel effect can be achieved.

3.7.2. The Photosensitisation of Alternative Lipids
The ability of GNR to reversibly modify the phase behaviour of bulk and dispersed liquid
crystal matrices prepared using alternative lipids to phytantriol has been investigated in terms of
lipid composition and nanostructure of the matrix. In section 3.5, it was established that phyt-GNR
matrices reversibly transition from V2 to H2 to L2 phases on laser activation depending on GNR
concentration, aspect ratio, laser power and pulse times. The effect of the PHYT liquid crystalline
nanostructures was discussed.
The optical and dielectric properties of the matrix – It is equally as important to
understand the effect that the matrix has on the photothermal conversion efficiency of the GNR67.
The optical and dielectric properties of the liquid crystalline matrix play an important role in the
photo activation of the GNR and consequent plasmonic heat transfer28, 68. It is these properties that
afford them great potential in chemical and biological sensing69. The optical properties of the
liquid crystal phase may cause non-specific scattering or absorption of the NIR irradiation, as they
may act as a converging or diverging lens in nanocomposite material70. The V2 phases are
optically isotropic, whereas H2 and Lα are optically anisotropic and translucent in appearance71.
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The turbidity of the H2 phase of SA and Lα of ME may lead to suboptimal irradiation of the GNR
and may therefore contribute to the reduced response of the matrix to irradiation. In addition, GNR
are sensitive to their dielectric environments, where the GNR peak wavelength has been shown to
increase linearly with local refractive index72, 73. The refractive indices for SA and ME (1.474 and
1.478 respectively) are higher than that of GMO and PHYT (1.463 and 1.467 respectively). The
different refractive indices of the lipids suggest the modification of the LSPR of the GNR in the
different liquid crystalline matrices. In addition to molecular features, dielectric properties of lipid
membranes are dependent on molecular orientation74 and environmental properties such as
temperature and ion concentration75, which could result in the fluctuation of GNR response over
time. Further investigation into the effect of the changing dielectric nature of the matrix on the
GNR LSPR would progress the development of these systems.
PHYT, GMO and SA – Phase transition temperatures and heat capacity of the different
hybrid nanomaterials were indicative of their susceptibility to transition to a different phase upon
plasmonic activation of the GNR. The GMO and SA systems had similar phase behaviour to
PHYT at higher temperatures, where GMO exhibited the V2 to H2 to L2 phase transitions and SA
is reported to undergo the H2 to L2 phase transition23. As ME displays different phase transitions, it
will be considered separately. The phase transition temperatures of GMO and SA occur at
temperatures21, 23, much higher than that of PHYT25, 76. As such, more plasmonic heat is required
to enact a phase change in these lipids compared to PHYT. This was seen in both the maximum
changes in Tapp (ΔTapp) and Cp of the systems. The ΔTapp achieved upon 5 s of laser activation in
the PHYT, GMO and SA systems are 50°C, 32°C and 23°C respectively. This was reflected in the
Cp of the different systems detailed in Table 3.2. At 25°C, more energy is required to increase the
matrix temperature in the H2 phase of SA, than the V2 phase of GMO, then the V2 phase of PHYT.
The rate increase of Cp in the SA system was higher, which may further retard the increase in
matrix temperature and thus the consequent prevention of a phase change. The high temperatures
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required to cause a phase transition to the L2 phase could not be achieved within the GMO and SA
liquid crystal matrices upon laser activation at the experimental variables employed in terms GNR
concentration and laser pulse times. Thus, the same amount of plasmonic heat generated within
these systems could not as efficiently affect the matrices with higher phase transition temperatures.
The two different rates of lattice reduction observed in the SA + 3 nM GNR matrix on laser
application has been attributed to GNR aggregation. The lower viscosity of the H2 phase77, 78 may
have allowed the GNR to aggregate, resulting in the modification of their optical properties35.
Particle aggregation alters the aspect ratio of the GNR and consequently the LSPR. As such,
aggregated GNR will not respond as effectively to the 810 nm irradiation in comparison to the
unaggregated particles within the liquid crystal matrix, resulting in two rates of heating.
Consequently only the H2 matrix showing the greater response expected for dispersed GNR is
shown in Figure 3.17, Panel C. The dual rate of heating was not observed in SA-GNR hexosomes
and is attributed to a more even dispersion of the GNR throughout the sample.

Table 3.2 – The Cp and ΔTapp after 5s of NIR irradiation of all liquid crystalline matrices and the rate of
increase in Cp with an increase in temperature in the PHYT, GMO and SA. The increase in Cp of PHYT,
GMO and SA has been calculated between the temperatures 20 – 40°C as it was linear over this range.

Lipid

Phase

PHYT
GMO
SA
ME

V2
V2
H2
Lα

Cp at 25°C (J °C-1 g1
)
2.281
2.471
2.454
3.144

Slope (Cp/°C)
2.468 x 10-3
2.693 x 10-3
3.230 x 10-3
-

ΔTapp at 5s
NIR
50°C
32°C
23°C
3°C

Monoelaidin – ME is a structural analogue of GMO with quite different phase behaviour to
the other lipids, and as such, it is discussed separately to PHYT, GMO and SA. The restricted
conformations in the trans-form of ME determines its phase behaviour79, and allows for its rich
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polymorphism in both bulk and dispersed matrices31, 64, 80. The ME-GNR system was investigated
primarily because of the relevance of the Lα to V2 phase transition in drug delivery applications.
The higher Cp of the different phase transitions found in the ME phase affected its responsiveness
to plasmonic activation. The amount of heat generated by the plasmonic activation of the GNR
was not able to overcome the initial energy requirement (3.144 J °C-1 g-1) to cause the formation of
the V2 P phase until the fifth pulse. In previous studies, the Lα to V2 phase transition in a monoolein
matrix (4 cal g-1)22 was found to be an order of magnitude larger than that of the V2 to H2 phase
transition in PHYT PHYT (0.2 cal g-1)76, further highlighting the significant difference in the
thermal input required to enact a phase change from the Lɑ phase.
In addition, the ME system was not able to return to equilibrium as quickly as the PHYT and
GMO matrices. Temperature and pressure jumps have been used to force the Lα to V2 phase
transition in dispersed ME81 and GMO82 formulations where the phase transition has been
attributed to stalk formation. Stalks form where local lipidic connections between proximal
contacting monolayers of the fusing membranes meet83, a complex, time-consuming process that
involves the growth of a well ordered structure through the simultaneous flow of both lipid and
water. Thus, the lack of phase reversal within the 5 s laser off time is attributed to the formation of
long living intermediates in Lα to V2 phase transition and as such, reversal of the matrix is not as
rapid or as easily achieved as in the case of the V2 to H2 transitions49. On the contrary, the V2 to H2
phase transition is described by a modified stalk theory, where the transition proceeds via the
formation of discontinuous intermediate cubic structures which then morph into the characteristic
inverse micellar rods of the H2 phase, in a process that takes 40 ns84.
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3.8. Conclusions
The ability to externally manipulate non-lamellar liquid crystalline phase transitions by the
application of near infra-red laser light by the incorporation of gold nanorods within bulk and
dispersed phytantriol liquid crystal matrices has been demonstrated. The matrix response was
determined by the properties of:
•

the gold nanorods – aspect ratio and concentration;

•

the laser – plasmon illumination time and power; and

•

the liquid crystalline matrix – optical and thermodynamic properties.

The gold nanorod and laser variables can be manipulated in order to control the amount of
plasmonic heat introduced into the liquid crystal matrix, and the composition of the liquid crystal
matrix can be tuned for its intended purpose, for instance, the release rate of active from within the
matrix. The ability to control and quantify gold nanoparticle heating behaviour in these GNRliquid crystal nanocomposite matrices using laser light as an external stimulus has the potential for
use in the creation of biosensors as well as being employed as a trigger mechanism for on-demand
drug delivery. Application of some of the concepts learned in this Chapter is translated into an in
vivo proof of concept study reported in Chapter 5.
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4. Photochromics for UV-Induced Steric Disturbance of Liquid Crystalline
Nanostructure
4.1.Declaration for Chapter 4
Part of the research presented in this chapter has been published as: Fong W-K, Malic N,
Evans R, Hawley A, Boyd B, Hanley T. Alkylation of Spiropyran Moiety Provides Reversible
Photo-Control over Nanostructured Soft Materials. Biointerphases. 2012; 7(1):1-5.

4.2. Introduction
Light sensitive materials based on organic photochromic molecules have been proposed for
the next generation of optical, electronic and mechanical materials and devices for purposes
ranging from memory devices and switches to on-demand drug delivery depots1-3. Photochromics
have a molecular structure that can be reversibly and reliably modified in a controllable manner4.
These molecules have been incorporated into a range of materials where the unique differences in
properties between their isomers upon photoisomerisation have been utilised to manipulate their
immediate environment. The most manipulated photoreaction is the ring-opening and ring closing
of many photochromics, which can not only cause a steric change in molecular shape, but also can
result in a change in conductivity due to the ionisation of the photochromic groups5.
Towards the development of light responsive soft materials, photochromic additives have
been used to impart photosensitivity into materials such as polymers and self-assembled
structures6-9. When exposed to specific wavelengths of ultraviolet (UV) light, photochromics can
reversibly switch between two isomeric forms of the chemical species. This feature has led to
photochromic moieties, such as spiropyran and azobenzene, being incorporated into selfassembled systems to sensitise these matrices for light activated drug release10, 11. The use of UV
light to trigger drug release has also been shown to improve intercellular penetration of drugs12.
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Consequently, photochromics were incorporated into lipid-based liquid crystal materials in order
to impart photosensitivity upon these matrices as potential triggers for pulsatile active release. As
described in previous chapters, some amphiphilic molecules form thermodynamically stable
nanostructures, which control the rate of drug release from the material13-15. It was hypothesised
that sufficient steric disturbance in the lipid packing, caused by the light-activated isomerisation of
photochromic moieties in the lipid bilayer can cause a change in nanostructure and thus ‘trigger’ a
change in drug release, analogous to that of a previously reported system which utilised
temperature as a stimulus16.
With the need for a non-invasive means of controlling drug release, this chapter reports the
incorporation of photochromics into liquid crystalline systems and the effect of irradiation upon
the nanostructure. Two main groups of photochromics, shown in Figure 4.1, were investigated for
their compatibility in liquid crystalline materials. Azobenzenes are photochromic compounds that
undergo a reversible trans to cis isomerisation upon exposure to UV irradiation in solution. UV
light (320 – 375 nm) promotes the trans to cis conversion as it corresponds to the energy gap of
the π-π* (S2 state). Blue light (400 – 450 nm) causes the reversal of the isomerisation, as this
wavelength of light is equivalent to the n-π* (S1 state) transition. In addition, the cis isomer is less
stable than the trans isomer due to its distorted configuration, thus the cis isomer will thermally
relax back to the trans isomer17. The shortening in bond length between the 4- and 4’ carbons and
consequent conformational changes caused by photoisomerisation is the main feature of this
photochrome which provides the molecular switch for responsive materials18.
Spiro compounds, like azobenzenes, have been extensively studied over the past century1, 4,
19, 20

. Spiropyrans isomerise between the colourless, non-ionic spiro and the coloured, charged

merocyanine (MC) form when exposed to wavelengths of UV light (250 – 380 nm) (Figure 4.1).
Spirooxazines are structurally related to spiropyrans, however do not ionise upon

121

Chapter 4 – Photochromics for UV-Induced Steric Disturbance of Liquid Crystalline Nanostructure

photoisomerisation2. This family of photochromics has been well studied and been shown to
induce changes in materials such as liquid crystal phase structure21 and modifying the selfassembly of lipid and surfactant membranes22-25. Drummond et al. synthesised a series of
spiropyran surfactants, where equilibrium photochemical and physicochemical behaviour was able
to control both surface activity and self-assembly of structural change26-28. Spirooxazines are also
commonly used as photosensitisers in polymeric ophthalmic lenses29.
On the basis of this past literature, spiro compounds were therefore investigated in this
Chapter for their ability to induce phase changes in LC matrices on irradiation with UV light.
Further, we introduce a novel alkylated spiropyran derivative, spiropyran laurate (SPL),
hypothesised to interact more strongly with the lipid matrix than non-derivatised photochromics.

Name

Molecular Structure

3D Structure

Azobenzene
(AZO)

Spiropyran
(SP)

Spirooxazine
(SOX)

Figure 4.1 – The molecular structures of the photochromic groups of interest (middle panel). The 3D
structures in the right panels demonstrate the differences in spatial conformation of the isomers of each
photochromic group.
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Although UV activation of photochromics has been promisingly employed as an effective
trigger for drug release in responsive materials, the photochemistry of these organic molecules is
limited by practical applications. This is due to the chromophores requiring high intensity UV and
visible light to elicit photoisomerisation. Such high radiation levels in a biological setting can
cause damage such as erythema, immune suppression and can be mutagenic30 and the dose of UV
light required to trigger isomerisation may exceed the recommended limits31. UV irradiation is
intensely attenuated by biological tissues which results in minimal penetration of the UV light into
the tissues, eliminating potential targets entrenched more than skin deep. In contrast to UV light,
near infrared (NIR) wavelengths (650 – 900 nm) are not strongly absorbed by biological tissue32
and present an alternative switch to control drug release.
In order to circumvent issues associated with the use of direct irradiation, a way of
delivering the lower energy UV light deep into tissues has been proposed through the use of upconverting luminescent nanoparticles (UCNP)33-35. Up-conversion refers to non-linear optical
processes in which the absorption of two or more photons leads to the emission of light at a shorter
wavelength than the excitation wavelength. Thus, UCNPs are colloidal nanoparticles doped with
rare-earth lanthanide ions such as Yb3+ and Er3+which absorb light at higher energy NIR
wavelengths and convert them to wavelengths of UV-visible light33. The dopants provide the
luminescent centres, and the crystalline host lattice provides a matrix for the optimal positioning of
the centres. Accordingly, the up-conversion efficiency and the absorbed and emitted wavelengths
are dependent on the tuneable arrangement between the host lattice, dopant ions and
concentration36-38. The surface of UCNPs can also be modified and functionalised to make them
more biocompatible and/or suit their intended purpose35. They have been touted for use in
bioimaging applications39 and more importantly, for the triggered release of encapsulated
compounds40. In recent times, UCNPs have been used to trigger the photoisomerisation of a
spiropyran covalently grafted onto the surface of these particles41, 42, a merocyanine doped particle
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for photodynamic therapy42,

43

as well as photoactivation of dithienylethene in solution38. A

promising study by Yan et al. has employed the use of UCNP to trigger structural changes in
photosensitive hydrogels using a continuous wave NIR laser44. Along these lines, the ability of
UCNPs to act as an in situ switch within a photochromic doped liquid crystalline matrix was
investigated.

4.3. Hypotheses and Aims
Hypothesis 1
That the UV activation of photochromics incorporated into lipid bilayers will alter lipid
packing in self-assembled systems by acting as a steric disturbance at the lipid-water interface.
Hypothesis 2
That the NIR activation of upconverting nanoparticles embedded in UV responsive liquid
crystalline matrices can act as an in situ UV light source and induce photoisomerism of spiropyran
lipids in liquid crystalline phases.

In order to investigate these hypotheses, the following aims will be achieved:
1. To determine the potential of azobenzene and spiro compounds as photosensitisers in
phytantriol liquid crystalline matrices using SAXS.
2. To characterise a novel alkylated spiropyran and determine its potential as a photosensitiser in
phytantriol liquid crystalline matrices.
3. To assess the ability of up-converting nanoparticles to act as an in situ UV switch in
photochromic doped liquid crystalline matrices.

124

Chapter 4 – Photochromics for UV-Induced Steric Disturbance of Liquid Crystalline Nanostructure

4.4. Materials and Methods
General materials and methods used are detailed in Chapter 2.
The photochromic groups investigated in this study are detailed in Figure 4.1. Spiropyran
(SP)

(1′,3′-Dihydro-1′,3′,3′-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole])

and

azobenzene (AZO) were purchased from Sigma-Aldrich. Oxford Blue (spirooxazine (SOX)) was
purchased from James Robinson. Lauroyl chloride was purchased from Aldrich and used as
supplied. Lauric acid (98% deuterated) was generously provided by the National Deuteration
Facility (Lucas Heights, NSW, Australia). Please note that formulations of photochromics in liquid
crystals are described in mol %, which refers to the concentration of photochromic in lipid prior to
hydration or dispersion. Radiolabelled

14

C-glucose (262 mCi/mmol) was obtained from Moravek

Biochemicals (Brea, California, USA). D-(+)-glucose was purchased from Sigma Aldrich (St.
Louis, MO, USA).
4.4.1. Spiropyran Laurate Synthesis
A spiropyran derivative with a laurate tail, spiropyran laurate (SPL) was synthesised by N.
Malic (CSIRO) according to: 2-(3’,3’-Dimethyl-6-nitro-3’H-spiro[chromen-2,2’-indol]-1’-yl)ethanol (0.50 g, 1.42 mmol) was dissolved in dry dichloromethane (10 mL) together with
triethylamine (0.39 mL, 2.84 mmol), under nitrogen. Lauroyl chloride (0.33 mL, 1.42 mmol) was
then added via syringe at room temperature. After stirring for 10 min, the reaction mixture was
passed through a plug of silica gel, the solvent evaporated in vacuo, and the residue purified by
column chromatography (SiO2, EtOAc/hexanes, 1:3). SPL: 1H NMR (400 MHz, d6-acetone) δ8.15
(d, J = 2.8 Hz, 1H), 8.05 (dd, J = 8.9, 2.8 Hz, 1H), 7.21 (d, J = 10.4 Hz, 1H), 7.19-7.13 (m, 2H),
6.85 (m, 2H), 6.76 (d, J = 7.8 Hz, 1H), 6.09 (d, J = 10.4 Hz, 1H), 4.25 (m, 2H), 3.56 (m, 1H), 3.46
(m, 1H), 2.24 (td, J = 7.5, 2.1 Hz, 2H), 1.53 (m br, 2H), 1.27 (m, 21H), 1.18 (s, 3H), 0.88 (t br, 3H)
ppm.
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A similar procedure was used to synthesise a SPL moiety with a deuterated laurate tail (SPLd) by Kristian J. Tangso (MIPS) for use in NMR studies and for future SANS studies. A solution
of DCC was added drop-wise to an ice cooled solution of lauric acid, spiropyran alcohol and
DMAP in dry dichloromethane and stirred under nitrogen. The mixture was allowed to warm up to
room temperature and maintained under these conditions for a further 48 hr. The crude product
was then filtered to remove solid white precipitate. The solvent was evaporated and the residue
was passed through a silica column and eluted with a solvent system giving the greatest separation,
100% dichloromethane, confirmed by TLC. Fractions of eluent collected from flash column
chromatography FCC containing the product (pale green solution) were combined, evaporated and
dried under high vacuum overnight to remove residual solvent to yield the product. NMR was used
to characterise and assess the purity of the compounds synthesised. SP-L (d): 1H NMR (400 MHz,
CDCl3) δ 8.02 (m, 1H, Ph-H), 8.00 (m, 1H, Ph-H), 7.19 (t, 1H, Ph-H), 7.08 (d, 1H, Ph-H), 6.91 (d,
1H, -CH=CH-), 6.89 (t, 1H, Ph-H), 6.75 (d, 1H, Ph-H), 6.68 (d, 1H, Ph-H), 5.88 (d, 1H, -CH=CH), 4.21 (m, 2H, -N-CH2), 3.45 (m, 2H, N-CH2-CH2-O-CO), 1.29 (s, 3H, CH3), 1.16 (s, 3H, CH3)
ppm; 2H NMR (102.6 MHz, CDCl3) δ 2.21 (s, 2D, O-CO-CD2-CD2), 1.51 (s, 2D, O-CO-CD2CD2), 1.16 (s, 22D,(CD2)11), 0.80 (s, 3D, CD2-CD3) ppm; 13C NMR (100.6 MHz, CDCl3) δ 173.7,
159.4, 146.1, 141.0, 135.6, 128.2, 127.8, 125.9, 122.7, 121.8, 121.8, 119.9, 118.4, 115.5, 106.7,
106.7, 62.2, 52.8, 42.4, 28.3, 25.8, 19.8 ppm.

4.4.2. UV Spectral Characterisation of SPL
UV-visible absorption spectra were measured on a Cary-50 spectrometer from 200−800 nm
at a scan rate of 600 nm s−1 and kinetic measurements at 540 nm. Representative scans are shown
in Figure 4.5. The spectrometer was fitted with a Peltier temperature controlled cell. Solutions for
UV−visible measurements were made at concentrations of 1 mg/mL in methanol and hexane.
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This allowed for the determination of k1 obs and k2 obs (Table 4.1) by fitting the plots above,
with the equations 1 and 2:
1. y = y0 – ae-k1obs x
2. y = y0 + ae-k2obs x
4.4.3. Photochromic and 14C -Glucose Release Experiments
UV triggered in vitro release was investigated through the observation of the diffusion of a
model drug,

14

C-Glucose, over time. In a similar way, the retention of SP and SPL in the bulk

cubic phase matrix was tested using a pseudo-release/leaching experiment. These studies were
performed in triplicate. In both cases, bulk phase (~200 mg) containing lipid, photochromic + 30%
Milli-Q water were loaded into purpose built plastic mini-beakers (r = 3.75 mm), ensuring a well
defined reproducible surface area for drug release, and suspended in 20 mL of phosphate buffered
saline (PBS) in 20 mL glass scintillation vials. Continuous agitation of the buffer was achieved via
a magnetic stirrer.
In the

14

C-Glucose release experiments, the sample matrix consisted of 1 mol% of SPL in

PHYT + 30% aqueous component which contained both radiolabelled and cold glucose. The
samples were irradiated with LED UV light between t = 6.25 – 5 h.
In the photochromic release experiments, the samples consisted of 0 and 1 mol% of SP and
SPL in PHYT. The UV irradiated samples were exposed to 24 h of LED UV light at 350 nm, 30
mW (Nichia Chemical, Japan). Samples were then allowed to release for 6 additional days, the
time at which the release medium was sampled and analysed using HPLC.
4.4.3.1.

Quantification of Released SP and SPL

High Performance Liquid Chromatography (HPLC) was used to quantify the concentration
of SP in the buffer. The HPLC system used was a Shimadzu Prominence UFLC (Tokyo, Japan)
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with UV/Vis detection (SPD-20A Prominence UV-Vis detector-D2 lamp, 210 nm). The column
(4.6 x 75 mm) was packed with Symmetry® C18, particle size 3.5 µm (Waters: Dublin, Ireland) and
used at room temperature. The mobile phase (90% acetonitrile: 10% Milli-Q water) was prepared
volumetrically. Sample injection volumes of 40 µL were used and the retention time (tR, ~ 11 min)
were measured at room temperature at a flow rate of 1 mL/min using an isocratic elution system.
4.4.3.2.

Quantification of Released 14C-glucose

14

C-glucose samples were analysed by scintillation counting. The release medium was

sampled (100 μL) from the release medium and replaced by 100 μL PBS at predetermined time
points, and mixed with 2 mL of scintillation cocktail in a 6 mL scintillation vial for scintillation
counting on a Tri-Carb 2800TR, Perkin Elmer Liquid Scintillation Analyser. Data were converted
to percentage of

14

C-glucose released against time and standard deviation (n=3) or range (n=2)

calculated for data at each time point. As previous studies have shown that liquid crystalline
systems display diffusion controlled release, the data were plotted as drug release versus square
root of time (t½). A linear relationship between percent released and t½ provided confirmation of
first order diffusion controlled release. Experimental assistance from Kristian J. Tangso for the 14C
-glucose release experiments is gratefully acknowledged.

4.4.4. Nuclear Magnetic Resonance (NMR)
1

H NMR (400 MHz) and 2H NMR (400 MHz) spectra were recorded on a Bruker 400 MHz

instrument at ~25°C. In 1H NMR spectra, chemical shifts (ppm) were referenced to residual
solvent protons (7.26 ppm in CDCl3). In 13C NMR spectra, chemical shifts (ppm) were referenced
to the carbon signal of the deuterated solvent (77.0 ppm in CDCl3).
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4.4.5. Synthesis of Up-Converting Nanoparticles
Synthesis of UCNPs was performed by B. Graham and J. Selano (MIPS). Mixtures of:
1. Bare UCNP: Y(CH3CO2)3 (2.78 mmol), Yb(CH3CO2)3 (1.20 mmol), Tm(CH3CO2)3
(0.02 mmol), octadecene (60 mL); and
2. OA-UCNP: Mixture 1. + oleic acid (24 mL)
were heated to 120 °C under vacuum for 90 min, with constant magnetic stirring. The
resulting pale yellow solution was then cooled to 50 °C and placed under a nitrogen atmosphere,
before a methanolic solution (40 mL) of ammonium fluoride (16 mmol) and sodium hydroxide (10
mmol) was added. After 30 min of constant stirring, the temperature was raised to 70°C and the
methanol distilled off from the reaction mixture by placing it under vacuum for 60 min. The
vacuum was then removed and the temperature increased to 310 °C and maintained at this level for
120 min, whilst maintaining a nitrogen atmosphere. The resulting slightly turbid, pale brown
reaction mixture was allowed to cool to room temperature. The UCNPs were then precipitated by
adding absolute ethanol (300 mL) and isolated via centrifugation at 3400 rpm. The resulting oily
pellet was dispersed in hexane (10 mL) and re-precipitated with absolute ethanol (100 mL).
Before incorporation into liquid crystalline phases, the UCNP were centrifuged at 3400 rpm
and re-dispersed in 10 mL hexane (OA-UCNP) or 10 mL MilliQ water. OA-UCNPs were
incorporated into the SPL-PHYT lipid so that the final concentrations were 50 or 100 mg/g liquid
crystal before the evaporation of the solvent under vacuum overnight, and the hydration of the
lipids with 50% (w/w) PBS. Bare-UCNP were dispersed in PBS and were used to hydrate the
SPL-PHYT at a 1:1 ratio so that the final concentrations were 50 or 100 mg/g liquid crystal.
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4.5. Results – Incorporation of Photochromics into Liquid Crystalline
Matrices
4.5.1. Azobenzenes
The readily available azobenzene (AZO) compound (Figure 4.1, top panel) was added to a
phytantriol-water liquid crystal matrix to assess its ability to manipulate lipid packing on
irradiation. In the absence of irradiation, the transition temperatures between liquid crystalline
phases were substantially altered (Figure 4.2, Panel A.), however the lattice dimensions of the
phases were not significantly affected by the presence of the azobenzene additives as shown by the
equilibrium phase behaviour in Figure 4.2, Panel B. A V2+H2 mixed phase was present at 25°C in
the AZO doped phases, and the H2 phase persisted over a greater temperature range, a
phenomenon which has been previously observed upon addition of a hydrophobic moiety into the
PHYT bilayer45, 46.
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Figure 4.2 – Equilibrium phase behaviour of azobenzene-doped PHYT liquid crystalline matrices. All
matrices are in excess water. Panel B. Black triangles = phyt, yellow squares = 2.5 mol% AZO & orange
circles = 4.5 mol% AZB.
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Kinetic phase behaviour of the AZO-PHYT matrices on irradiation with UV light were
observed using time-resolved synchrotron SAXS. A PHYT matrix containing no photochromic
displayed a slight shift in lattice parameter upon 60 s UV exposure (Figure 4.7, Panel A), but no
phase transition was observed. AZO-doped matrices were exposed to 30 s of UV irradiation and
the mesophase evolution is shown in Figure 4.3. Both 1% and 2% matrices were initially in the V2
Pn3m

phase (spacing ratios of √2: √3: √4: √6: √8: √9…47) and transition to the H2 phase (peaks at

spacing ratio 1: √3: √4) at 10.3 and 8.6 s respectively. Upon cessation of irradiation, the V2

Pn3m

phase reappeared, however, a mixed V2+H2 phase persisted until the end of the 60 s acquisition
period. The mixed phase still persisted when phases were re-investigated at 4 h. The matrix with a
higher concentration of AZO was able to achieve a phase transition in a shorter amount of time;
however there was no other distinction between the two concentrations of AZO investigated.
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Figure 4.3 – Time resolved SAXS profiles showing the mesophase transitions upon UV irradiation of A.
2.5 mol% AZO in PHYT and B. 4.5 mol% AZO in PHYT liquid crystalline phases. All matrices are in
excess water. UV irradiation was at 375 nm, 60 mW power and of 30 s duration as indicated by the purple
arrow on the profiles.
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4.5.2. Spiro-Compounds
4.5.2.1.

UV Characterisation of Spiropyran Laurate, a Novel Photochromic

The UV-visible spectral characteristics were determined for the novel SPL compound. The
UV-visible scan of SPL in methanol (Figure 4.4) shows that the molecule absorbs strongly at UV
wavelengths. Exposure to UV light leads to the appearance of a peak at 540 nm, corresponding to
the formation of the open MC form of the SPL, in accordance with previously reported behaviour
for the non-alkylated spiropyran molecule2, 48. The rate of opening of the SPL spiropyran ring in
methanol mirrors that of previously reported rate constants for SP, however, the observed rate
constants (Table 4.1, fitted from profiles in Figure 4.5) indicate that in non-polar environments, the
SPL preferentially adopts the closed spiropyran form due to the polarity of the solvent stabilising
the closed spiropyran form49, 50. Consequently, the spiropyran moiety opens in such a miniscule
proportion in hexane that it is almost impossible to detect the rate constant for MC ring closing. In
comparison, when in a relatively polar environment such as methanol, the open MC form is
partially stabilized and at equilibrium both the closed spiropyran form and a small percentage of
the open MC form are both present.

Absorbance
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300
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Figure 4.4 – UV-visible spectra of SPL in methanol (1.87×10-3 M, 298 K) with curves corresponding to
equilibrium condition without light (––––), after 10 min UV light exposure (…...) and after 10 min white
light exposure (----). The peaks at 300-375 nm are assigned to the closed spiro form of the SPL and the
peak at and 540 nm assigned to the open MC form of the SPL.
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Figure 4.5 – Time dependence of the absorbance at 540 nm of a solution (1.87 × 10-3M, MeOH, 298 K) of
SPL in the dark after 10 min of irradiation by UV (dashed) and white (solid) light. This allowed for the
determination of k1 obs (spiro  mero) and k2 obs (mero  spiro), presented in Table 4.1, by fitting the plots
above, with the equations 1 & 2.

Table 4.1 – Observed rate constants for isomerisation of SPL in different solvents at 1 mg/mL. The value of
k1obs for SPL in hexane and phytantriol could not be determined due to the polarity of the solvent stabilizing
the closed spiropyran form49, 50.
Solvent

k1 obs (after white light)
-4

methanol

4.5 × 10 s

-1

k2 obs (after UV)
4.0 × 10-4 s-1

hexane

n/a

6.2 × 10-2 s-1

phytantriol-water liquid crystal

n/a

1.1 × 10-3 s-1

4.5.2.2.

Spiro-Phytantriol Matrices

The three structurally related spiro compounds (SP, SPL, SOX) were added to a PHYTwater liquid crystal matrix and their effectiveness in disrupting lipid packing on irradiation was
compared. In the absence of irradiation, the liquid crystal structure was not adversely affected
significantly by the presence of the additives as shown by the equilibrium phase behaviour (Figure
4.6). As in the case for addition of AZO to the PHYT matrix, there was a reduction in the V2 Pn3m
to H2 phase transition temperatures, which was also observed upon addition of hydrophobic
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moieties into the PHYT liquid crystalline matrix in excess water45. There is also a stabilisation of
the H2 phase for SP and SOX where L2 occurs at higher temperature.
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Figure 4.6 – Equilibrium phase behaviour of 1 mol% spiro-doped PHYT liquid crystalline matrices. All
matrices are in excess water. Panel B. ▲PHYT, ●SP, ■ SOX and ♦ SPL.

4.5.2.3.

UV Activation of Spiro-Phytantriol Matrices

Samples were irradiated with UV light (60 mW, 375 nm) for 60 s periods and the liquid
crystal structure observed using synchrotron SAXS over this time. The acquired SAXS patterns
showed that all matrices began in the V2 phase with Pn3m spacegroup47. Over 60 s of UV
irradiation, the SP and SOX systems exhibited some minor changes in lattice dimensions (Figure
4.7, Panel B. & C.), indicative of some disruption of lipid packing. However, the effect was not
sufficient to induce a phase transition. In contrast, the SPL-containing system completely
transitioned to the H2 phase (peaks at spacing ratio 1: √3: √447) after 20 s of UV exposure (Figure
4.7, Panel D.). The lattice parameter for the H2 phase (48-49 Å, Figure 4.7 Panel B) is consistent
with previous reports for the H2 phase in PHYT-water systems45, 51, 52. This effect was found to
reversible as shown in Figure 4.8, with the appearance of the non-equilibrium structure V2

Ia3d

transiently on the return of the system to the original phase. Unlike the AZO-PHYT matrix, the
SPL-PHYT system returned to the original mesophase within 40 s.
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B. PHYT + Spiroxazine (SOX) cubic phase
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C. PHYT + spiropyran (SP) cubic phase
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Figure 4.7 – Time resolved SAXS plots following the mesophase structure of phytantriol-water liquid
crystal matrices containing A. no photochromic, B. 1 mol% SOX, C. 1 mol% SP and (D) 1 mol% SPL to 60
s of UV irradiation (375 nm, 60 mW). Brighter yellow shading indicates greater scattered intensity. The
liquid crystal phase transitions are annotated on the right. The insets show the colour change of the matrices
from clear to pinky-purple (SP), blue (SOX) or purple (SPL), before and after UV exposure due to the
transition from the clear spiropyran form to the coloured MC form.
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Figure 4.8 – Time resolved SAXS profile showing reversible phase transitions of the SPL-phytantriol liquid
crystalline system. Brighter yellow shading indicates greater scattered intensity. Samples were exposed to
UV light (375 nm, 60 mW) for two cycles of 60 s on, 40 s off as indicated by the purple arrows on the right.
The white line indicates the start of the second cycle and a change in sample position. The liquid crystalline
phase transitions are annotated on the right.

4.5.2.4.

Spiropyran Release on Irradiation

As the SP matrix was not as effective in initiating a phase change, it was hypothesised that
the photochromic leached out of the sample upon UV activation. Of the formulations investigated
in Table 4.2, the only formulation where photochromic compound was released from the cubic
phase on irradiation was the SP-PHYT matrix after 24 h of UV irradiation. The amount released
corresponds to approximately 1% of the incorporated SP. This amount could be underrepresented
as the buffer was visibly yellow, indicative of SP oxidation. No discolouration or photochromic
was found in the buffer of other samples, including a non-irradiated SP sample. In addition to the
appearance of the SP moiety in the buffer, the PBS was visibly yellow which is indicative of
degradation of the spiropyran moiety. Degradation of spiropyrans occurs mainly through the
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oxidation of the C–O bond in the open pyran ring in the MC form53, 54 resulting in a yellowing of
the system. The spiro form is very stable in comparison as no degradation of spiropyran occurs in
the dark, where the photochromic exists mainly in the closed form55.

Table 4.2 – Release of spiro compounds from the liquid crystal matrix at 7 days with and without UV
irradiation (n=3). Only the sample containing SP with UV irradiation demonstrated evidence of release.
Liquid Crystal

Photochromic released at t

Photochromic released at t = 7 d, 24 h

matrix

= 7 d, no irradiation (µg)

UV irradiation (375 nm, 30 mW) (µg)

PHYT

0

0

PHYT+1mol% SP

0

5.5 ± 0.08

PHYT+1mol%

0

0

SPL

4.5.2.5.

1H

and 2H NMR Studies on SP & SPL-PHYT Liquid Crystalline Matrices

NMR spectroscopy was employed to probe the location of the irradiated and non-irradiated
SP and deuterated SPL (SPL-d) species in the PHYT lipid bilayer in excess water or D2O. The
concentration of photochromic in PHYT was 1 mol%. In both SP and SPL-d, and in the absence of
any UV light, 1H NMR spectra (Figure 4.9, red lines) showed the presence of SP and a small
amount of MC species. The coexistence of the latter species is in accordance with expected
amounts at equilibrium. Colouration of the matrix was observed upon UV irradiation. This was
accompanied with a decrease in the spiropyran 1H NMR peaks in both the SP and SPL-d (Figure
4.9), which indicates spiro (SP) to merocyanine (MC) photoisomerisation.
However, peaks indicative of MC originally present in the solution (marked with an asterisk)
neither increased in intensity nor were any new peaks resolved. This could be attributed to the

137

Chapter 4 – Photochromics for UV-Induced Steric Disturbance of Liquid Crystalline Nanostructure

restricted movement of the newly formed charged MC species in the bilayer, as a result of strong
interaction between the charged species and the lipid hydrophilic head group. This suggests that at
equilibrium, the spiropyran headgroups in both the SP and SPL-d moieties were present as freely
tumbling groups on the NMR time scale, hence present in a “liquid-like” state. When exposed to
UV irradiation, the spiropyran group opens to give the charged MC isomer which becomes present
in a “gel-like” state and thus was not able to be observed on the solution NMR time scale,
implying that the MC is interacting with the more restricted environment either within or at the
interface of the lipid bilayer.
Deuterium NMR was conducted on the SPL-d in order to probe the location of the
deuterated tails within the two different liquid crystalline phases. Spectra, shown in Figure 4.10,
were recorded at 25ºC and 45ºC, where the matrix displays a V2

Pn3m

and H2 nanostructure,

respectively, shown by the equilibrium SAXS studies in Figure 4.6. As well as being
photochromic, spiropyrans are thermotropic compounds which isomerise upon an increase in
temperature when in a polar environment56,

57

. Thus, photolysis of the pyran ring occurs upon

heating, and was confirmed on observation of a deep purple at 45ºC. At 25ºC, where the phase is
V2 Pn3m and the SPL-d exists mainly in the spiro form, the d-NMR spectrum showed two peaks,
one at 0.8 ppm (sharp) and one at 1.5 ppm (broad isotropic). After increasing the temperature to
45ºC, there was a subsequent decrease in the isotropic peak intensities at 0.8 and 1.5 ppm, and the
appearance of a broad underlying feature (from -2 to 4.5 ppm) indicating that the tail groups dwell
within a more restricted environment in the H2 phase. The more restricted environment could be
attributed to the constrained packing of lipids within the H2 phase compared to the V2 Pn3m phase.
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A.

B.

Figure 4.9 – 1H NMR spectra showing the reduction in the spiropyran peak in both the Panel A. 1 mol%
SP-PHYT and Panel B. 1 mol% SPL-PHYT liquid crystalline matrices. The red line represents the matrix
before UV irradiation, and the black line represents the matrix after 10 min UV irradiation. The MC species
is indicated by *. Both matrices are in excess D2O.

Figure 4.10 – 2H NMR spectra of SPL-d-PHYT liquid crystalline matrix in excess D2O water at 25ºC and
(red line) and 45ºC (black line).
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4.5.2.6.

UV Activation of SPL in Cubosomes

UV sensitive cubosomes were investigated for their ability to respond to light activation.
Dispersed PHYT particles containing 2% and 4% SPL were irradiated with UV light and the
structure investigated using SAXS (Figure 4.11). The matrices both displayed the V2 Pn3m phase
initially, and during irradiation the peaks shifted to the right; indicating a shrinking of the V2 Pn3m
lattice. Peaks indicative of H2 phase appeared at 300 s and 50 s for the 2% and 4% SPL-PHYT
cubosomes respectively.

A. Irradiation of PHYT + 2% SPL cubosomes B. Irradiation of PHYT + 4% SPL cubosomes
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Figure 4.11 – Representative SAXS profiles of the SPL-PHYT cubosomes over time. Panels A. and B.
refer to 2 and 4 mol% SPL respectively. Samples were irradiated with UV light (375 nm, 140 mW) for 300
s, then ambient lighting. The red line is intended as a guide to the eye to see the shift in lattice of the
nanostructure. Blue arrows indicate the emergence of the first peak for the H2 phase.

4.5.2.7.

In Vitro UV Activated Drug Release

The in vitro release profiles of 14C-glucose from the PHYT + 1% SPL system is illustrated in
Figure 4.12 (left panel). The release rate from the unirradiated matrix was faster than the irradiated
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matrix. This release behaviour was attributed to the system being V2 D at ambient lighting and H2
upon UV irradiation, analogous to the SAXS data in Figure 4.8. The profiles of percent glucose
release against t½ were linear in all cases, and the slope of this straight line fitted as a guide to the
eye. The release profiles of previous studies using temperature16 (top right) and pH58 (bottom
right) are also included in Figure 4.12 as a comparison to further highlight the differences in
release rate between the V2 D and H2 nanostructures that can be achieved on application of external
stimuli.
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V2

H2

UV off

UV on

V2
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Figure 4.12 – Left: In vitro controlled release of a model drug from a SPL-phytantriol LC matrix using a
UV light ‘switch’. Data are n=2 ± range, pending additional experiments. This UV triggered release study
is compared to previous studies using temperature16 (top right) and pH58 (bottom right) as in situ switches
for the modification of drug release. The phase behaviour of the matrices at the different experimental
conditions are annotated on the graphs.

141

Chapter 4 – Photochromics for UV-Induced Steric Disturbance of Liquid Crystalline Nanostructure

4.6. Up-Converting Nanoparticles (UCNP) as an in situ UV Switch
Both hydrophobic (OA-UCNP) and hydrophilic (bare-UCNP) nanophosphors were
investigated for their ability to trigger an in situ phase transition in SPL-PHYT doped matrices.
The NaYF4:Yb3+,Er3+ nanoparticles, similar to those used in this study, have been recognised as
one of the most efficient photon up-converting phosphors59 available. The emission spectrum of
the UCNP is shown in Figure 4.13, Panel C. As can be seen, there is strong emission band in the
UV region of the spectrum, which overlaps the absorbance spectrum of the SPL (Figure 4.4).
Additionally, no emission band is present in the visible wavelengths (~540 nm) which could
reverse the isomerism of the spiropyran moiety.
A.

B.

C.

Figure 4.13 – A. TEM image of the synthesised UCNPs, illustrating their uniform size and shape. B. a
photograph of the UCNP suspended in hexane under 980 nm continuous wave laser exposure. C. The
upconversion emission spectrum of (0.5 mol%) Tm3+ (25 mol%) Yb3+-doped LiYF4 nanocrystals spanning
the UV to NIR regions used. Adapted from 60.

Both the OA-UCNP and bare-UCNP were incorporated into SPL-PHYT and PHYT cubic
phase matrices. These samples were irradiated for 120 s using NIR laser light (980 nm, 150 mW)
and the nanostructure followed over time using synchrotron SAXS. The PHYT only matrix (Panel
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A.), PHYT + SPL matrix (Panel B.) and PHYT matrices containing UCNP without a
photochromic (Panels E. and F.) did not undergo a phase transition upon irradiation. Only the
samples containing UCNPs + SPL demonstrated a phase change in response to NIR irradiation.
The OA-UCNP and bare-UCNP formulations in Figure 4.14, Panels C. and D. both begin in the V2
Pn3m

configuration and transition to a mixed V2 Pn3m+H2 phase. Lower concentrations of UCNPs did

not produce a response. Higher concentrations of OA-UCNPs incorporated into the liquid
crystalline matrix resulted in the modification of the starting phase from V2 Pn3m to H2 as shown in
Panel E.
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Figure 4.14 – Time-resolved SAXS profiles following the structural evolution of PHYT liquid crystalline
matrices containing A. PHYT only, B. 1 mol% SPL, C. 1 mol% SPL + 50 mg/g OA-UCNP, D. 1 mol%
SPL + 100 mg/g bare-UCNP, E. PHYT + 100 mg/g OA-UCNP and F. PHYT + 100 mg/g bare-UCNP. All
matrices were in excess PBS. Brighter yellow shading indicates greater scattered intensity. Samples were
irradiated for 120 s with a 980 nm pen laser (150 mW) as indicated by the red arrow. The liquid crystalline
phase transitions are annotated on the right.
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4.7. Discussion
The incorporation of both azobenzene and spiropyran photochromics into the lipid bilayer
was shown to cause a steric disturbance in the lipid bilayer, and hence a change in liquid
crystalline nanostructure. AZO was able to cause a phase transition in the PHYT matrix upon UV
irradiation, but the matrix was not able to return to the original phase within an hour after UV
exposure. Such a long time for the phase to recover may not be advantageous for pulsatile release.
In addition to the steric change in the azo- moiety, the elongated trans and bent cis forms of
azobenzene exhibit different polarities, where the changes in the hydrophilic–hydrophobic balance
has been shown to affect the self-assembly of surfactant molecules61 as well as forming strong
intermolecular bonds with polar molecules62. The longevity of the cis-isomer could thus be
attributed to it forming polar intramolecular bonds with the PHYT amphiphiles. In addition,
azobenzenes may be unsuitable for pharmaceutical applications due to toxicity issues63. As such,
they were not pursued further than the initial study presented. The remainder of this discussion
focuses on the interaction of spiropyran compounds with the liquid crystalline nanostructure.
In order to exert the greatest effect on lipid packing, photochromic molecules should align
themselves in the lipid bilayer near the hydrophilic headgroups of the amphiphiles as shown in
Figure 4.15. The NMR studies suggest that at equilibrium, the observable spiro headgroups of both
SP and SPL exist in a freely tumbling solution environment, potentially solubilised in the lipidic
domains of the liquid crystalline phase. The exact orientation of the molecules are not known,
however, spiropyrans will orient themselves within phospholipid bilayers23 at different angles
depending on the polarity of the bilayer interface64. Upon photoisomerisation, both SP and SPL
move into the interface, however, from this point, it is purported that the behaviour of the two
photochromics differs.
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The laurate tail on the amphiphilic spiropyran anchors the photochromic into this position,
and upon UV irradiation, the zwitterionic planar structure of the open MC form will result in the
repositioning of the molecule so that the polar head moves towards the polar head region of the
lipid amphiphile, with the non-polar edge pointing inward towards the membrane. The positioning
of SPL enhances the disruptive effect of the change in structure on the lipid packing as shown in
Figure 4.15, Panel B. In contrast, after photolysis of SP, the small size and charge of the MC form
allows the molecule to partition out of the lipid bilayer into the aqueous domain, as shown by the
release of the UV-irradiated SP moiety, thereby losing its ability to disrupt the lipid packing and
nanostructure (Figure 4.15, Panel A).
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Figure 4.15 – Proposed schematic of the movement of spiropyran compounds within a PHYT lipid bilayer
on exposure to UV irradiation. Panel A. The underivatised SP randomly orients within the lipid bilayer and
upon isomerisation, the small hydrophilic molecule is free to leave the bilayer. Panel B. The laurate tail of
the SPL moiety anchors the molecule in the bilayer where it is able to cause a steric effect on the packing of
PHYT molecules at the interface upon UV irradiation.
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The reason for the lack of effect on photoisomerisation of SOX is less clear. This small,
hydrophobic molecule may preferentially reside in the hydrophobic regions at the intersection on
the tails of the phytantriol, and hence its isomerisation does not cause a substantial disruption to
lipid packing.
The light-induced phase transition of the SPL-phytantriol-water system was found to be
reversible in both bulk and dispersed matrices. Figure 4.7 and Figure 4.8 show the reversible
changes in scattering, indicative of changes in nanostructure of the matrix with UV exposure. The
UV-induced phase change was also shown to have potential to control the release of actives from
within the liquid crystalline material. The rate of reversion of the phase structure back to the
original V2 Pn3m phase on cessation of UV exposure is anticipated to depend on the SPL molecular
relaxation rate and the rate of transition of the liquid crystal phase back to the cubic phase. Both of
these processes occurred in this system within seconds. SPL preferentially adopts the spiro form in
the liquid crystal matrix, evident from the value for k2obs (Table 4.1) and so rapidly reverts back
from the MC form when the irradiation ceases. Thus, the rate of liquid crystal structural reversion
depends mainly on the speed of phase reversion which has been shown to occur within seconds.
The emergence of a non-equilibrium V2

Ia3d

during relaxation was also observed. This was in

accordance with previous reports where supercooling and the existence of non-equilibrium
structures on transition from H2 to V2 phases have been previously shown to occur in phytantriol
liquid crystal systems9, 65, 66.
The success of these nanohybrid materials is dependent on many factors. Careful
characterisation of the use of photochromics in functional matrices is required as the
photoisomerisation of these dyes are dependent on a balance of environmental properties such as
solvent polarity, viscosity, pH and ionic strength50. Additionally, aromatic dyes exhibit a blue shift
in lipid bilayers due to formation of dimers/aggregates in the anisotropic polar-hydrophobic-polar
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environment67. Following on from this initial study, a series of alkylated spiropyrans were
synthesised and investigated by Tangso et al. for their ability to modulate phase transitions and
thus optimise the alkyl chain length within the lipid bilayer of self-assembled systems68.
The NIR triggered partial transition of the UCNP-SPL-PHYT provides a promising
alternative to using UV radiation to modify the nanostructure of self-assembled systems. The
limited success of this initial study, likely due to poor photon conversion efficiency, at least
provides a basis for future research which could involve grafting the photochromic moiety on the
surface of the UCNPs41, which may position itself in association within or in close proximity to
the bilayer to ensure the close proximity of the emitted UV light. Thus, by optimising all
properties of the individual components in these hybrid nanomaterials – UCNP, photochromic and
lipid – the definitive combination these novel technologies may provide a luminous, light activated
matrix for on-demand drug delivery that is able to be activated through tissue using NIR light.

4.8. Conclusions
In this chapter, the effect of irradiation of liquid crystalline matrices containing the
photochromic dyes azobenzene, spirooxazine, spiropyran and its monolaurate derivative were
compared. On irradiation with UV light:
•

Azobenzene was able to cause a partially reversible transition from V2 Pn3m to H2 phase;

•

Spirooxazine and non-alkylated spiropyran had no significant effect on the PHYT liquid
crystalline structure. SOX is hypothesised to reside within the alkyl tail region of the
lipid bilayer where it cannot efficiently effect a phase transition. SP was shown to
partition out of the nanostructure on ionisation, resulting in insignificant disruption to
lipid packing.
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•

Spiropyran laurate induced reversible changes in the nanostructure.

•

SPL-PHYT cubosomes demonstrated a reversible partial transition from the V2 Pn3m to a
mixed V2 Pn3m + H2 phase.

The NIR irradiation of UCNP-SPL-PHYT liquid crystalline matrices affected a partial phase
transition and is attributed to the UCNPs acting as an in situ UV switch. It is anticipated that UV
activation of functionalised spiropyrans within lyotropic liquid crystals can be applied to control
changes in drug delivery rate, and hence provide novel, reversible, ‘on-demand’ drug delivery
systems.
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5. In situ Laser-Activated Manipulation of Nanostructure in Photothermal
Matrices
5.1. Introduction
The formulation of efficient and biocompatible nanostructured carriers for drug delivery is a
key aim towards the development of responsive drug delivery systems. Towards the in vivo
application of light sensitive hybrid nanostructures, PHYT-GNR samples were investigated for
their ability to be activated in subcutaneous tissues and thus control the rate of drug release from
the matrix. Although some success was achieved in UV and NIR activation of the photochromic
matrices as presented in Chapter 4, these systems were not progressed into in vivo studies as
further optimisation and characterisation of these systems is required. It is acknowledged that the
phase transition in the PHYT-GNR matrix is not ideal as it progresses from V2 D, a phase with a
fast release diffusion coefficient, to H2, a phase with a slow diffusion coefficient. However, as the
PHYT matrix provided the most controllable and responsive nanostructure in the initial studies, it
was selected as the matrix for this proof-of-concept in vivo study. Concurrent studies into systems
which provide more appropriate reversible phase transitions e.g. from Lα to V2 were performed
and are reported in Chapter 6.
Gold nanoparticles have been used as a photosensitiser in self-assembled systems for drug
delivery in polymeric matrices such as PLGAs1, hydrogels2 and liposomes3, 4. The in vitro
selective release of calcein from liposomes was achieved upon UV light activation after
internalisation into ARPE-19 cells5. The model drug release was attributed to the photothermal
phase transition from the lamellar gel phase (Lβ′) to the stable ripple phase (Pβ′), followed by the
formation of the fluid lamellar phase upon constant UV irradiation. Wu et al. also achieved
triggered release from liposomes containing hollow gold nanoshells upon irradiation with NIR
laser light which was attributed to the occurrence of transient cavitation of the liposome, akin to
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ultrasound triggered release6. UV-activated pulsatile release was recently achieved by An et al.
from gold nanoparticle doped lecithin/cholesterol liposomes, where drug release was attributed to
phase transitions within the lipid bilayer, however the structures formed upon irradiation was
unknown7. Although light activated release has been demonstrated, it is hypothesised that the
ability to reversibly and reliably control and quantify the nanostructures formed upon irradiation in
self-assembled systems is crucial to the development of liquid crystalline materials as on-demand
drug delivery systems.
Investigation into the utilisation of V2 and H2 phases in pharmaceutical applications are of
particular interest as these phases are thermodynamically stable and determine the rate of active
release from within the matrix8. They have been proposed as matrices for the delivery of actives
that are small and hydrophilic9, poorly water-soluble10 as well as nucleic acids, proteins and
peptides11, 12. The use of bulk and dispersed inverse phases as drug delivery matrices have resulted
in the improvement of pharmacokinetic profiles of drugs when employed as oral10, 13, 14, topical1517

, ocular18 and buccal19 dose forms. Additionally, the release rate of actives from within the liquid

crystal nanostructure can be externally manipulated via e.g. a change in temperature20 or change
in pH21.
Towards light activated drug release, this Chapter presents ex vivo and in vivo studies into
the viability of NIR-activated photothermal systems for on-demand drug delivery. In the first
instance, laser penetration through biological tissue was investigated in order to determine the
responsiveness of these matrices at subcutaneous depths. This was achieved by ex vivo laser
activation studies on the SAXS beamline at the Australian Synchrotron using rat skin as the
sample tissue. Once the ideal location for dosing was identified on the basis of ex vivo through
skin activation, matrices were loaded into custom-made implants and inserted into the
subcutaneous tissues for investigation into external control of drug release using NIR laser light.
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5.2. Hypotheses and Aims
Hypothesis 1
That the liquid crystalline nanostructure of the PHYT-GNR matrix can be manipulated via
laser activation through biological tissue.
Hypothesis 2
That the light-activated manipulation of nanostructure of the PHYT-GNR matrix determines
the rate of drug release from the matrix, whereby the appearance of drug in plasma is dependent on
the liquid crystalline phase formed.
In order to investigate these hypotheses, the following aims will be achieved:
•

To determine the ability of NIR laser irradiation to penetrate biological tissue by recording the
phase transition kinetics of liquid crystalline materials upon laser activation through ex vivo
biological tissue using synchrotron SAXS.

•

To quantify NIR laser-triggered release behaviour of a model drug from subcutaneously dosed
liquid crystalline matrices with and without gold nanorods.

5.3. Materials and Methods
General materials and methods employed are detailed in Chapter 2.
The PHYT-GNR photothermal system was investigated for its ability to control ‘on-demand’
drug release. All experimental procedures involving animals for this project were approved by the
Monash Institute of Pharmaceutical Sciences Animal Ethics committee under the project title:
“Using externally triggered changes in the nanostructure of liquid crystals to control drug release
in vivo”, AEC Project Number: VCPA.2009.41 (RBB.3.2009).
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5.3.1. Ex vivo Time Resolved Synchrotron SAXS Studies
Ex vivo studies were employed to determine laser penetration through rat skin tissue. Skin
samples were taken from blank animals used in studies performed by colleagues in order to
minimise the number of animals used. Samples were taken from the back, side, abdomen and hind
leg. The experimental SAXS set up is shown in Figure 5.1. Whole shaved skin, hairless skin or
sections of skin were placed in between the laser and the liquid crystalline sample in order to
assess the attenuation of the NIR laser beam. Depilation of whole skin was achieved by application
of Nair® cream (Church & Dwight (Australia) PTY LTD, Brookvale, NSW) for no longer than 5
min then removal via rinsing with warm water.

Figure 5.1 – Ex vivo experimental set up. LC matrix was loaded into quartz capillaries before placing
adjacent to the skin as shown. Skin or skin layers were sandwiched in Kapton tape in order to maintain
appropriate hydration of the matrix and integrity of the skin.

5.3.2. In vivo subcutaneous absorption studies
In vivo studies were employed to determine the influence of laser activation of PHYT-based
liquid crystalline formulations with and without GNR on the rate of glucose appearance in plasma
from a subcutaneous injection.
5.3.2.1.

In vivo Materials

159

Chapter 5 – In situ Laser-Activated Manipulation of Nanostructure in Photothermal Matrices

Radiolabelled

14

C-glucose (262 mCi/mmol) was obtained from Moravek Biochemicals

(Brea, California, USA). D-(+)-glucose was purchased from Sigma Aldrich (St. Louis, MO, USA).
Heparin Injection BP (1,000 IU/mL) was obtained from Mayne Pharma Pty. Ltd. (Mulgrave,
Victoria, Australia). Saline for injection was acquired in 100 mL polyethylene bags from Baxter
Healthcare Pty. Ltd. (Toongabbie, NSW, Australia). Acepromazine (acepromazine maleate 10
mg/mL) was purchased from Mavlab (Slacks Creek, Queensland) and Delvet Pty Ltd. (Seven
Hills, New South Wales). Xylazine (xylazine hydrochloride 100 mg/mL) was purchased from
Troy labs (Smithfield, New South Wales). Parnell Ketamine Injection® (ketamine 100 mg/mL)
was purchased from Parnell Laboratories Aust. Pty. Ltd., (Alexandria, New South Wales,
Australia). Lethabarb (325 mg/mL pentobarbitone sodium) was purchased from Virbac pty. Ltd.
(NSW, Australia). Starscint scintillation cocktail was procured from Perkin Elmer (Boston, MA,
USA) and 6 mL and 20 mL polypropylene vials for scintillation counting were obtained from
Packard Biosciences (Meriden, CT, USA)

5.3.2.2.

Animal Procedures

The absorption studies were conducted using rats (male, Sprague Dawley, 250-330 g).
Animals were anesthetised prior to surgery with a subcutaneously-administered anaesthetic
cocktail of 37.3% (v/v) ketamine (100 mg/mL), 9.8% (v/v) xylazine (100 mg/mL), 3.9% (v/v)
acepromazine (10 mg/mL) and 49.0% (v/v) saline, given at a dose of 1.0 mL/kg. This was
followed by a maintenance cocktail consisting of 90.9% (v/v) ketamine (100 mg/mL) and 9.1%
(v/v) acepromazine (10 mg/mL) at a dose of 0.44 mg/kg/hr until the termination of the experiment.
The anesthetised rats were placed on a heated surface maintained at 37°C and were cannulated via
the carotid artery using 0.96 x 0.58 mm polyethylene tubing (Paton Scientific, Victor Harbour,
Australia). For the duration of the experiment, the rats were laid on their backs on the 37°C
surface.
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The subcutaneous site of administration in these studies was located on the left side of the
abdomen. Depilation was achieved first by shaving the area, and then by the application of Nair®
as described above. A thermocouple thermometer (Digitech Controls, Tamil Nadu, India)), with
0.5% accuracy, was inserted into the subcutaneous pocket adjacent to the implant in order to
monitor the subcutaneous temperature during the experiment. At the conclusion of the
experiments, animals were sacrificed via infusion of 0.5 mL Lethabarb into the carotid cannula.

5.3.2.3.

Formulation Preparation

14

C-glucose, a molecule that is readily absorbed in vivo, was chosen as the model drug to

simplify the analytical aspects of the project. The liquid crystalline formulations were dosed
subcutaneously for accessibility to the administration site in terms of sample and laser
administration. In the first instance, a subcutaneous dose of a low viscosity lamellar phase (Lα)
liquid crystal precursor system was prepared as previous20. These precursor systems contain a 12%
aqueous component and form V2 or H2 on exposure to interstitial fluid22, 23. They were prepared in
the same manner as described as previous22, 23. The aqueous component contained the model
hydrophilic drug, 14C-Glucose and glucose. However, as the location and surface area of dose form
could not be defined in direct subcutaneous injection of these in situ gelling systems, the
irradiation of sample was inconsistent as was reflected in the initial results.
Thus, liquid crystalline implants (Figure 5.2) were created to in order to define the surface
area and thickness of the dose. Liquid crystalline matrices containing 30% (w/w) aqueous
component were prepared for administration. The aqueous component contained approximately
700 mg/mL glucose as a mixture of radiolabelled 14C-glucose and cold glucose. The target dose in
terms of radioactivity was 1.5 μCi. These phases were prepared and then equilibrated on a tube
roller at 37°C for >48 hr before dosing.
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Figure 5.2 – Dimensions of in vivo implant and location of dose and laser irradiation. The laser was placed
at a distance where the spot size corresponded with the dimensions of the LC implant (2.83 cm2). The
plastic implant was filled with ~100 mg of bulk liquid crystal formulation, and then inserted into the
subcutaneous pocket of the skin on the left side of the abdominal region. The implant area was then
irradiated with a DPSS NIR laser (572 mW, 2 h).

5.3.2.4.

Formulation Administration

The formulations administered were:
1. subcutaneous injection of a glucose solution in saline.
2. subcutaneous insertion of a PHYT V2 liquid crystal formulation (PHYTV2)
containing a 30% aqueous component.
3. subcutaneous insertion of a PHYT + 10% vitamin E acetate H2 liquid crystal
formulation (PVEH2) containing a 30% aqueous component.
4. subcutaneous injection of PHYT + 3 nM GNR (PHYTGNR) liquid crystal
formulation containing a 30% aqueous component.
All studies were performed in triplicate. The rats were administered the solution
formulations using a 1 mL syringe fitted with 23 gauge needle. The liquid crystal implants were
administered into a surgically created subcutaneous pocket, followed by an injection of 0.2 mL
saline into the subcutaneous pocket in order to minimise the effect of the liquid crystal imbibing
water from surrounding tissue. The formulations contained a nominal dose of 70 mg/kg glucose,
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corresponding to an approximate dose of 110 mg of liquid crystal precursor formulation or 300 μL
14

C-glucose solution, via subcutaneous injection. The glucose solution and liquid crystalline dose

administered were determined by volume and weight respectively.
5.3.2.5.

Sampling

Blood samples (0.2 mL) were obtained via the indwelling cannula at t = 1, 6, 20, 40, 60, 90,
120, 140, 160, 180, 240, 300, 387 and 510 min. Cannulas were kept patent by flushing with a
small (0.5 mL) volume of 1 IU/mL heparin in saline. Blood samples were placed immediately into
a tube containing 10 IU of heparin and plasma was separated by centrifugation for 7 min at 2800 x
g. Plasma (100 μL) was removed, to which 2 mL of Starscint scintillation cocktail was added. The
sample was then vortexed before analysis by liquid scintillation counting.
5.3.2.6.

Sample Analysis and Validation

Data were obtained as disintegrations per minute (DPM) by scintillation counting. The
plasma assay was validated for precision (< 10%) and accuracy (< 20%) to establish a limit of
quantitation (LOQ) and a linear relationship between volume of

14

C-glucose added and DPMs.

Blank rat plasma (100 μL) was spiked with 150, 15, 1.5, 0.15, 0.06, 0.05, 0.04 and 0.02 nCi in 6
mL scintillation vials. 2 mL scintillation cocktail was added, and the samples vortexed and
counted on a scintillation counter. This was performed in order to determine the LOQ for

14

C-

glucose and to establish a linear relationship between the volume of glucose added to
disintegrations per minute (DPM) counted. Validation data can be found in the Appendix of this
chapter.
5.3.2.7.

Pharmacokinetic Analysis

The data obtained as disintegrations per minute (DPM) were converted to plasma
concentration using the known activity of the glucose used in this study. Plasma concentrations
(μg/mL) were normalised to a dose of 50 mg/kg.
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Pharmacokinetic parameters, total area under the plasma concentration-time curve (AUC),
peak plasma concentration (Cmax) and time to reach plasma concentration (tmax), were calculated
for all subcutaneous administrations24. Further treatment of the data was performed in order to
permit comparison of absorption behaviour between the various formulations through the
calculation of the apparent absorption rate constants (kapp 3-5) of glucose from each system on
cessation of NIR laser irradiation. The kapp 3-5 was calculated as the slope of the three time points
of the normalised plasma concentration (μg/mL) vs time curve from t = 3 – 5 h. One way analysis
of variance (ANOVA) was performed in order to compare the statistical differences of the
calculated pharmacokinetic parameters and kapp 3-5 of the different systems.

5.4.Results
5.4.1. Ex vivo synchrotron studies
5.4.1.1.

Impact of skin thickness, location and presence of hair on ex vivo

activation
Ex vivo laser activation studies were performed in order to determine the ideal location for
activation of the subcutaneously administered liquid crystalline matrices. The SAXS profiles
displaying kinetics of phase behaviour of the PHYTGNR matrices upon NIR irradiation are shown
in Figure 5.3. These profiles are summarised according to the skin type in Table 5.1. With skin
attenuating the laser beam, none of the matrices transitioned all the way to the L2 phase as was
seen in the phytantriol + GNR matrices in Chapter 3. In general, it was found that the thicker the
skin, the more attenuated the response of the matrix to laser irradiation. Skin removed from the
back of the animal appeared to have some pigmentation25 and could also have added to the
minimal response of the matrix to irradiation through the back skin. The presence of hair on the
skin also influenced the ability of the laser to penetrate through to the liquid crystal sample.

164

Chapter 5 – In situ Laser-Activated Manipulation of Nanostructure in Photothermal Matrices

A. Hind Leg

B. Abdomen

C. Side

D. Side, hairless

E. Back

F. Back, hairless

Figure 5.3 – Time resolved SAXS profiles of PHYT + 3 nM GNR upon NIR laser activation through ex
vivo rat skin taken from: Panel A. Hind Leg, B. Abdomen, C. Side, D. Side, hairless, E. Back and F. Back,
hairless. Laser application is indicated by red arrows. Increased colour intensity towards bright yellow
indicates increased intensity of signal at that q-value. Annotated phase structures on the right were
determined from indexing peaks in intensity vs. q profiles from individual frames.
165

Chapter 5 – In situ Laser-Activated Manipulation of Nanostructure in Photothermal Matrices

The data were converted to apparent temperature (Tapp) experienced by the matrix using the
approach outlined in Chapter 2 and employed in Chapter 3. Based on the change in apparent
temperature (Δ Tapp (°C)) and the NIR irradiation time required to achieve the maximum apparent
temperature (Time to Tapp max (s)) values tabulated in Table 5.1, the order of maximum matrix
response to location of skin was found to be Abdomen > Hind Leg > Side > Back, which broadly
reflected the order of skin thickness. The epilation and extra handling of the skin sampled from the
side and back of the rat resulted in the thinning of the sample. This resulted in the increased
response of the PHYTGNR matrix, however this was still attenuated compared to the response
through abdominal skin.
Abdominal skin has a higher permeability to drugs and is thinner than skin sourced from
other areas, attributed to a thinner stratum corneum layer and a different composition than in other
areas25. Thus, although the thickness of skin sourced from the hind leg is thinner than abdominal
skin, its composition may have played a part in the reduced matrix response in comparison to the
abdominal skin. In addition, the small surface area available for dosing and irradiation on the hind
leg would make administration difficult. Consequently, the abdominal region of the rat was chosen
as the site for the in vivo subcutaneous studies.

Table 5.1 – Summary of the skin thickness (mm), change in apparent temperature (Δ Tapp (°C)), NIR
irradiation time required to achieve the maximum apparent temperature (Time to Tapp max (s)), and the
phase formed at Tapp max.
Location
Thickness (mm) Δ Tapp (°C) Time to Tapp max (s) Phase Formed
Hind leg
1.01
18.98
164
H2
Abdomen
1.34
21.27
140
H2
Side
3.04
6.72
250
V2 D+H2
Side, hairless
1.96
7.56
250
V2 D+H2
Back
3.34
3.26
300
V2 D
Back, hairless
1.64
8.73
168
V2 D+H2
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5.4.2. The Effect of Glucose Loading on Phase Transition Behaviour
PHYT formulations containing 20, 40, 60 and 80% (w/w) glucose in the aqueous phase were
investigated for the effect of glucose loading on the liquid crystalline nanostructure. Figure 5.4
details the equilibrium phase behaviour of these matrices between 25 – 80ºC. The loading of
glucose at these concentrations had little effect on the phase behaviour of the PHYT-water system
over this temperature range. This provided confidence that the payload of model drug would not
complicate interpretation of structure formation during the in vivo studies.
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Figure 5.4 – Equilibrium phase behaviour of PHYT in excess water containing
20% glucose,

60

0% glucose,

80% glucose as determined by SAXS.

5.4.3. Subcutaneous Laser Activation Studies
The relative rates of absorption of a model drug,

14

C glucose, in these subcutaneous

absorption studies were used to indicate differences in release rate during and after laser irradiation
of the liquid crystalline matrices in vivo. The rate of glucose absorption of

14

C-glucose was

expected to correlate with the release rate of 14C-glucose from the liquid crystalline matrices, as in
past oral and subcutaneous absorption studies from similar systems8, 20. The three liquid crystalline
formulations comprised of PHYT only (PHYTV2), PHYT + 10% Vitamin E (PVEH2) and PHYT
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+ 3 nM GNR (PHYTGNR). The plasma profiles obtained after subcutaneous insertion of liquid
crystal formulations containing

14

C-glucose loaded into custom made implants, and a

subcutaneous injection of an aqueous glucose solution as control formulation, are illustrated in
Figure 5.5. The subcutaneously dosed formulations were exposed to NIR laser irradiation for two
hours, in order to form the slow releasing H2 phase in the presence of GNR, or V2 phase in the
absence of GNR, and then the implant was left to release the model drug at ambient temperature
and under non-irradiation conditions, where the fast releasing V2 phase was expected to be present.
Individual plots of normalised plasma concentration over time for each formulation are
reported in the Appendix. The summary profiles for the liquid crystalline systems are illustrated in
Figure 5.5. The liquid crystal implants demonstrated a sustained release profile in comparison to
the subcutaneously dose aqueous solution (Figure 5.5, Panel B.). The absorption profiles of
PHYTV2 and PVEH2 in the absence of GNR increased steadily until 4 and 3 h respectively, where
the plasma profiles plateaued, resulting in reasonably constant plasma glucose concentrations until
the end of the experiment. The calculated pharmacokinetic parameters are tabulated in Table 5.2,
and reveal an increase in the Tmax and Cmax (p < 0.05 for all formulations) compared to the aqueous
solution.
Administration of the PHYTV2 matrix released the 14C glucose significantly faster than that
of the PVEH2 as expected from previous in vitro and in vivo studies20 (Table 5.3). Laser irradiation
of the formulations without GNR did not influence the absorption rate of drug into plasma, as the
profiles were not discontinuous with and without irradiation. Clearly this was not the case for the
PHYGNR formulation discussed further below. The total exposure of the system to model drug
(AUCs) for the different formulations were difficult to interpret as the model drug was still being
absorbed significantly at the last data point (t = 8.5 h), particularly in the case of the PHYTV2
matrix where the plasma concentration was still slightly increasing, while for PVEH2 the
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concentrations were decreasing because the elimination rate had overtaken the absorption rate.
Consequently it is not appropriate to compare AUC values for these profiles.

A. Liquid Crystalline Formulations

B. Glucose Solution

PHYTV2
PHYTGNR

PVEH2

Figure 5.5 – Panel A. – Mean normalised plasma concentration profiles of

14

C glucose in rats

subcutaneously administered formulations of PHYTV2 ( ■ ), PVEH2 ( ● ) and PHYTGNR ( ▼ ). Data are
mean ± SEM, n=4 except at t=8.5 h, where data is n=1. The red shading indicates the duration of NIR laser
irradiation (572 mW, 2 h). Panel B. Mean normalised plasma concentration profiles of 14C glucose in rats
administered with a subcutaneous injection of glucose solution. Data are mean ± SEM, n=3 except at t=8.5
h, where data are n=2.

Table 5.2 – Mean pharmacokinetic parameters after subcutaneous administration of glucose in rats. Doses
were normalised to a dose of 50 µg/kg glucose dosed per rat. Data expressed as mean ± SEM, n = 4, except
n = 3. AUC values were truncated to the last measurable time point where n ≥ 3.

*

Formulation
Glucose Solution
PHYTV2
PVEH2
PHYTGNR

Mean Cmax (µg/mL)
69.8 ± 1.68*
49.3 ± 2.2
16.1 ± 1.7
40.6 ± 0.67*

Mean Tmax (h)
0.68 ± 0*
5.00 ± 24.5
3.41 ± 24
7.13 ± 35.5*

AUC
69.8 ± 13.9*
597.9 ± 22.7
217.8 ± 31.9*
525.2 ± 92.2*

169

Chapter 5 – In situ Laser-Activated Manipulation of Nanostructure in Photothermal Matrices

Figure 5.6 shows the subcutaneous temperature profiles of the three systems over the
duration of the experiment. Application of the NIR laser did actually and somewhat unexpectedly
increase the subcutaneous temperature by 5 – 6 ºC apparently by non-specific absorption of the
NIR irradiation in the systems without GNR present. However, there was no significant difference
between the subcutaneous temperature profiles of the three formulations, indicating that the
presence of the GNR did not induce significant heating of surrounding tissue above that imparted
by the laser alone.

Figure 5.6 –Mean temperatures were recorded adjacent to the implant site of PHYTV2 ( ■ ), PVEH2 ( ● )
and PHYTGNR ( ▼ ). Data are mean ± SEM, n=4 except at t=8.5 h, where data is n=1. The red shading
indicates the duration of NIR laser irradiation (572 mW, 2 h).

Figure 5.7 shows the plasma profile of the PHYTGNR compared to a profile fitted to t = 0 –
3 h data which would be expected to occur if there was no switch in liquid crystalline phase. The
plasma concentration profile of PHYTGNR fell between those of the PHYTV2 and PVEH2
profiles between t = 0 – 3 h, and plateaued at ~t = 2.5 hr. At t > 3 h, there was a marked increase in
the rate of appearance of the model drug in plasma. This reflected the expected phase transition
upon cessation of laser irradiation from H2, a slower releasing nanostructure, to V2, a faster
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releasing nanostructure. There was a lag period between the end of NIR laser exposure and the
spike in plasma concentration which is attributed to the time taken for the faster absorption rate to
catch up to the elimination rate, as well as the liquid crystal requiring some time to equilibrate to
the V2 nanostructure. The relatively slow release rate from the irradiated matrix compared to the
unirradiated matrix directly echoes previous data using direct cooling as the source of phase
transition20, and a similar change in in vitro release rate on pH activation21.
Table 5.3 compares the apparent absorption rate constants (kapp 3-5) calculated for the four
formulations between t = 3 – 5 h. These time points were chosen as this is the region in which the
increase in plasma glucose in the PHYTGNR matrix is the most pronounced. A negative kapp 3-5 in
the glucose solution and PVEH2 formulations are indicative that the rate of elimination being
greater than the rate of absorption; there was no increase in the release of glucose on cessation of
irradiation. The positive kapp 3-5 of PHYTV2 and PHYTGNR indicate that the matrices were still
releasing glucose at a faster rate than concurrent elimination. The positive kapp 3-5 of PHYTV2 is
attributed to the general release of glucose from the PHYTV2 matrix as these time points occur
before the normalised plasma concentrations plateau and there is no distinct spike in plasma
concentration. On the other hand, in the PHYTGNR matrix, the spike in plasma concentrations
was matched by the significantly higher kapp 3-5 thus suggesting that a change of phase has occurred
after the termination of laser exposure.
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Figure 5.7 – Mean normalised plasma concentration profiles of

14

C glucose in rats subcutaneously

administered the PHYTGNR matrix compared to a profile fitted to data from t = 0 – 3. The fitted blue line
is intended to be guide to the eye and is the release profile that is expected to occur if the matrix did not
switch to a faster releasing phase. Data are mean ± SEM, n = 4 except at t = 8.5 h, where data is n=1. The
red shading indicates the duration of NIR laser irradiation (572 mW, 2 h). The expected nanostructures
formed upon NIR irradiation as determined by SAXS are annotated on the graph.

Table 5.3 – A comparison of the apparent absorption rate constants (kapp

3-5)

of the four formulations

investigated (all formulations in comparison to each other were statistically signification p < 0.05).
Formulation
Glucose Solution
PVEH2
PHYTV2
PHYTGNR

kapp 3-5
-2.72 ± 0.16
-0.68 ± 0.33
2.67 ± 0.90
4.45 ± 0.93
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5.5. Discussion
The defined nanostructures of liquid crystalline matrices provide a unique method of
controlling the in situ rate of drug release. This proof of concept in vivo study demonstrated the
ability of the nanostructure of these systems to be manipulated through the application of NIR
laser light, as the release of drug from the liquid crystalline phase was in good correlation with the
expected phase identified using SAXS. However, there are many issues to be considered with
regards to the in vivo on-demand manipulation of these systems.
The optical properties of the target tissue will affect the amount of light penetration through
the tissue and consequently, to the dose form. The skin thickness and location from which the skin
was sourced was the main determinant of matrix response. Laser beam attenuation by the skin
tissue could be attributed to non-specific scattering or absorption of the NIR light by components
in the skin. In living, non-pigmented tissue, the major NIR absorbers are water, lipids,
oxyhemoglobin and deoxyhemoglobin, where the amount of radiation absorbed depends on the
molar concentration of each component in the tissue26. Thus, although NIR light is able to
penetrate relatively deeply into biological tissue27, its usefulness in vivo is limited by the high
scattering of living tissue28. In order to improve the optical properties of skin, light penetration can
be altered through the application of hyperosmotic ‘clearing’ agents such as glycerol29.
Additionally, as well as providing triggerable release, light activation may enhance cellular
penetration of drugs into cells30. Both are methods which may be considered in future
experimental procedures.
The use of bulk liquid crystalline materials as drug delivery systems has been hindered by
the question of how to dose such viscous materials. As the diffusion of drug from the matrix is
dependent on surface area, initial studies employing the subcutaneous injection of low viscosity
liquid precursors were unsuccessful as the surface area was hard to define in subcutaneous
formulations which likely led to poor alignment of the dose form and the externally applied laser31.
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Thus, to overcome this shortfall, custom-made plastic implants were made to firstly, define the
matrix surface area and secondly, contain the matrix within a suitable area which could be
irradiated completely and evenly. The use of the implants ensured reproducibility of the plasma
profiles which could not be obtained when dosing the formulations as low viscosity matrices
through a needle. In this sense this proof of concept study is deficient in that it arguably does not
address the practical application of the materials in the strictest sense, nevertheless it has allowed
the direct and statistically comparable testing of Hypothesis 2. Further work is required to translate
such a system into a viable and robust dose form.
During the period of irradiation, where the PHYTGNR matrix was expected to have the H2
phase structure, the release rate from the PHYTGNR phase was expected to match that of the
PVEH2 formulation. Although the profiles did not match, the release rate of the PHYTGNR upon
NIR irradiation was still significantly slower than the PHYTV2 formulation and significantly faster
when irradiation was ceased. The initial fast release of glucose from the PHYTGNR matrix is
attributed to the system actually starting with the V2 D nanostructure of the matrix before switching
to H2 upon NIR irradiation; a finite period of time was required after implantation for
commencement of NIR irradiation. Through the SAXS experiments, it is known that it takes 140 s
for the PHYTGNR phase to switch completely from V2 D to H2, which was sufficient time for a
detectable amount of glucose to be released from the matrix at the faster rate; however, such subtle
differences could not be discerned without further integration of the data. Further modelling of the
pharmacokinetic plasma profiles is anticipated to allow the differentiation between the rates of
glucose release and elimination in order to gather a clearer picture of subtle differences between
the release rates from the V2 and H2 nanostructures.
This study highlights the potential utility of these systems as light activated drug delivery
systems where the manipulation of non-lamellar liquid crystalline nanostructures controls the rate

174

Chapter 5 – In situ Laser-Activated Manipulation of Nanostructure in Photothermal Matrices

of drug release, however further investigation into in situ optical and pharmacokinetic interactions
are required.

5.6. Conclusions
The liquid crystalline nanostructure of the PHYT-GNR matrix was able to be manipulated
via laser activation through biological tissue, where the matrix response depended on skin
thickness and location from where the skin was taken. Light-activated manipulation of
nanostructure of the PHYT-GNR matrix was shown to determine the rate of drug release from the
matrix, whereby the appearance of drug in plasma was dependent on the liquid crystalline phase
formed.
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Appendix
Table A1 – In vivo 14C-Glucose Validation data
Theoretical
nCi
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Average
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15
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Figure A.1 – Individual plasma profiles of A. subcutaneous injection of glucose solution, B. PHYTV2
implant, C. PVEH2 implant and D. PHYTGNR implant.
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6. “Fit-for-Function” Design of Lyotropic Liquid Crystalline Matrices for
On-Demand Drug Delivery
6.1. Introduction
In order to create matrices appropriate for its intended function, a resolution of the
relationship between structure, composition and function must be achieved. Many amphiphilic
lipids and combinations of these self-assemble into liquid crystalline mesophases, most of which
were catalogued a decade ago1, however this list has since been outdated by the discovery and/or
synthesis of many novel amphiphiles. This widespread knowledge has been built from the study of
lipidomics – the push to understand lipid networks and interactions in biological settings2 – and
their exploitation in applications such as drug delivery3, 4, food science5, 6, biosensing7 and protein
crystallisation8-10.
Lyotropic liquid crystals describe the diverse nanostructures of self-assembling amphiphiles
in aqueous environments. However, few amphiphiles form the complex inverse phases: the
bicontinuous cubic (V2) and inverse hexagonal phases (H2) which have been extensively studied
since their designation by Luzzati and colleagues11, 12. These mesophases are of interest to drug
delivery due to their defined controlled and sustained release capabilities13, 14, where V2 phase
releases drug at a significantly faster rate than H2 phase.
Bulk liquid crystal phases can be manipulated through a change in temperature in order to
control release15, and in previous Chapters, the ability to manipulate phase transitions via light
activation has been shown. The reversible phase transitions were in the direction from the fast
releasing V2 D phase to the slower releasing H2 structure in the PHYT and GMO matrices, which is
the opposite of that which would be ideal for pulsatile release matrices. However, no lipids are
known which follow this transition with an increase in temperature.
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Further, it is desirable to control release from a dispersed form of the lipid matrix, as it
provides additional versatility in administration compared to a bulk lipid matrix. However,
cubosomes and hexosomes, created on dispersion of V2 and H2 respectively, are known to exhibit
uncontrolled ‘burst release’ upon administration3, 16, 17. In contrast, for hydrophilic drugs as least,
liposomes, dispersed lamellar phase (Lα), are known to retain drug in the inner aqueous core due to
the lipid membrane providing a poorly permeable barrier not evident in cubosomes and
hexosomes. Thus, a potentially useful matrix for on-demand drug delivery is one that provides a
slow to fast release transition, such as a Lα to V2 phase transition upon stimulation, but also has the
option of being administered as a dispersible matrix. This would allow for the entrapment of drug
within the lamellar phase and then the controlled release of drug from the V2 phase upon
activation.
The driving force for the aggregation of amphiphiles into more energetically favourable
liquid crystalline structures is dependent on both the hydrophobicity of its hydrocarbon chain and
the level of headgroup hydration as the lipid-water system seeks to minimise chain interaction with
the aqueous phase. The aggregates formed are dependent upon the competition between the global
packing conditions within the lipid-water systems which is determined by the intrinsic shape of the
molecules18 and the ability of the lipid monolayer to assume a spontaneous radius of curvature19.
Headgroup hydration determines the amount of hydrogen bonding that occurs between
amphiphiles which can determine headgroup-water hydrogen bond networks20. The hydrocarbon
chain length, alkyl substituents and consequent chain splay are the molecular structure properties
which are the hydrophobic variables in the determination of phase behaviour20-23. The properties of
both the hydrophilic head and the hydrophobic tail groups have been thoroughly investigated with
a view to understanding and consequently controlling phase behaviour. A recent review by Fong et
al. thoroughly examined amphiphiles which form inverse V2 and H2 phases and so have created a
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list of rules that summarise the features of amphiphilic moieties which result in the formation of
reversed phases upon hydration; these rules are reproduced below in italics24:
Hydrophobic portion:
•

The temperature should be above the chain melting temperature such that molten chains
are present; and

•

There should be at least one cis unsaturated bond in a carbon chain of at least 14 carbons
at a position at least mid-way along the backbone; or

•

The carbon backbone should contain at least 12 carbons of which 3 are secondary carbons
with methyl branches; and

•

The molecular weight of the hydrophobe should be at least >200 Daltons.
Hydrophillic headgroup

•

The headgroup should contain at least three functional groups with minimum
hydrophilicity (e.g. hydroxyl);

•

The headgroup should be able to form headgroup–water hydrogen bond networks; and

•

The headgroup area should be small relative to the hydrophobe footprint.

The family of monoacylglycerols are a good demonstration of how slight differences in
molecular structure can affect packing of lipid molecules22. A comparison between
monomyristolein (C14:1c9) and GMO (C18:1c9), where the difference between the two lipids are
four methylene groups, resulted in the exclusion of H2 phase and the stabilisation of Lα phase as
the shortened hydrocarbon chain results in a more cylindrical shaped moiety25. Additionally,
amphiphiles with the highest amount of chain splay are most likely to form inverse phases. Chain
splay is influenced by the number and location of double bonds as shown in Figure 6.1, the trans
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conformation of the double bond in monoelaidin reduces chain splay, whereas the location and
number of the cis double bond/s determines the chain splay of monovaccenin, GMO and
monolinolein respectively. The cis double bond nearer to the headgroup makes the GMO molecule
more wedge shaped than monovaccenin and the two cis double bonds in monolinolein results in
the most chain splay and thus the most extreme wedge shape22.

Figure 6.1 – The effect of the location and number of double bonds on chain splay. Chain splay increases
from left to right, as indicated by the modification of the wedge shape drawn around the ball and stick
models of (a) monoelaidin, (b) monovaccenin, (c) GMO and (d) monolinolein. Figure modified from 22.

Much research has focused on synthesising appropriate amphiphiles that meet the focused
needs of the desired application. However, because the global packing constraints required for
reverse phase formation can also be achieved using lipid mixtures, this Chapter describes
investigation of combinations of readily available lipids which have the potential to display a
lamellar to non-lamellar liquid crystalline nanostructure transition in response to moderate
temperature changes.
In order to design liquid crystalline matrices which form non-lamellar phases, the interaction
of additives with lipid bilayers must be understood as the packing of the complementary shapes of
the different components determines the nanostructure formed26 as well as the spontaneous radius
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of curvature27. The miscibility of the alkyl chains of the lipids can result in mismatch within the
bilayer thickness, thus affecting domain size28. The manipulation of liquid crystalline phases
through the addition of moieties which affect lipid packing is summarised in Table 6.1 where the
shape and charge of the additive determines its ability to modify the membrane curvature.

Table 6.1 – The effect of additives which effect lipid packing on an intermolecular scale, which in turn
determines the liquid crystalline phases formed.

Main Lipid

GMO

Additive
Phospholipids and
anionic detergents
Octyl glucoside

Effect on phase
structure
V2 D  Lα8, 29, 30
V2 D  Lα & 131

Justification
Wedge
shaped
moieties
promote a more positive
membrane curvature.
Increase
in
interfacial
curvature due to interaction of
protein with headgroup.

Small hydrophilic
protein, cytochrome c

V2 D  micellar cubic32

PHYT
GMO

Vitamin E acetate
Fatty acids
Limonene, Hexadecane
& Diacylglycerol

V2 D  H2, L233
V2 D  H2, L234, 35
V2 D  Fd3m, H214, 36-38

The hydrophobic additives
promote negative curvature in
the lipid packing, inducing the
formation of more frustrated
phases.

Phosphatidylcholine
POPE
DOPE/tetradecane
DOPC
DEPE
DOPC/DOPE

Cholesterol
Cholesterol
Cholesterol
Phosphatidylinositol
DMPE(PEG550)
α-tocopherol

Lα  Fd3m38
Lα  V2 D39
Lα  H240
Lα  Fd3m & H241
Lα  V2 P & H242
Lα  H243

The hydrophobic additive
reduces chain stress in
lamellar phases, resulting in
the formation of inverse
phases.

DOPS/GMO
DOPG/GMO
GMO/OA

Decrease in pH
Ca2+
NaCl & decrease in pH

Lα  V2 D44
Lα  V2 D & P29, 45, 46
V2 D V2 P47

Enhancement of the negative
spontaneous curvature of the
monolayers with increasing
electrostatic interactions.

GMO
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The first alternate lipid system studied in this thesis was monoelaidin (ME), introduced in
Chapter 3. Following on from that initial study, different lipid formulations were investigated for
their ability to exhibit a Lα to V2 phase transition at a biologically accessible temperature. The
molecular structures of the lipids used in this study are shown in Figure 6.2. Systems that exhibited
desirable phase transitions i.e. Lα to V2 were then further investigated for their utility as
photothermal matrices via incorporation of GNR and NIR laser irradiation.

Phytantriol (PHYT)
HO

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

OH
OH

Glyceryl monooleate (GMO)

1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine
(lysoPC)

OH
HO

O
O

Monoelaidin (ME)

1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine
(DPhPE)

OH
HO

O
O

Oleic acid (OA)
O
OH

Cholesterol (Ch)

1-Palmitoyl-2-oleoyl-sn-glycero-3phosphoethanolamine (POPE)

H
H
H
H

H

HO

Figure 6.2 – Molecular structures of lipids employed in this study.
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6.2. Hypotheses and Aims
Hypothesis 1
That the incorporation of lipids which can promote a more positive spontaneous curvature
into PHYT and GMO liquid crystalline matrices will be able to produce a liquid crystalline
matrices that demonstrate a lamellar to non-lamellar phase transition on heating.
Hypothesis 2
That these mixed lipid matrices will be able to maintain their nanostructures upon the
incorporation of gold nanorods and laser activation of these photosensitised matrices will induce
the lamellar to non-lamellar phase transitions observed in equilibrium temperature studies.
In order to address these hypotheses, the following aims will be achieved:
•

To determine the effect of increasing concentrations of different amphiphilic additives on
liquid crystalline matrices, specifically the effect of increasing concentrations of :
o DOPC in PHYT and GMO
o ME in GMO
o OA in ME
o lysoPC in PHYT and GMO
o Cholesterol in POPE

•

To investigate the miscibility of gold nanorods in matrices which exhibit a lamellar to nonlamellar phase transition.

•

To photothermally activate phase transitions in these mixed lipid matrices using NIR laser
irradiation.
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6.3.Materials and Methods
General materials and methods can be found in Chapter 2.

6.3.1. Preparation of Lipid Formulations
Lipids were weighed in the appropriate ratios and dissolved in chloroform: methanol 2:1
(v/v). The mixture was then dried under vacuum overnight, then under a stream of nitrogen gas for
3 hr to ensure complete removal of solvent. The lipid mixture was then hydrated in a 1:1 ratio with
MilliQ water and thoroughly mixed using gentle heating, vortexing and bath sonication, and
allowed to equilibrate on rollers for >48 hr before investigation using SAXS at the Australian
Nuclear Science and Technology Organisation (ANSTO) (equilibrium temperature studies) and
the Australian Synchrotron (kinetic studies).
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6.4.Results
6.4.1. Equilibrium Phase Behaviour
The molecular structures of the lipids investigated in this chapter are shown in Figure 6.2.
Mixtures of these lipids were used to modify the thermal phase behaviour of the PHYT and GMO
liquid crystalline matrices. The thermal phase behaviour of fully hydrated PHYT and GMO has
been established to follow V2  H2  L2 upon increase in temperature and ME follows Lα  V2
 H2, thus only deviations from this phase behaviour through the addition of other lipids will be
elaborated upon.
6.4.1.1.

DOPC Addition into PHYT & GMO Matrices

In order to promote a more positive curvature in the liquid crystalline matrix, the
phospholipid, DOPC, was incorporated into the PHYT and GMO liquid crystalline matrix. The
effect on the equilibrium phase behaviour of the mixtures in excess water was investigated using
SAXS. The equilibrium scattering patterns from 25 – 85 ºC, with increasing amounts of DOPC are
shown in the Appendix. The reduced phase behaviour data and lattice parameter vs. temperature
for each system are collated in Figure 6.3.
The addition of small amounts (<10%) of DOPC into the PHYT and GMO matrices resulted
in formation of H2 phase at a lower temperature and the presence of the H2 phase over a larger
temperature range, as seen previously on incorporation of SPL into these core lipids (Figure 4.6).
On addition of moderate amounts of DOPC (~20 – 40 mol%), V2 was the predominant phase
formed and the L2 phase was no longer observed. An unresolved and unassignable peak appears
adjacent to the first peak of the H2 phase at high temperatures at 9.8 – 22.0 mol% DOPC in PHYT
and at 5.4 & 11.0 mol% DOPC in GMO. This was attributed to the formation of long living
intermediates which is common in mixed phase systems48. Additionally, the lattice parameters of
the V2 phases and to a lesser extent the H2 phases were larger with increasing amounts of DOPC as
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shown in Figure 6.3, which is an indication that the phospholipid increases the hydration,
enlarging the interfacial area occupied by the GMO and PHYT headgroups and thus swelling of
the water channels of the cubic phase49,

50

. At ~40 mol% DOPC, both the PHYT and GMO

matrices were lamellar phase/vesicles at 25 ºC rather than V2 phase, a phenomenon which has
been previously observed51, and with increasing temperatures formed the V2 D phase at 55 ºC and
85 ºC respectively.
The broad peak at q ~1.5 Å underlying the cubic reflections at the high DOPC content may
denote an incomplete phase transition. At ~50 mol% the Lα to V2

D

transition was no longer

observed for either matrix. Intriguingly, at 62.5 mol% DOPC in PHYT, a sharp peak is formed at
~0.05 Å, which could potentially represent Lα phase. This reflection disappears with an increase in
temperature. However, as the second Lα reflection is hidden amongst the vesicle scattering, further
integration of the data may be required for confirmation.
Of particular interest were the 43.3 mol% DOPC in PHYT and 45 mol% DOPC in GMO as
with increasing temperatures, the matrix underwent a vesicle to V2

D

phase transition. As the

PHYT matrix displayed the phase transition in a more accessible temperature, it was further
pursued for photothermal investigations (Section 6.4.2.1). It is also acknowledged that this data is
far from a complete phase diagram, however as a suitable system was found in this initial study,
further ratios were not investigated.
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Figure 6.3 – The effect of the addition of DOPC on the equilibrium phase behaviour of A. PHYT and B.
GMO. The effect of the addition of DOPC on lattice parameters of Panel C. PHYT + DOPC and Panel D.
GMO +DOPC matrices. Circles represent V2 D, triangles represent H2 and squares represent L2. With
increasing amounts of DOPC, there is an increase in the V2 lattice parameters observed.
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6.4.1.2.

Addition of LysoPC into PHYT & GMO Matrices

1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (lysoPC) is a zwitterionic single-tailed
phospholipid that has been reported to form micellar structures at ambient temperatures52 and has
been shown to form lamellar structures via the addition of cholesterol26. The equilibrium
temperature scan of hydrated lysoPC (Figure 6.4) indicates that the lipid forms vesicles until 62.5
ºC above which it forms a mixed vesicle + H2 phase.
The temperature dependent equilibrium phase behaviour on increasing concentration of
lysoPC in PHYT cubic phases are presented in Figure 6.4, Panel A. Incorporation of 10.8 mol%
lysoPC into the PHYT matrix, caused a left shift in peak positions in q, indicative of an
enlargement of lattice parameters in the V2 D phase. Upon increasing temperature, a V2 G phase was
observed, then H2 phase. As the infinite periodic minimal surfaces (IPMS) of the three cubic
phases V2 D, V2 G and V2 are related to each other by the Bonnet transformation53, the presence of
V2 G was confirmed as the lattice parameter ratio of V2 D:V2 G was calculated to be 1.548, very
close to the reported value of 1.57653. At 19.7 mol% lyso PC in PHYT the system was a mixed V2
G

+ H2 phase which, at least according to the scattering data, transitioned to V2 G between 52.5 – 70

ºC and then returned to the mixed V2 G and H2 between 70 – 80 ºC. This anomalous behaviour may
be attributed to the two different lipids exerting their influence at the different temperatures.
Between 28.3 – 58.5 mol%, the lysoPC + PHYT formulations formed Lα phase throughout the
temperature range investigated. At higher concentrations, there was an underlying broad peak
which could represent the presence of vesicles.
The equilibrium SAXS scattering patterns for the GMO systems containing increasing
concentrations of lysoPC are shown in the appendix, and summary data in Figure 6.4 Panel B.
Similar to the PHYT systems, the addition of lysoPC to GMO at low concentrations (11.1 mol%)
resulted in the formation of V2 D with larger lattice parameters for an increased temperature range,
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however the V2

G

phase was not observed in the GMO systems. At 19.7 mol% the system

exhibited a mixed V2 D + Lα structure and with an increase in temperature the system transitions to
vesicles. As was the case with the PHYT matrices, between 30.0 – 67.5 mol% lysoPC, the lysoPC
+ GMO formulations formed Lα phase throughout the temperature range investigated, and at
higher concentrations, there was an underlying broad peak which could represent the presence of
vesicles.
Note that 39.1 – 58.5 mol% lysoPC in PHYT and 38.5 – 67.5 mol% lysoPC in GMO are not
included in the summary of phase behaviour for clarity as the phase did not change from Lα for the
duration of the temperature scan. As none of the lysoPC formulations investigated demonstrated
the Lα to V2

D

phase transition, these formulations were not pursued for further photothermal

investigation.
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Figure 6.4 – The effect on equilibrium phase behaviour of lysoPC addition into A. PHYT and B. GMO
matrices. The phases formed were determined from the integration of individual frames.
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6.4.1.3.

Mixtures of Structurally Related C18:1 Unsaturated Lipids

Mixtures of GMO and ME: To subtly modify the phase behaviour of GMO in excess
water, ME was added and the phase behaviour characterised. Equilibrium SAXS patterns for
increasing amounts of ME in GMO in excess water are shown in the Appendix and the phase
behaviour is summarised in Figure 6.5. The addition of 5.9%, 10.9% and 26.3% ME into the
hydrated GMO phase resulted in the elongation of the temperature range over which the V2 D
phase existed and thus the reduction of the range of existence of the H2 phase. At 50.1% ME, there
appears to be a balance of the phase behaviour of the two pure lipids with coexisting lamellar and
cubic phases at ambient temperature.
With increasing amounts of ME above 50.1% the Lα phase appears at ambient temperatures
and the phase behaviour was more similar to that of ME than GMO. These matrices transition
from Lα+L2 to V2

D

to L2. The lipid comprising the major component dominated the phase

behaviour of the matrix. This observation is also reflected the trend in lattice parameters for the V2
D

phase with increasing amounts of ME (Figure 6.5, Panel B.). The lattice parameters of the GMO

V2 D matrices (90 – 75 Å) are smaller than those of ME (95 – 85 Å) over the temperature range
investigated. With increasing amounts of ME added into the GMO matrix, the lattice parameter
increased. The 77.5% ME in GMO matrix would be the most appropriate matrix to further study as
it is Lα at ambient temperatures and has a defined V2 D region at accessible temperatures. Thus, the
aim of this study in determining a system exhibiting a Lα to V2 D transition was achieved, however,
as the DOPC + Phyt system provided cleaner transitions it was progressed to photoactivation
studies ahead of this system. Given further time, this system would be an interesting one to revisit.
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Figure 6.5 – Equilibrium phase behaviour of GMO matrices containing increasing amounts of ME. All
matrices are in 50% water. Panel A. details the phase transitions of the matrices between 25 – 85 ºC. Data
for the full temperature range was not available for 10.9, 50.1 and 100%. Panel B. displays the lattice
parameters of the formulations that displayed V2 D or H2 at different concentrations of ME (mol%) in GMO.

Mixtures of oleic acid (OA) and ME: As the effect of addition of OA into the hydrated ME
matrix was unknown, OA + ME mixtures were also studied. In contrast to GMO, the addition of
OA had a destructive effect on the rich phase behaviour of the ME matrix. Figure 6.6 shows the
equilibrium SAXS scattering patterns of the ME matrix containing increasing amounts of OA. The
addition of OA resulted in the reduction of the amount of phases that the ME matrix formed, from
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four to two namely, Lα and L2. Increasing amounts of OA also reduced the temperature range at
which Lα was observed and at higher temperatures, the system lost structure completely.
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Figure 6.6 – SAXS scattering patterns showing the equilibrium phase behaviour of ME matrices containing
increasing amounts of oleic acid.

6.4.1.4.

Other Lipids – DPhPE

It was proposed that phytanyl-tailed phospholipids could be used to modify the phase
transitions of PHYT in a favourable manner due to the compatibility of the phytanyl chains.
Phytanyl-tailed phospholipids are not commonly observed in biological systems and have been
synthesised in recent times as novel molecules for the modification of membrane lipids for gene
transfection applications54,

55

. The phase behaviour of hydrated diphytanyl phosphatidyl

ethanolamine (DPhPE) has not been previously reported in detail in literature. Anderssen et al.
investigated phytanyl-tailed phospholipid mixtures; the structurally-related 1,2-diphytanoyl-snglycero-3-phosphocholine (DPhPC) was found to form vesicles in aqueous suspension55,

56

,

however hydrated DPhPE alone was not studied. Additionally, another structurally-related
molecule POPE forms Lα phase, then H2 phase with increasing temperature39. Thus, in this initial
study, the phase behaviour of DPhPE was determined.
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The equilibrium SAXS scattering patterns of DPhPE are shown in Figure 6.7. Over the
temperature range investigated, DPhPE formed H2 phase. The fluctuation in intensity is attributed
to the formulation moving within the sealed capillary in vacuum with the increase in temperature.
As the capillary was sealed, a change in hydration of the lipid is not anticipated. The smaller head
group of the DPhPE than DPhPC and the increased hydrophobic chain volume compared to POPE
resulted in a more wedged shaped molecule, thus encouraging the formation of the inverse H2
phase instead of lamellar phase.
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6.4.1.5.
The Lα to V2

Other Lipids – POPE + Cholesterol
D

phase transition has already been reported in literature in dispersed 1-

Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) + cholesterol matrices39. The
presence of cholesterol in the POPE bilayer induces the formation of a Lα phase which transitions
to a cubic phase with an increase in temperature. The published partial phase diagram is
reproduced in Figure 6.8, where the blue arrow indicates the molar concentration of cholesterol in
POPE chosen for further study in this Chapter.

Figure 6.8 – Partial phase diagram of aqueous dispersions of POPE and cholesterol. Symbols ▿ and □
indicate Lβ to Lα phase transitions; ♢, ○ and ▵ indicate lamellar to non-lamellar phase transition. The blue
arrow indicates the POPE/cholesterol formulation (20.1 mol% cholesterol) chosen for the photothermal
SAXS study. Adapted from 39.

6.4.2. NIR-Triggered Photothermal Lα to V2 D Phase Transitions
A few select systems that displayed a Lα or vesicle to V2 D phase transition were available for
photothermal investigation, namely, 44.4 mol% DOPC in PHYT (PHYT44DOPC), 20.1 mol%
cholesterol in POPE (POPE20Ch) and 77.5% ME in GMO (GMO77ME). However, only
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PHYT44DOPC and POPE20Ch were studied with the intention of future study of the GMO77ME
system. Gold nanorods (GNR) responsive to NIR irradiation at 810 nm were incorporated into the
chosen systems and were then irradiated with a continuous wave NIR laser and changes in their
phase behaviour were followed using time-resolved synchrotron SAXS, as performed for the
‘pure’ systems in Chapter 3.

6.4.2.1.

44.4 mol% DOPC in PHYT (PHYT44DOPC)

The equilibrium phase behaviour of the PHYT44DOPC system (Figure 6.9, Panels A. and
B.) was in good agreement with the initial study in Section 6.4.1.1 where the matrix transitioned
from vesicles to V2 D. However, on addition of GNR, the starting phase changed to V2 D as the
hydrophobic additives may have induced a more negative curvature. Nevertheless the system was
still investigated for its ability to respond to photothermal activation as subsequent optimisation
studies could potentially reverse the effect of GNR addition by increasing the DOPC content
further.
The phase behaviour kinetics upon NIR laser activation (810 nm, 586 mW) of the systems
are shown in Figure 6.9, Panels C. and D. In the absence of GNR, as expected, PHYT44DOPC did
not transition from the initial V2 D + vesicles upon laser activation, nor did the lattice change over
the duration of NIR irradiation. The photosensitised PHYT44DOPC-GNR matrix, on the other
hand, transitioned from V2 D to V2 D + H2 after 7 s of laser irradiation.
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Equilibrium phase behaviour on heating
A. PHYT44DOPC, no GNR added

B. PHYT44DOPC + 3 nM GNR
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Figure 6.9 – Panels A. and B.: The effect of GNR addition into the PHYT44DOPC matrix. SAXS profiles
showing the equilibrium phase behaviour of Panel A. 44.4 mol% DOPC in PHYT (PHYT44DOPC) and
Panel B. PHYT44DOPC + 3 nM GNR (PHYT44DOPC-GNR). Panels C. and D: Time resolved SAXS
profiles showing the effect of laser irradiation (810 nm, 586 mW) on the phase behaviour of
PHYT44DOPC (Panel C.) and PHYT44DOPC-GNR (Panel D.). The phase transitions are annotated on the
right and were determined by integration of the individual frames. The red arrow indicates the duration of
NIR irradiation (160 s). All matrices are in 50% water. The increased intensity of yellow is indicative of
increased scattering.
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6.4.2.2.

20.1 mol% Cholesterol in POPE

The phase behaviour of the 20.1 mol% cholesterol in POPE formulation (POPE20Ch) was
investigated on incorporation of GNR and the consequent effect of photothermal stimulation. The
equilibrium phase behaviour of the POPE20Ch system and POPE20Ch containing 3 nM GNR
(POPE20Ch-GNR) are shown in Figure 6.10, Panels A. and B. POPE20Ch in water displays a Lɑ
phase at 25 ºC, and with increasing temperature the system transitioned to Lɑ + H2 phase at 45 ºC,
then H2 phase at 60 ºC. Contrary to the previous study by Wang et al.39, POPE20Ch did not exhibit
the V2 phase with increasing temperature. However and more importantly, the POPE20Ch-GNR
system did exhibit the Lɑ to V2 D transition at 55 ºC. The equilibrium phase behaviour of the
POPE20Ch-GNR system progressed from Lɑ to H2 at 40 ºC, then to a mixed phase of H2 + V2 D at
55 ºC to 80 ºC. The featureless scattering in the POPE20Ch-GNR matrix in the early q region is
attributed to GNR scattering of the X-rays.
The dynamic phase behaviour of the POPE20Ch and POPE20Ch-GNR matrices upon NIR
laser irradiation are illustrated in Figure 6.10, Panels C. and D. respectively. In the absence of
GNR, the POPE20Ch system did not transition from Lɑ phase, nor was a shift in lattice parameter
observed over the 160 s of NIR irradiation. In contrast, irradiation of the Lɑ POPE20ChGNR
matrix resulted in the appearance of V2 D at 26 s, and the transition of the phase to H2 +V2 D at 70 s.
The photothermal phase transitions are in agreement with the equilibrium phase behaviour. On
cessation of irradiation, the V2 D phase persisted for at least 220 s and then returned to Lɑ at 500 s.
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Equilibrium phase behaviour
A. POPE20Ch, no GNR

B. POPE20Ch + GNR
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Figure 6.10 – Panels A. and B.: The effect of addition of GNR into the POPE20Ch matrix. SAXS profiles
showing the equilibrium phase behaviour of Panel A. 20.1 mol% Cholesterol in POPE (POPE20Ch) and
Panel B. POPE20Ch + 3 nM GNR (POPE20Ch-GNR). Panels C. and D: Time resolved SAXS profiles
showing the effect of laser irradiation (810 nm, 586 mW) on the phase behaviour of POPE20Ch (Panel C.)
and POPE20Ch-GNR (Panel D.). The phase transitions are annotated on the right and were determined by
integration of the individual frames. The red arrow indicates the duration of NIR irradiation (160 s). The
increased intensity of yellow is indicative of increased scattering. All matrices contained 50% water.

202

Chapter 6 – “Fit-for-function” Design of Lyotropic Liquid Crystalline Materials

6.5.Discussion
The modification of lipid bilayers through the presence of additives has attracted much
attention in the quest to understand the role of different liquid crystalline phases in biomembranes
and the competing forces which drive phase transitions. The influence of guest molecules on liquid
crystalline nanostructure is related to the degree of their penetration in the membrane as well as to
their ability to alter the spontaneous curvature of the lipid bilayer49, 57. The purpose of this study
was to develop matrices which demonstrate a Lα to V2 phase transition through the addition of
differently shaped amphiphiles.
The formation of inverse bicontinuous cubic phases arises from a frustration between the
optimal mean curvature of the interface and the optimal packing of the hydrocarbon chains thus
maintaining both a uniform average molecular length (i.e. bilayer thickness) and a uniform mean
curvature of the lipid bilayers58. Thus, the incorporation of three amphiphiles known to form
lamellar phases into the V2

D

matrices formed by PHYT and GMO was proposed to induce a

positive influence on the membrane curvature. As introduced in Chapter 1, the packing of lipids
can be described by their molecular shapes as determined by their critical packing parameter59
(CPP) (Equation (1)).
𝐶𝑃𝑃 =

𝑣

𝑎𝑙

(1)

where v is the effective hydrophobic chain volume, a is head group area and l is hydrophobic
chain length. Figure 6.11 exhibits the shapes of the lipids with increasing CPP from left to right.
The three additives, lysoPC, DOPC and ME will be discussed in terms of their ability to influence
lipid packing in the V2 D of hydrated PHYT and GMO systems.

203

Chapter 6 – “Fit-for-function” Design of Lyotropic Liquid Crystalline Materials

Figure 6.11 – The increasing critical packing parameters of the lipids used in this study as shown by the
increasing wedge shapes drawn around the molecular structures. Wedge shaped lipids with CPP ≥ 1 are the
lipids most likely to form reversed phases.

The formation of non-lamellar inverse phases in pure hydrated phospholipid systems is
uncommon, but the formation of metastable non-lamellar phases has been induced upon thermal
cycling60. Additives are thus usually required to stabilise the formation of inverse phases in
systems containing phospholipids. Some phosphatidylethanolamines, such as POPE and
dioleylphosphatidylethanolamine (DOPE) are an exception as they are able to form H2 in a fully
hydrated system, due to their relatively small headgroup compared to its alkyl tail39, 61. DOPC is
one of the most abundant phospholipids in biological systems. It is a zwitterionic phospholipid
which preferentially resides in lipid bilayers as shown by its propensity to diffuse into PHYT and
GMO vesicles over time51. In terms of CPP, DOPC has larger v and a, giving it a cylindrical shape
compared with PHYT and GMO. The addition of phospholipids to GMO and PHYT matrices has
been shown to result in the swelling of the V2

D

phase depending on the properties of the

phospholipid62, 63. In good agreement with previous reports, the addition of small amounts of
DOPC to GMO and PHYT stabilised and enlarged the lattice parameters of the phase, which is
attributed to the relatively large and more hydrophilic DOPC headgroup increasing the capacity of

204

Chapter 6 – “Fit-for-function” Design of Lyotropic Liquid Crystalline Materials

the water channels at the lipid-water interface. At higher DOPC concentrations, where the
phospholipid dominated the phase behaviour, the insertion of PHYT/GMO into the bilayer was
able to reduce the chain stress in lamellar phases and upon increased lipid mobility when heated,
resulted in the formation of vesicle + V2 D phases.
Phosphatidylcholines do not have ideal miscibility in bilayers of high curvatures64, which
can result in the formation of laterally segregated domains comprised of different molecular
species on either side of the bilayer65. This may have occurred in the DOPC/PHYT and
DOPC/GMO phases, however, the use of SAXS alone cannot distinguish between domains in such
close proximity. Miscibility issues may be resolved using additional techniques such as electron
microscopy66, 67, molecular probe methods65, 68 or possibly small angle neutron scattering69, 70.
LysoPC is a lipid formed by the hydrolysis of phosphatidylcholine by phospholipase A2. It is
a single-chained phospholipid with a relatively large headgroup compared to its C18:1 alkyl chain;
as such it is cone-shaped. LysoPC has been shown to promote positive spontaneous splay in
phospholipid membranes71. The addition of cone-shaped lipids, for example the alkyl glucosides,
into the GMO cubic phase in excess water results in the swelling of the cubic phase69, 72 and at
higher concentrations, the formation of Lα phase50. This effect was observed in the addition of
lysoPC to both GMO and PHYT. A smaller amount of lysoPC (~30 mol%) was required to induce
the formation of Lα in comparison to DOPC (~45 mol%) which is attributed to the greater
difference in CPP between lysoPC and PHYT/GMO compared with DOPC and PHYT/GMO.
Unlike the DOPC mixtures, lysoPC/PHYT and lysoPC/GMO formulations with a Lα starting phase
did not exhibit a V2 phase upon heating at the concentrations investigated. LysoPC is not normally
found in cellular membranes but is present in the body to regulate a variety of cellular functions73,
74

. Additionally, elevated levels of lysoPC in tissues has been indicated in disease states such as

cancer75 as its presence is thought to enhance cellular injury by increasing the permeability of lipid
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membranes76 and inhibits membrane fusion77. Thus, the incorporation of lysoPC into the
PHYT/GMO bilayer promoted a more positive curvature and thus the formation of Lα, but its
presence could not sustain the formation of the V2 D phase with an increase in temperature.
Monoelaidin (ME), glyceryl monooleate (GMO) and oleic acid (OA) are structurally related
unsaturated C18:1 lipids, where GMO and ME have a glycerol backbone, and the double bond in
ME and OA have a trans confirmation whereas GMO has a cis double bond (Figure 6.2). The
phase behaviour of OA in fully hydrated GMO matrix has been well studied47 and results in the
formation of H2 and L2 phases at lower temperatures, an effect which is not desired in this case.
GMO has the ability to form Lα phase at lower water concentrations53, 78, thus the cylindrically
shaped lipid, ME, was added to the GMO matrix in order to induce a Lα to V2 D phase transition in
excess water. The lipid comprising the major component, either ME or GMO, was found to
dominate the phase behaviour of the matrix.
The phase behaviour of fully hydrated ME and GMO were established in Chapter 3,
however, it is noted that the phase behaviour of the ME used in this series of experiments differs to
the material used in Chapter 3 as well as literature values79, 80 which could be attributed to the
batch of lipid. The presence of impurities in the source material is known to effect the phase
behaviour of liquid crystalline materials81, thus the difference in phase behaviour could be
attributed to the source material. Yaghmur et al. recently reported the phase behaviour of fully
hydrated ME/GMO/OA systems82, in which the studies were conducted on a similar time frame to
the experiments in the present study. In agreement with the results presented in this Chapter, the
1:1 ME:GMO system resulted in the existence of the V2 D phase over a greater temperature range
and the formation of the H2 phase at temperatures above 60 ºC. On the other hand, the rich phase
behaviour of the ME/OA system identified by Yagmur et al. was not observed. This could be
attributed to the oil dissolving the ME instead of incorporating into the interface, thus causing the
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formation of the inverse micelles, and again, it could also be attributed to the different source
material used possibly containing differing proportions of free fatty acids.
The ability to create fit-for-function lipid systems is a balance of the influence of each
component in the mixture83. In each of the lipid mixtures investigated where the lipid additive was
cylindrically shaped (CPP = 1), namely ME and DOPC, the equilibrium thermal phase behaviour
of the system favoured the lipid which was in the majority. These additives promoted bilayer
curvature at the interface thereby stabilising the V2 D structure, thus the formation of the V2 D was
observed in these systems with an increase in temperature. On the other hand, cone shaped
moieties (CPP ≤1) lysoPC and OA, reduced the number of phases observed, which was attributed
to the disruptive effect on lipid packing.
Photothermal lamellar to non-lamellar phase transitions were demonstrated through the NIR
laser activation of POPE20Ch and PHYT44DOPC matrices containing GNR as summarised in
Figure 6.12. Similar to the photothermal phase transitions observed in Chapter 3, the non-lamellar
phase transition of the PHYT44DOPC-GNR required less irradiation time, and thus photothermal
energy, than the Lα to V2

D

of the POPE20Ch-GNR matrix. Phothermal drug release from

liposomes has previously been demonstrated using UV irradiation as the light source, where drug
release was attributed to the phase transition from the gel to the ripple phase84, 85. Yet, the Lα to V2
D

phase transition could provide a matrix with a more defined geometry and therefore a more

predictable release pattern. Additionally the use of NIR radiation may be more applicable for in
vivo applications as UV light has its limitations as discussed in Chapter 5. This study gives rise to
further potential controlled release materials, where the reversible Lα to V2

D

phase transition

provides an ideal ‘off-on’ switch, as opposed to the ‘on-off’ behaviour of the systems in Chapter 3,
for practical pulsatile drug delivery.
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Figure 6.12 – Summary of the effect of laser irradiation (810 nm, 586 mW) on the phase behaviour of the
PHYT44DOPC-GNR, PHYT44DOPC, POPE20Ch-GNR and POPE20Ch systems. The red arrow indicates
the duration of irradiation (160 s). As expected, only the matrices containing GNR exhibited laser triggered
phase transitions.

6.6. Conclusions
The partial phase diagrams of PHYT/GMO containing DOPC, lysoPC and ME were
reported and the phase behaviours of the hydrated lipid mixtures were found to be a consequence
of the ability of each lipid component to influence the lipid packing. The addition of lipids with a
CPP = 1 allowed for the formation of the bicontinuous cubic or reversed hexagonal phases upon
heating, whereas lipids with a CPP < 1 did not.
The Lα to V2 D phase transition was photothermally induced in a system containing POPE
and cholesterol. It is anticipated that photothermally induced phase transitions in self assembled
systems will provide potential triggerable systems for drug delivery and other bioapplications.
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Figure A1 – Equilibrium SAXS scattering patterns displaying the effect of increasing amounts of DOPC
addition on the thermal phase behaviour of PHYT matrices. The molar concentrations of DOPC addition
into PHYT in each system are annotated on the graph. All matrices contain lipid mixture:MilliQ water 1:1
(w/w).
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Figure A2 – Equilibrium SAXS scattering patterns displaying the effect of increasing amounts of DOPC
addition on the thermal phase behaviour of GMO matrices. All matrices contain lipid mixture: MilliQ water
1:1 (w/w).
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Figure A3 – Equilibrium SAXS scattering patterns displaying the effect of increasing amounts of LysoPC
added to the PHYT cubic phase as determined by SAXS. All matrices contained 50% water (w/w).
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Figure A4 – Equilibrium SAXS scattering patterns displaying the effect of increasing amounts of LysoPC
on GMO as determined by SAXS. All matrices contained 50% water (w/w).
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Figure A5 – SAXS scattering patterns showing the equilibrium phase behaviour of fully hydrated GMO
matrices containing increasing amounts of ME.
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7. Summary, Implications and Future Directions
7.1. Summary of Findings
Lipid based liquid crystalline materials (LC) provide the ideal matrix for triggerable drug
delivery as drug release is controlled by liquid crystalline nanostructure, where changes in
nanostructure can be externally manipulated as required in order to activate the ‘on-off’ drug
release switch. This thesis presents approaches to light-responsive lipid-based liquid crystalline
matrices by the incorporation of light-responsive additives that change the nanostructure of the
matrix upon both near infrared and UV irradiation. The overarching hypotheses governing the
studies were:
1.

That the internal nanostructure of bulk liquid crystal systems can be rendered light
sensitive through inclusion of light sensitive materials into the matrix.

2.

That light-activated changes in liquid crystalline nanostructure are reversible and
depend on three main factors: the quantity and properties of additive incorporated in to
the matrix, the interplay between the light responsive moiety and the liquid crystalline
nanostructure, and thirdly, the nature of the irradiation source.

3.

That dispersed particles of light responsive liquid crystalline materials exhibit similar
photoresponsive behaviour to the bulk, non-dispersed material.

4.

That bulk light-responsive liquid crystal systems act as a sustained release drug depot
which can be switched on/off through external optical activation in vitro and in vivo.
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On the whole, the hypotheses were well supported by the conclusions reported in this thesis.
Some subtle differences between the equilibrium and dynamic phase behaviour was observed,
such as supercooling and formation of non-equilibrium structures, but in general, the behaviour of
the systems studied agreed with that expected from the equilibrium temperature dependent phase
behaviour.
Two different approaches were taken in order to fulfil the first three hypotheses. Firstly, in
studies detailed primarily in Chapter 3, a photothermal approach where gold nanorods (GNR)
embedded into the LC matrix were activated by near infrared laser irradiation to heat the matrix
which then activated the nanostructure ‘switch’. The gold nanorods embedded in the liquid
crystalline matrix essentially acted as in situ nanoheaters. The photothermal manipulation of
nanostructure was found to be dependent on the properties of the liquid crystalline matrix, the gold
nanorods as well as the properties of the NIR light. All of these factors can potentially be tailored
in order to create a system which has the optimal, desired response.
Chapter 4 describes the second approach which involved the incorporation of photochromics
into the liquid crystalline nanostructure, where the switch in nanostructure was caused through a
steric disturbance within the bilayer upon UV irradiation. A reversible light-induced change in a
phytantriol (PHYT)-water nanostructure was most efficient in the system which contained
spiropyran laurate (SPL). The alkylation of the spiropyran moiety with a laurate tail anchored the
photochromic into the lipid bilayer where it could exert the maximum steric effect.
In order to extend the potential applicability of the UV activated systems to potentially allow
in vivo application, it was necessary to find a method of indirect UV exposure of the matrix to
avoid absorption of UV by healthy tissue. Upconverting nanoparticles, which absorb NIR light and
emit light of UV wavelengths, were employed as an in situ UV source to activate the
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photochromic systems, providing a potential avenue to circumvent penetration and safety issues
associated with the use of UV radiation.
The fourth hypothesis was addressed by in vitro and in vivo studies of photosensitised bulk
systems. In both the UV and NIR triggered systems, the release rate of the model drug matched the
phase behaviour as identified by SAXS. Chapter 5 describes the external NIR activation of a
subcutaneously implanted PHYT-GNR cubic phase, which resulted in the modification of the
appearance of the model drug in vivo. As the subcutaneous administration of drug delivery
systems is unpredictable in terms of surface area and exact location, the use of a plastic implant
was required which is not ideal in terms of biocompatibility and long term use. Perhaps the use of
a more biodegradable material, for example, starch in order to contain the liquid crystalline
implant would be a more favourable approach.
The external UV activation of an SPL-PHYT matrix resulted in the modification of the
release behaviour of a model drug in vitro as described in Chapter 4. Although this data was
limited, the general trend was shown to agree well with previous direct heat and pH activated
release behaviour in similar systems. The practical use of UV responsive systems is limited by
radiation absorption by healthy tissue and consequently, the lack of penetration of UV radiation.
The development of alternative delivery strategies such as intradermal dosing using microneedles
or as transdermal patches may provide an alternate avenue for use of UV activated matrices for
drug delivery as the location of administration for these systems are more easily accessible. In
addition, LC formulations are hypothesised to enhance transdermal drug penetration through
interaction with the intracellular lipid packing of the stratum corneum1. Thus, a potential avenue
for the use of optically responsive liquid crystalline materials may be as drug delivery systems to
dermal and subdermal tissues.
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Synchrotron SAXS is likely play a definitive role in understanding changes in structure of
both the delivery system and skin if liquid crystalline materials are used to deliver drugs across the
skin. Although not part of this thesis, the liquid crystalline structure of rat skin was also
investigated using SAXS in order to visualise any self-assembled structures within the tissue. The
SAXS patterns were not shown, but the scattering patterns revealed a fascinating plethora of
structures in the tissue, which has been previously observed in human stratum corneum2. As
cellular function is related to the organisation of lipids into domains, differences in normal and
diseased tissue have been shown using SAXS and offers a promising alternative for the fast
diagnosis of diseased soft tissues3-5 as well as a means to investigate the interaction of materials
with dermal tissues on a nanoscale6.
The major aim of this thesis was to determine methods of rendering non-lamellar systems
light responsive. Practical application as pulsatile release systems requires reversible conversion
from a closed or slow releasing structure to a fast releasing structure under stimulation. The light
activated systems identified and characterised in the earlier part of the thesis contradicts this
statement; it transitioned from the fast releasing bicontinuous cubic phase, to the slow releasing
inverse hexagonal phase. Consequently, in the final aspects of the thesis, systems with potential
for light activation from a slow to fast releasing matrix were investigated. The strategy involved
manipulation of packing parameters of lipids in a rational manner to determine appropriate
systems to render light active. The effect of the addition of differently shaped lipids into the selfassembled matrix was therefore explored and reported in Chapter 6. Systems that exhibit lamellar
to cubic phase transformations were identified through the incorporation of other amphiphilic
lipids. A highly biocompatible system comprised of POPE and cholesterol was rendered light
active on incorporation of GNR, and underwent the desired reversible phase transitions on
irradiation. It is anticipated that more research will follow on from this work to extend this system
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into in vitro release and in vivo proof of concept as a light-activated pulsatile drug delivery
systems.

7.2. Future Directions
Stimuli-responsive drug delivery systems have the potential to optimise and streamline
pharmaceutical therapies by simplifying treatment regimens and give health professionals, and
even the patients themselves, personalised control over their treatments. Light-activated drug
delivery systems provide a selective and non-invasive approach to accessing tissues that are not
amenable to direct treatment, for instance in the posterior section of the eye or in cancerous
tissues. External activation of previously dosed drug delivery matrices may help to avoid
complications, infections and poor compliance associated with treatments that require frequent
administration by injection, such as treatments for diabetes and macular degeneration, and pain
management or hormone treatments. It is recognised that further development is required to
translate stimuli responsive delivery systems such as those proposed in this thesis into actual
products, however, the identification of photosensitive, biocompatible systems is a necessary first
step towards viable on demand drug delivery products.
To progress the current studies towards actual products, the following next stages of work
are suggested. The balance between concentration of photoresponsive additive in the matrix and
the laser radiation dose could be further optimised. Although low concentrations of gold nanorods
and photochromics were used in this study, the duration of NIR and UV irradiation employed to
enact a phase change can be considered to be high. The most effective approach may be to change
the radiation source from a continuous wave to a higher power, pulsed laser source. In addition, a
deeper understanding into the role that self-assembled nanostructure plays in both the release of
drug, as well as the processes that occur upon contact with relevant biological components, is
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required. As these light responsive systems are proposed for the treatment of macular
degeneration, interaction of these systems with the eye tissues will be the crucial next step towards
making them viable drug delivery matrices.
The development of novel nanomaterials for drug delivery has been extensive and spans
many fields. Limited lipid-based drug delivery systems designed to improve pharmacological and
therapeutic properties, have become viable products on the market7. These nanomedicines include
Doxil® (liposomal doxorubicin), LipoDox® (PEGylated liposomal doxorubicin) and more recently,
Marqibo® (vincristine sulfate liposome injection) with many more in clinical trials8, however,
there are no stimuli responsive systems available on the market to date. There is a controlled
release formulation available on the market which relies on the diffusion of drug from the inverse
hexagonal phase – Elyzol. Although not strictly stimuli responsive, it comprises of an injectable
low viscosity lamellar precursor which forms a gel on exposure to biological fluid. The application
of nanoparticles and nanostructured systems in drug delivery is promising, but is limited by
compliance with regulatory restrictions, which are still under development as this field is so new.
The regulatory approval processes for stimuli responsive drug delivery systems will be even
more involved. Their effective use relies on controllable variables and each aspect must be
carefully investigated not only for miscibility with other components in the system, but also for
biocompatibility and toxicity. The implications of misuse, accidental activation, prolonged
activation etc. will need to be evaluated before they can be deployed as approvable medicines.
Although many physicochemical variables were considered in this study, there are still many
unknown factors which are essential for their translation as viable drug delivery products. The
incorporation of drugs and additives of different charges and sizes into self-assembled systems can
alter the phase behaviour of the liquid crystalline matrix9. For example, the interaction between
encapsulated DNA and a cationic liquid crystalline matrix prevented its release due to a strong
confinement of the DNA at the water channels/lipid interface and an increase in water channel
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diameter10. The phase behaviour upon the intentional and/or unintentional release of additives into
the matrix must also be determined; in particular, that of amphiphilic components, as they may
partition out of the interface, potentially leading to a change in phase behaviour as was observed
with the spiropyran component in the photochromic systems.
Although many of the lipids and stimuli responsive elements which are used in the creation
of responsive systems designed for in vivo use are biocompatible, the combination of many
biocompatible elements may result in changes in activity and stability upon storage. For example,
sodium polystyrenesulfonate-stabilised gold nanorods are not cytotoxic when freshly prepared, but
became cytotoxic after three months of storage11. As the use of liquid crystalline materials as novel
drug delivery systems is still at an early stage, research into their compatibility with biological
tissue as well as into the determination of phase behaviour in vivo are currently being investigated.
There has been study into understanding the interaction of dispersed non-lamellar phases
with biological membranes12. However, when associated with plasma components, cubosomes
have been found to be unstable13. This has led to the development of novel stabilisers14, however,
as mentioned in Chapter 6, an alternate strategy may be to dose the nanomedicines, that is drug
and delivery system, as a dispersed lamellar phase (Lα) and induce a phase change in situ through
the application of an external stimulus. In so doing, stability issues associated with cubosomes will
be avoided, but the benefits of nanostructure-controlled release will be maintained. Additionally,
the process of dispersing non-lamellar phases is quite energy intensive in comparison to the
dispersion of liposomes. The scalable production of liposomes over cubosomes may thus be an
easier feat to achieve. Thus, lamellar matrices which have nanostructures that can be switched, on
demand, presents an opportunity for developing a better method for the production and
administration of nanomedicines for stimuli responsive controlled release.
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In conclusion, the merging of technologies in the development of stimuli responsive drug
delivery is a rapidly expanding field of research which may yet revolutionise pharmaceutical
treatments. The understanding of these materials on a nano-scale is fundamental to their eventual
use in practice. Future research into these materials will be of great fascination to observe, and of
great excitement to be a part of.
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